
        

University of Bath

PHD

Sesquiterpenes as building blocks for the synthesis of bio-based polymers

Federle, Stefanie

Award date:
2021

Awarding institution:
University of Bath

Link to publication

Alternative formats
If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk

Copyright of this thesis rests with the author. Access is subject to the above licence, if given. If no licence is specified above,
original content in this thesis is licensed under the terms of the Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC-ND 4.0) Licence (https://creativecommons.org/licenses/by-nc-nd/4.0/). Any third-party copyright
material present remains the property of its respective owner(s) and is licensed under its existing terms.

Take down policy
If you consider content within Bath's Research Portal to be in breach of UK law, please contact: openaccess@bath.ac.uk with the details.
Your claim will be investigated and, where appropriate, the item will be removed from public view as soon as possible.

Download date: 23. May. 2023

https://researchportal.bath.ac.uk/en/studentTheses/eb83a6cc-0e30-4fca-8ada-9be667fb86d0


Sesquiterpenes as building blocks for
the synthesis of bio-based polymers

Stefanie Federle

A thesis submitted for the degree of Doctor of Philosophy

University of Bath

Department of Chemistry

March 2021





Copyright
Attention is drawn to the fact that copyright of this thesis rests with the author
and copyright of any previously published materials included may rest with third
parties. A copy of this thesis has been supplied on condition that anyone who

consults it understands that they must not copy it or use material from it except
as licenced, permitted by law or with the consent of the author or other copyright

owners, as applicable.





Whatever you do,
do it all for the glory of God.

1 Corinthians 10:31

Was ihr auch tut,
das tut alles zu Gottes Ehre.

1. Korinther 10,31





Acknowledgments
First of all, I would like to thank Prof. Matthew Davidson for providing me with this
interesting project, for his expertise and helpful discussions, and for his persuasive skills
which led me to my internship in Colorado. Thank you also to my co-supervisor Prof. Janet
Scott for support, invaluable practical advice and encouragement to broaden my horizons.

This PhD would not have been possible without the generous funding from the European
Union’s Horizon 2020 research and innovation programme (Marie Skłodowska-Curie grant
No 665992) and the CDT in Sustainable Chemical Technologies. Thank you.
I am also grateful to Isobionics B.V., especially Dr. Matthew Styles, Dr. Robert Trokowski
and Dr. Georg Lentzen, for the provision of β-elemene, which made this PhD project
possible, and for fruitful discussions and advice.

During my PhD I had the amazing opportunity to spend an internship at the National
Renewable Energy Laboratory (NREL) in Golden, Colorado. I am deeply grateful to
Dr. Phil Pienkos and Dr. Tao Dong for taking me on at NREL, challenging me to new
projects and for their support and generosity which extended beyond the lab. Dr. Chen
Wang is thanked for passing on all his polythioether knowledge to me.

This work would not have been possible without the help of all the technical staff. A
special thank you therefore to Dr. Rémi Castaing, Dr. Tim Woodman, Dr. Martin Levere,
Dr. Catherine Lyall, Dr. Shaun Reeksting, Dr. Paul McKeown (PDP) and Joel Miscall.

Thank you to all Davidson group members past and present, the whole SusChemLab 5W,
and especially the Hintermair group/lab 3.17 for a pleasant, supportive and fun working
atmosphere. Thank you also to Cohort 16, Ioli, Oli, Jamie, Dan and Maya (and everyone
else I forgot here) for the friendships, moral support, lunch times chats, open ears, smiles
and positivity, pub trips and other fun activities. A special thank you goes to Kasia for
teaching me all about terpenes, sharing a fumehood with me, for proof reading this thesis,
for her friendship and everything else. Thank you to all my amazing friends and family
around the world, especially my Kleeblatt, for helping me through this PhD each in your
own way.

I was blessed by meeting many wonderful people in Bath, but I am especially thankful to
my LifeHubs and the St. Matts family for prayers, kind words, love and encouragement.

Finally, I would like to thank Stuart for his love and support, in the lab and most im-
portantly outside the lab. Und der größte Dank geht an meine Eltern, Hans-Jürgen and
Barbara, und meinen Bruder Michael, für ihre Liebe, Unterstützung und ermutigende
Worte egal wie viele Kilometer or Zeitzonen entfernt ich auch bin. DANKE!





Abstract
At present, the production of polymers is mainly based on fossil feedstocks, which are
unsustainable due to high greenhouse gas emissions and feedstock depletion. The need to
transition to bio-based feedstocks for polymer synthesis is therefore widely acknowledged,
but bio-based polymers currently face limitations, such as high costs, inferior properties
and limited availability. Terpenes, which can be found in various plants, are a renewable,
yet underutilised, feedstock, providing potential for use in polymer synthesis. Traditionally,
terpenes can be extracted from plants in small quantities or can be obtained from waste
resources, however, recent progress in biotechnological routes also allows for the synthesis
of terpenes from fermentation of sugars on a multitonne scale at reasonable costs.

In this project two sesquiterpenes, β-elemene and β-farnesene, which can be obtained
via fermentation routes, are investigated for use as building blocks and monomers in the
synthesis of various bio-based polymers. Polythioethers, polyesters, polyamides and non-
isocyanate polyurethanes were synthesised and comprehensive analysis of both thermal
and mechanical properties of these polymers was carried out to identify potential industrial
applications.

Synthesis of polythioether thermosets by reaction of β-elemene and/or β-farnesene with
different multifunctional thiols is described. Thiol-ene photocuring was utilised as a sus-
tainable, cheap and scalable synthesis method for these polymers. Polymer properties
were found to be tuneable by choice of monomer and post-curing treatment, and ranged
from rubbery materials with low glass transition temperatures to stiff and hard polymers
with high Young’s moduli, which could find potential application as coatings, adhesives or
sealants.

Thiol-ene addition was also employed to generate novel β-elemene monomers with dimethyl
ester, diol or diamine groups. These were investigated in polyester and polyamide synthesis
via polycondensation reaction. Different co-monomers, reaction conditions and catalysts
were studied and formation of insoluble polymers, or soluble polymers with low to moderate
molecular weights, was achieved.

β-Elemene epoxide derivatives were investigated as monomers in ring-opening co-
polymerisation with phthalic anhydride. Semi-aromatic polyesters with low molecular
weights or insoluble materials could be obtained and post-polymerisation functionalisation
or cross-linking was explored to alter the polymer properties. Furthermore, carbonation of
a β-elemene trisepoxide derivative led to a cyclic dicarbonate monomer, which was used in
the formation of non-isocyanate polyurethanes with various diamines. This led to brittle,
insoluble polymers with high glass transition temperatures.
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1 Introduction

1.1 Polymers

Plastics, whose main constituent are polymers, play an important role in our every-
day life as they can be found in a vast majority of products ranging from packaging,
textiles, consumer products and automobiles to construction.1 The generation of
new materials can be dated back to the 19th century and earlier, when chemical
modifications of naturally occurring biopolymers, such as natural rubber and cellu-
lose, were first carried out. The first synthetic polymer, Bakelite, was synthesised
from phenol and formaldehyde in 1907.2 Industrialisation and the rise of the pet-
rochemical industry in the 1950s resulted in an increasing production of synthetic
polymers. Since then, the production of plastics has increased exponentially (Fig-
ure 1.1).3 Numbers from 2018 show that plastic production reached a height of
359 million tonnes worldwide, with 61.8 million tonnes produced in Europe, and
numbers are expected to continue to rise in the future.4 This is due to the fact
that polymers have advantages over other materials such as enhanced thermal and
mechanical properties and reduced transport costs due to their light weight.

Currently, polymers are mainly produced from crude oil, with only less than 1%
being produced from renewable resources.5–7 Around 6% of the global oil consump-
tion is currently used for polymer production and this percentage is projected to
rise to 20% in 2050 due the increasing global plastic demand.7 However, fossil feed-
stocks have associated issues due to limited availability of this resource and high
greenhouse gas emissions when used as fuel or for material production.2,8 If current
trends continued this would lead to polymer production accounting for 15% of the
global annual carbon budget by 2050.7 To address these sustainability concerns and
to decrease the dependency on fossil oil, research into synthesis of polymers from
bio-based feedstocks has gained more interest over the past years.
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Chapter 1. Introduction

Figure 1.1 Plastics production worldwide and in Europe from 1950 to 2012
(Copyright © European Bioplastics 2013)3

Bio-based feedstocks fix atmospheric CO2 during plant growth. If the feedstock
is then used for the production of bio-based polymers, this bound CO2 will only
be released again at the end of the polymer life, for example by degradation or
incineration, resulting in a net zero CO2 balance, if CO2 released during processing
is not considered. As shown in Figure 1.2, this results in lower amounts of emitted
greenhouse gases and reduced depletion of fossil resources compared to traditional
fossil-based polymers. Furthermore, bio-based feedstocks have the advantage that
they can be produced on a short time scale.
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Chapter 1. Introduction

Figure 1.2 Greenhouse gas emissions and use of fossil resources for the synthesis
of bio-based polymers compared to fossil-based polymers (Copyright © Ellen

McArthur Foundation 2016)7

The use of bio-based feedstocks offers access to a variety of chemical builiding blocks
with potential synthesis of a range of different polymer structures. Current chal-
lenges entail the production of bio-based polymers with the same, or superior, prop-
erties to commercial fossil-derived plastics to serve as direct drop-in replacements.5

Furthermore, the economic viability of the renewable feedstocks has to increase to
be able to compete with the cheap crude oil. Issues with bio-based polymers are es-
pecially encountered when these are produced from crop feedstocks and are therefore
in competition with food production. This can be avoided by using waste resources
or non-food biomass, such as wood or algae, for polymer production.

Other sustainability issues regarding plastics that have been drawing attention in
recent years are plastic pollution, plastic leakage into the environment and accu-
mulation in the ocean. This has led to an increase in research focusing on the
development of biodegradable polymers and improvement of recycling, or repurpos-
ing, of plastics, as well as design of new plastics without waste or pollultion issues
at the end of their life cycle.7,9,10

The ultimate goal for sustainable plastic production is to move from a linear to
a circular plastics economy.7 Of course, in the ideal bigger picture this circular
economy is based on the use of bio-based resources as well as renewable energy for
its processes to generate a truly sustainable circular economy.

11



Chapter 1. Introduction

1.1.1 Bio-based feedstocks for polymers synthesis

Bio-based feedstocks, such as carbohydrates, vegetable oils or terpenes, provide al-
ternatives to overcome the issues associated with the use of fossil resources for poly-
mer production. Polymers derived from renewable feedstocks can be classified as
either natural biopolymers, which are polymers produced in nature, or as bio-based
polymers, which are synthesised from monomers that are extracted from biomass.8

Cellulose, lignin, chitin and starch are examples of biopolymers as these are poly-
meric materials that can be found in vast quantities in nature. Other examples are
polyhydroxyalkanoates (PHA), which are naturally produced by bacteria. Chemical
modification of these biopolymers allows generation of new polymers or composite
materials with different properties. Renewable monomers that have been investig-
ated for the synthetic production of bio-based polymers include sugars, vegetable
oils and terpenes (Figure 1.3). Furthermore, sugars and other carbohydrates can
serve as feedstocks for the synthesis of other monomers, such as lactic acid, furan
derivatives or ethylene glycol, via fermentation processes.2,6,8,11

O

O

O

O

O

O

β-pinenelimonene

triglyceride

glucose fructose

O
HO

HO

OH
OH

OH OH

HO OH

O

OH
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O
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O

2,5-furandicarboxylic acid lactic acid

OH

O

Figure 1.3 Examples of bio-based monomers obtained from different biomass
feedstocks
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Chapter 1. Introduction

Currently the most prominent example of a bio-based monomer is lactic acid, or
the cyclic diester derivative lactide, which can be obtained from fermentation of
starch. The polymerisation of lactide into poly(lactic acid) (PLA) is conducted on
an industrial scale of around 300000 tonnes per year and PLA finds application
in packaging, textiles and the biomedical field amongst others.6,12,13 In addition to
being synthesised from renewable resources, PLA is also biodegradable.9

While PLA features both bio-derived and biodegradable characteristics, it has to
be highlighted that biodegradability does depend on the chemical structure of the
polymer and not on the fact that it is produced from bio-based resources. A few
examples of different bio-and fossil-based polymers as shown in Figure 1.4 and are
classified as biodegradable or non-biodegradable.14 Examples of polymers that are
both bio-based and biodegradable are polylactide (PLA), polyhydroxyalkanoates
(PHA) and cellophane, which is made of regenerated cellulose. Bio-polyethylene
(bio-PE) and bio-polyethylene terephthalate (bio-PET) contain monomers sourced
from biomass, but are not biodegradable. Both bio-PE and bio-PET are synthesised
and processed in the same way as their fossil analogues, which is advantageous as
they can therefore simply be fed into the existing fossil-derived polymerisation route.
Polycaprolactone represents a polymer that is biodegradable, although it is sourced
from a fossil feedstock.

bio-based

fossil-based

biodegradablenon biodegradable

polypropylene (PP)
polyethylene (PE)
polyethylene terephthalate (PET)

polycaprolactone (PCL)

polylactide (PLA) 
polyhydroxyalkanoates (PHA)
cellophane

bio-polyethylene (bio-PE)
bio-polyethylene terephthalate (bio-PET)

Figure 1.4 Classification of different polymers depending on their source and
degradability14

Although bio-based monomers and polymers have advantages over fossil-derived
monomers, there are also challenges that need to be addressed by research to stim-
ulate the production of renewable polymers on a larger scale. To produce bio-based
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polymers on an industrial scale, the biomass feedstock used needs to be available
on a multi-tonne scale. Biomass which is only available in lower volumes, such as
terpenes extracted from plants, could still be used for special application polymers
needed in small quantities instead of bulk polymer synthesis.

Another important factor which has so far limited the transition from fossil oil
to renewable resources is the economic viability. Current crude oil prices are sig-
nificantly lower than prices of most bio-based feedstocks.6,15 Hence, even though
suitable bio-based replacements are available, they are currently not produced on a
large scale due to cost, leaving only small scale high-price applications as a niche for
bio-based polymers. Alternative solutions to produce large volumes of monomers in
economically viable ways are based upon biotechnological fermentation routes.16,17

These mostly use sugars as raw materials for the fermentation process, but replace-
ment with sugar containing foodwaste could further increase the cost efficiency of
the produced monomers. The direct extraction of bio-based monomers from waste
resources also provides economic incentive due to the low costs of waste products.6

Most of the renewable monomers available have higher oxygen contents and different
chemical structures to industrially relevant monomers. While this can be a benefit
for the discovery of novel polymers with interesting properties, it also hinders the
direct substitution of fossil-based hydrocarbon monomers in the current industrial
processes. Therefore, the challenge is not only to find suitable bio-based resources,
which can be obtained in large quantities and can compete economically with crude
oil, but also to produce polymers with the same, or superior, material properties
as current fossil derived polymers.5 Different applications demand different poly-
mer types and tailored development of monomers and polymers with the desired
properties can therefore be a useful tool if a specific application is desired.

1.2 Terpenes as a bio-based feedstock

Terpenes are an example of a bio-based feedstock. They are a class of naturally oc-
curing compounds that are produced by various plants and have isoprene as a com-
mon building block. Based on the number of carbon atoms present, they are clas-
sified as hemiterpenes (C5), monoterpenes (C10), sesquiterpenes (C15), diterpenes
(C20), triterpenes (C30), tetraterpenes (C40) and polyterpenes (Cn).18 Examples of
well-known terpenes are limonene, α-pinene, β-pinene, camphene, myrcene and β-
farnesene (Figure 1.5). Terpenoids are similar to terpenes, but carry additional
functional groups such as hydroxyl, ketone, aldehyde or ether groups.19
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Terpenes are used as fragrances, flavours, pharmaceutical agents and insecticides.
Traditionally, they were gained by extraction from plants. Limonene and pinene
especially have gained more attention recently, as they can also be sourced from
waste resources. For example, α- and β-pinene can be extracted from turpentine,
which is a waste product from wood pulping in the paper industry, with a production
of around 350000 t per year.20,21 Limonene can be extracted from citrus peel waste
with a volume of over 70000 t per year worldwide.22 However, drawbacks such as
harvest dependency, including stock quantity and price fluctuations, and limited
availability of waste feedstocks, are limiting the use of terpenes as starting materials
for large scale industrial synthesis.23

α-pinene β-pinenelimonene

myrcene

camphene

β-farnesene

Figure 1.5 Variety of terpene structures

Alongside the traditional approach of extracting terpenes from plants or waste re-
sources, efforts have increased in recent years to use a biotechnological approach for
obtaining terpenes via microbial fermentation.24 In biological research, numerous
terpene synthases, the primary enzymes catalysing terpene formation, have been
characterised, opening up new routes to enzymatic terpene production from sugars
as bio-based feedstocks.25–28 This allows the production of specific terpenes in an
economical, scalable way that is less harvest-dependent and less subject to the huge
price volatility seen with terpenes obtained from plant extraction.

Examples of commercialised biotechnological fermentation routes include the syn-
thesis of β-farnesene, a biofuel and chemical builiding block, by the company
Amyris.29–31 The synthesis of the flavour terpenes valencene, nootkatone and bis-
abolene is conducted by Isobionics.32 The economic costs for terpene production
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via microbial fermentation from sugar have been estimated at $1.76 per kg for bis-
abolene and $1.75/L for β-farnesene.33,34 Although these costs are still roughly four
times more expensive compared to current crude oil prices, the trend is encouraging,
escpecially considering the sustainable advantage of these terpenes.

The structural diversity and double bond functionality of terpenes makes them an
interesting renewable feedstock for the synthesis of platform chemicals and polymers.
Additionally, the emerging biotechnological routes have the potential to produce
terpenes on a large enough scale to meet industrial demands and therefore enable
future application of terpenes as platform molecules and monomers.

1.2.1 β-Elemene

A less common example of a terpene is the sesquiterpene β-elemene (Figure 1.6).
This terpene can be extracted from the traditional Chinese medicinal herb Curcuma
wenyujin (ginger root), myrrh, caraway herb and juniper, for example.35–39 However,
the amount of β-elemene in these plants is comparatively low, with a content of only
8.7 % in myrrh, and even lower contents of around 1 % or less in the other plants
mentioned.35,36,40 Therefore, this feedstock would not suffice to provide β-elemene
on an industrial scale.

Figure 1.6 Molecular structure of β-elemene

Isobionics, a company specialising in the production of flavour and fragrance
terpenes via biotechnolgical routes from sugars, have recently been able to obtain
β-elemene as a side product in their valencene production.32 For the microbial fer-
mentation process to synthesise valencene, Isobionics uses a valencene synthase from
Cupressus nootkatensis (Nootka cypress), which produces the monocyclic sesquit-
erpene germacrene A as a by-product.41 Germacrene A is a known intermediate in
the biosynthesis of valencene and many other bicyclic sesquiterpenes.42 Heat-induced
Cope rearrangement of germacrene A leads to formation of β-elemene (Scheme 1.1)
which can then be isolated via distillation.43,44 Thus β-elemene can already be ob-
tained in tonnne quantities. Furthermore, many terpene synthases that can exclus-
ively, or primarily, produce germacrene A are reported in the literature.43,45–49 This
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pathway enables the selective production of β-elemene via germacrene A. The fer-
mentative route would enable the scale up of production and availability of β-elemene
on an industrially relevant scale, with similar costs to bisabolene or β-farnesene, as
mentioned above. This would also favour the use of β-elemene over other terpenes,
such as limonene and pinene, which are currently only available at modest quantities
from waste feedstocks.

∆

β-elemenegermacrene A

Scheme 1.1 Cope rearrangement of germacrene A to β-elemene

Literature reports on β-elemene and its derivatives mainly relate to its anti-tumor
effect and antioxidant activity.35,38,39,50 Within the field of anti-tumor research sev-
eral chemical modifications of β-elemene have been described. One of the earliest
publications on the functionalisation of β-elemene was published in 1973 by Thomas
et al. They described oxidation reactions of β-elemene, particularly epoxidation and
ozonolysis (Scheme 1.2).51 Reaction of β-elemene with peracetic acid led to epoxid-
ation formation of two β-elemene monoepoxide regioisomers (Scheme 1.2). A high
selectivity of 90% towards epoxidation of the less sterically hindered disubstituted
double bond was reported. Further oxidation of the β-elemene monoepoxide to a
ketone derivative was achieved using periodic acid as an oxidising reagent. The ox-
idation with ozone and subsequent quenching of the ozonides with dimethyl sulfide
led to formation of two regioisomeric β-elemene derivatives with one ketone group.
Further ozonolysis of these species yielded a diketone or even a β-elemene derivative
functionalised with two ketone groups and one aldehyde group upon oxidation of all
three alkene bonds (Scheme 1.2).51
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Scheme 1.2 Epoxidation and ozonolysis of β-elemene leading to formation of
different functionalised derivatives51

Xu et al. described the functionalisation of β-elemene with amine groups
(Scheme 1.3, top). In the first step β-elemene was chlorinated using sodium hy-
pochlorite and acetic acid, and the resulting dichloro derivative was converted into
β-elemene diamine derivatives through reaction with different primary and second-
ary amines.39 In the same manner the synthesis of two monochlorinated β-elemene
regioisomers was reported and subsequent reaction with different amines led to β-
elemene monoamine derivatives. Separation of the two monoamine regioisomers was
possible via column chromatography with the main regioisomer obtained shown in
Scheme 1.3.52

Similarly, the substitution of the chlorine of the monochlorinated β-elemene mo-
lecules with alcohols led to β-elemene ether derivatives (Scheme 1.3).52 A route to
a β-elemene alcohol derivative was also reported starting from the monochlorinated
β-elemene mixture. The chlorine was substituted by an acetate group upon reaction
with sodium acetate, and further reaction with sodium hydroxide led to formation of
the β-elemene alcohol (Scheme 1.3).53,54 Further reaction of the alcohol to form an
ester derivative and cross linking of two β-elemene alcohol molecules with a diacid
was demonstrated.54
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Scheme 1.3 Functionalisation of β-elemene with chlorine, amine, ester or alcohol
groups39,52–54

These results highlight that the functionalisation of β-elemene, for example, with
alcohol, epoxide, ketone, ether, chlorine or amine groups, is possible and gives access
to a variety of potential monomers. So far, these functionalised β-elemene derivatives
have mostly been explored for use in the medicinal field. The use of β-elemene, or
functionalised β-elemene derivatives, in material science has been limited, with the
first example of a β-elemene monomer used in polyester synthesis only published
during the preparation of this thesis.55 The availability on a large scale and the
structure of β-elemene, with its three double bonds, makes this molecule attractive
for deeper exploration as a monomer for the production of bio-based polymers, or as
a cross-linking agent or polymer additive. The alkene functionalities can be directly
reacted for polymer formation or offer opportunities for further functionalisation to
produce other monomers and cross-linking agents.
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1.2.2 β-Farnesene

β-Farnesene is a sesquiterpene with a linear structure containing four alkene groups
(Figure 1.7). In nature it can be found in the essential oils of peppermint, chamomile,
grapes, hemp and many more, and it is also produced by plants, such as potatoes, as
a pheromone.56,57 Production of β-farnesene on large scale is already commercialised
by Amyris via their patented fermentation pathway.31,58

Figure 1.7 Molecular structure of β-farnesene

The use of β-farnesene is versatile with applications ranging from solvents, fuels,
emulsifiers, emollients to adhesives and polymers.31,59 Regarding use in material sci-
ence, the direct polymerisation of β-farnesene is possible via the reactive diene unit,
and the produced poly(β-farnesene) is already marketed by Kuraray.60 Furthermore,
Amyris holds various patents regarding the use of β-farnesene as a monomer and
the application of different β-farnesene polymers.61–64 While this might currently
be limiting in a commercial sense, further exploration of β-farnesene in polymer
synthesis is inevitable to exploit its full potential.

1.3 Monomers and polymers from terpenes

The use of terpenes and terpenoids (functionalised terpene derivatives) as monomers
for the synthesis of renewable polymers has received increased research interest in
recent years due to their diverse structures, their economic viability and availability
from waste resources, or via biotechnological pathways, on an industrial scale. How-
ever, commercialisation of terpene-based polymers and materials is currently lim-
ited. Pinene- and limonene-derived polymers are mostly available as resins and find
application as adhesives, coatings, tackifiers for rubbers, sealants, paints and mod-
ifiers of polymers.65 Poly(β-farnesene) is marketed by Kuraray as “liquid farnesene
rubber” with application predominantly in tires and other rubber goods.60

In contrast to other bio-based feedstocks, which contain more oxygen atoms,
terpenes are hydrocarbons with no oxygen incorporated in the chemical structure,
or little oxygen incorporated in the case of terpenoids. This makes them more sim-
ilar to traditional fossil-based monomers. The presence of double bonds in terpenes
allows direct polymerisation via cationic, anionic or radical mechanisms to form
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polyolefins. To form polymers other than polyolefins, derivatisation is necessary
to introduce functional groups. Functionalisation to generate suitable terpene de-
rived monomers is therefore an important aspect of terpene polymer research. The
two main functionalisation methods are epoxidation and thiol-ene additions, with
further modification depending on the polymer target. Terpenoids, which already
possess reactive functional groups, can be used as monomers with little, or even no,
further derivatisation.

An overview of the polymerisation of different terpenes and terpene derivatives
has been provided in various recent review articles.18,19,22,66–69 Different polymer
classes, catalysts for polymerisation, comparison of molecular weights, examples of
co-polymers and polymer properties are covered within these. Examples depicted in
Figure 1.8 highlight the vast variety of different polymers produced from versatile
terpene feedstocks.
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Figure 1.8 Variety of polymers generated from terpene feedstocks70–76

Examples of the use of terpene monomers to form polyesters, polythioethers, poly-
amides and polyurethanes are described in depth later in this chapter, as these
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are the polymer classes most relevant to this project. As polyolefins, polyethers and
polycarbonates are less relevant to this project, some examples and further literature
regarding those polymers are briefly outlined in the next few paragraphs.

Polyolefins
Direct polymerisation of the terpene alkene bonds via radical, anionic or cationic
polymerisation or via ring opening metathesis polymerisation (ROMP) yields poly-
olefins. The simplest terpene-derived polyolefin is polyisoprene, which is the primary
constitutent of natural rubber.6,19,77,78 β-Pinene and α-pinene have been investig-
ated as monomers for polyolefin formation and the produced polymers showed a
range of properties from oligomeric resins to high performance polymers with po-
tential applications in optics.79–90 Polylimonene has also been synthesised and has
shown to be mostly a low moleuclar weight polymer while one contradictory study
reported the formation of a high molecular weight polylimonene via radical polymer-
isation.83,91–93 Both myrcene and β-farnesene can be readily polymerised by reaction
of the conjugated diene unit (see Figure 1.8 for an example). The obtained polymers
showed elastomeric behaviour with low glass transition temperatures and could find
potential application as rubber substitutes, for instance in rubber tires.61–64,74,94–97

Another route to synthesise terpene- or terpenoid-derived polyolefins is the function-
alisation of terpenes with acrylate groups and subsequent radical polymerisation of
those acrylic monomers. This leads to formation of polymers with the terpenes
hanging off as side groups. Examples are reported with acrylic monomers based on
α-pinene, β-pinene, limonene, carvone, tetrahydrogeraniol and citronellol.98–101

Polyethers
Oxidation of terpenes can lead to formation of terpene epoxides, which can serve as
monomers for the synthesis of polyethers via ring opening polymerisation (ROP).
ROP has been reported for α- and β-pinene oxides as well as limonene oxide, how-
ever, the produced polyethers were only low molecular weight oligomers (see Figure
1.8 for an example).73,102 It was indicated that the bulkiness of the monomers could
inhibit the formation of higher molecular weight polymers.73,102

A different approach to the synthesis of polyethers was taken by Ishido et al. who
reported the alternating co-polymerisation of naturally occurring terpene aldehydes,
such as myrental, perillaldehyde and cyclocitral, with isobutyl vinyl ether. Altern-
ating co-polymerisation occurred via 1,2-carbonyl addition of the aldehydes and
resulted in polyethers with molecular weights of up to 20000 g/mol.103
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Polycarbonates
Polycarbonates can be synthesised by ring-opening co-polymerisation (ROCOP) of
terpene epoxides with carbon dioxide. This was first investigated by the group
of Coates, who reported the reaction of commercially available limonene oxide (a
mixture of trans-(R)-1,2-limonene oxide:cis-(R)-1,2-limonene oxide in 1.2:1 ratio)
with CO2 in the presence of β-diiminate zinc acetate catalysts (Scheme 1.4).76 The
obtained poly(limonene carbonate) showed a highly regioregular structure with over
98% consisting of the trans isomer.
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CO2

trans-poly(limonene carbonate)

N N

Zn
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and

Scheme 1.4 Synthesis of trans-poly(limonene carbonate) from a commercial
mixture of trans- and cis-(R)-1,2-limonene oxide and CO2 with a β-diiminate zinc

acetate catalyst76

Other examples of poly(limonene carbonate) formation have been reported and
include investigations into stereoselectivity and use of different catalysts.104,105

Poly(limonene carbonate) with number average molecular weights (M n) of up to
108000 g/mol and high glass transition temperatures (T gs) of up to 130 °C were re-
ported.104 Mechanical and thermal properties similar to commercial polymers such
as poly(bisphenol A carbonate) or polystyrene indicate potential industrial applic-
ations.104 Limonene dioxide was also investigated as a monomer for polycarbonate
synthesis and formation of poly(limonene-8,9-oxide carbonate) was reported with
the epoxide group at the 8,9-position not undergoing polymerisation.106

Post-polymerisation functionalisation of both poly(limonene carbonate) and
poly(limonene-8,9-oxide carbonate) was reported to alter the polymer proper-
ties.106–110 Reaction of the alkene moiety in poly(limonene carbonate) via thiol-ene
addition, acid-catalysed electrophilic addition, hydrogenation, or oxidation was con-
ducted, while the epoxide group in poly(limonene-8,9-oxide carbonate) was opened
with functionalised thiols or acids, or transformed into a cyclic carbonate. Introdu-
cing functionalities, such as alkyl ester groups, sodium carboxylates, tertiary amines,
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quaternary ammonium salts, cyclic carbonate groups, long alkyl chains, poly ethyl-
ene glycol chains or cross-linking of the polymer, altered the properties leading to
new functional materials with potential applications as coatings, antibacterial ma-
terials, packaging or biodegradable materials.106–110

1.3.1 Polythioethers

Thiol-ene reaction
The reaction between an alkene and a thiol to form a thioether is commonly referred
to as thiol-ene reaction. Due to the simplicity, selectivity, mild reaction conditions
and lack of side products, the reaction is categorised as a so-called “click-reaction”.
Thiol-ene click reactions exhibit many advantages, such as high yields, mild reaction
conditions (solventless), use of small quantities of relatively benign metal-free cata-
lysts and regioselectivity. Furthermore, these often require no, or little, purification
and are insensitive to oxygen and water.111 These characteristics make it not only
attractive from a chemical and engineering point of view, but also offer potential for
industrial scale-up and economical viability.

Earliest publications about thiol-ene reactions date back to around 1900.112 Two
types of reactions have become prominent: radical addition of a thiol to a C-C
double bond and anionic Michael addition of a thiol to an electron-deficient C-C
double bond.111 The mechanism of the free radical thiol-ene reaction proceeds via a
classic step-growth mechanism leading to formation of the anti -Markovnikov addi-
tion product (see Scheme 1.5). Firstly, a radical initiator provides a starting radical
by dissociation under heat or UV radiation. This radical abstracts a hydrogen atom
from the thiol generating a thiyl radical, which then adds to the C-C double bond in
the propagation step forming a carbon centered radical. And in the following chain
transfer step, which is the rate determining step in most cases, a hydrogen atom
is abstracted from another thiol to generate the thioether addition product.113,114

Especially for the reaction of thiols with highly reactive terminal alkenes, the rad-
ical reaction can also proceed via thermal self-initiation without radical initiator
present.115
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Scheme 1.5 Step-growth mechanism of the radical thiol-ene reaction

The kinetics of the reaction are determined by the nature of both the thiol and the
alkene. Terminal alkenes, especially monosubstituted ones that are not sterically
hindered, react readily with thiols, while internal and highly substituted alkenes
are less reactive due to steric reasons and reversible addition of the thiol.111,113,114

Electron-rich or strained alkenes react faster than electron-poor alkenes.111,113,114

While alkyl thiols are less reactive, thiols that contain ester groups react faster due
to the weakening of the S-H bond via hydrogen bonding with the ester carbonyl
group.113,114

Polythioethers in general
Polymer formation utilising thiol-ene reactions can be achieved by reacting a diene
with a dithiol whereby a polythioether is formed. Variation of the thiol monomer,
alkene monomer and the amount of functional groups present within them enables
the formation of polythioethers with different properties. With a monomer func-
tionality higher than two, highly cross-linked thermosets can be produced. Gela-
tion of the cross-linked polythioether is dependent on the molar ratio of thiol to
alkene groups and the monomer functionality, and can be calculated via the Flory-
Stockmayer equation (Equation 1.1), with αgel being the gel point, r the ratio of
functional groups, and fthiol and falkene being the number of thiol and alkene func-
tionalities, respectively.114 For example, for an equimolar (respective to functional
groups) mixture (r=1) of a trifunctional thiol (fthiol=3) and a trifunctional alkene
(falkene=3), gelation occurs at 50% conversion of thiol and alkene groups.
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αgel =

√
1

r(fthiol − 1)(falkene − 1)
(1.1)

Traditional applications for polythioethers are coatings, films and adhesives. How-
ever, with increasing research interest, new applications, such as optical displays or
other optical components, high-impact energy-absorbing devices or nano-imprinting,
are emerging.111,114 The thiol-ene reactions can also be a tool for post-polymerisation
functionalisation or cross-linking of polymers containing alkene groups or surface
modification of polymers. Disadvantages of polythioether formation via thiol-ene
reactions that need to be mentioned are the unpleasant smell and potential toxicity
of some thiols.

Terpene-based polythioethers
As terpenes contain alkene bonds, they can be easily used as direct starting materials
in thiol-ene reactions without prior modification. However, most terpenes contain
highly substituted double bonds, which are not as reactive as terminal double bonds,
in the radical thiol-ene reaction leading to potential issues with polymer formation.
An overview of the utilisation of different terpenes in thiol-ene polymerisation with
various di- or multifunctional thiols is given in Table 1.1. As the thiol co-monomers
are mostly derived from fossil resources, the produced polythiothers are only partly
bio-based.

Kinetic investigations of limonene in thiol-ene reaction were carried out by the group
of Johansson.116 Limonene possesses two differential alkenes: one excocyclic disub-
stituted double bond and one endocyclic trisubstituted double bond. Nuclear mag-
netic resonance (NMR) spectroscopy enabled kinetic experiments in solution and
it was shown that if limonene was reacted with one equivalent of a monothiol, the
exocyclic double bond reacts 6.5 times faster than the endocyclic double bond.116

These results are in accordance with the fact that radicals preferentially attack the
less hindered double bond. Modelling of the reaction profile provided deeper insight
into the reaction kinetics and showed that, additional to steric effects, the lower re-
lative energy of the carbon radical formed on the exo double bond favours addition
to this exo double bond.116
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Table 1.1 Terpenes and thiols used in polythioether formation70,117–122
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The use of an UV initiated radical starter (2,2-dimethoxy-2-phenylacetophenone
(DMPA)) in neat reaction conditions led to the fastest reaction rates for the reaction
of limonene and a monothiol, and double bond conversions greater than 90% could be
observed when using a thiol:double bond functionality ratio of 1:1.117 Reaction of li-
monene with an excess of the trithiol trimethylolpropane tris(3-mercaptopropionate)
(TTMP) was conducted in solution to ensure monomer miscibility and led to form-
ation of oligomeric polythioethers, as confirmed by Size Exclusion Chromatography
(SEC), with no further analysis reported.117

Optimisation of the reaction to achieve improved limonene-based polythioether ther-
mosets was reported in a two step process.118 In the first step, limonene was re-
acted with TTMP, or the tetrathiol pentaerythritol tetrakis(3-mercaptopropionate)
(PTMP), using a thiol:ene ratio of 0.5:1, which led to formation of oligomeric res-
ins, leaving one double bond of limonene unreacted (Scheme 1.6). Solvent addition
was needed to ensure miscibility of limonene and the multifunctional thiol. Further
reaction of these limonene-capped thiols with TTMP or PTMP to make up a 1:1
functionality ratio and curing under neat conditions led to clear flexible materials.
The polythioethers showed glass transition temperatures between -8 °C and 12 °C,
with higher values for the polymer obtained from the tetra-functional PTMP.118 The
thermosets showed high degrees of cross-linking as indicated by low sol gel contents.
The polymers formed with TTMP showed a sol gel content of around 15%, while
low sol gel contents, near 0%, indicated extremely high cross-linking for the poly-
mers based on PTMP. As expected for rubbery materials with low glass transition
temperatures, the storage moduli (E’) at the rubbery plateau were low with values
between 0.4 and 8.9 MPa reported.118
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The use of limonene as a bio-based monomer in polythioether synthesis was also
reported in the context of recycling of expanded polystyrene. Limonene was used
to dissolve the polystyrene and at the same time it had the purpose to act as
a monomer in thiol-ene reactions forming a polythioether. The polystyrene was
dissolved in limonene and then TTMP was added in a 1:1 ratio of thiol groups:alkene
groups. Miscibility issues between limonene and the used trithiol were observed and
overcome by heating at 140 °C for two hours and/or UV irradiation before pouring
the reaction mixture into moulds and curing in neat conditions using DMPA as an
UV initiator.119

The resulting material consisted of a cross-linked limonene polythioether and pre-
cipitated polystyrene microphases dispersed within this polythioether network. En-
gineering of the material properties was achieved by using different amounts of
polystyrene contents (0%, 10%, 20% and 30%). When no polystyrene was present,
the curing of limonene and TTMP led to an amorphous, transparent rubber. Dy-
namic mechanical analysis (DMA) measurements showed that the material had a
glass transition temperature of around -6 °C, a storage modulus (E’) of 1.1 MPa
(at 25 °C) and a loss modulus (E”) of 0.3 MPa. Tensile analysis revealed a typical
elastomeric stress strain behaviour with a low ultimate tensile strength (UTS) of
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1.2 MPa and an average toughness of 0.13 MJ/m3.119 With increasing polystyrene
content the tensile strength increased and a storage modulus of 370 MPa could be
achieved with 30% polystyrene content. Application as impact resistant polymers,
such as phone cases, was suggested.119

As well as polymerising limonene with TTMP, polythioether formation with the
tetrathiol PTMP and even a hexathiol was reported, without any addition of poly-
styrene. An increase in rubbery modulus of the polythioether was observed when
going from the trithiol to the tetrathiol due to an increase in cross-linking dens-
ity. Further increase was not observed with the hexathiol, which was attributed to
increased viscosity preventing further cross-linking.119

Another attempt to generate polythioethers from limonene was reported by Drozdov
et al.70 Instead of using multifunctional thiol cross-linkers, aliphatic dithiols were
employed in order to obtain linear polythioethers. While mainly focusing on coupling
two limonene molecules with siloxanes and subsequent thiol-ene polymerisation with
dithiols, the direct reaction of limonene with 1,2-ethanedithiol, 1,4-butanedithiol
and 1,6-hexanedithiol was reported as well (Figure 1.9). A slight excess of thiol
and long reaction times of 10 hours were needed to ensure complete conversion of
the limonene double bonds. The polymers obtained were viscous liquids with low
molecular weights. M n values increased with increasing alkyl chain length from
1700 g/mol for the 1,2-ethanedithiol-based polythioether to 5500 g/mol for the 1,6-
hexanedithiol based polymer.

S

S

n

S

S

n

S

S

n

Tg -35 °C Tg -40 °CTg -37 °C

Figure 1.9 Linear polythioethers from limonene and 1,2-ethanedithiol,
1,4-butanedithiol and 1,6-hexanedithiol

The reason for formation of only low molecular weight polymers can be attributed
to the lower reactivity of the aliphatic thiols and also the fact that high conversion
are needed to achieve gelation as both monomers have a functionality of two. The
polymers showed low T g values between -40 and -35 °C (Figure 1.9). Due to the
flexible alkyl chains of the thiols these T g values are lower compared to those poly-
mers with the more rigid TTMP or PTMP backbones, which formed cross-linked
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networks. Raman spectroscopy revealed that a small amount of disulfide S-S bonds
was formed by oxidation of the thiols. Limonene-based polythioethers with siloxane
units incorporated showed equally low molecular weights, but considerably lower
T gs with values as low as -140 °C.70

Dove and co-workers investigated a variety of terpenes, including limonene,
terpinene, linalool, nerol and geraniol, for polythioether thermoset synthesis with
the tetrathiol PTMP.122 Addition of 10 wt% acetone was needed to ensure miscibil-
ity of the monomers. Direct curing of the respective terpenes with PTMP only led
to very slow reactions in the case of nerol, geraniol and terpinene, and while the first
two did form a thermoset, for terpinene no gelation was observed after four hours.
Limonene and linalool reacted rapidly and formed a polythioether network within
seconds.

To overcome viscosity issues and slow rates of conversion, the synthesis of a pre-
polymer was employed. The prepolymers were produced by reacting the terpene
with PTMP in alkene group:thiol group ratio of 2:1 leading to viscous oligomers.
Subsequent addition of more thiol to reach a 1:1 stoichiometry proved successful as
a means to generate polythioethers with faster gelation. However, polymerisation
attempts with terpinene were again not favourable, due to its very low reactivity,
and gelation could only be observed after three days at 120 °C.122

Post-curing of the resins at high temperatures was used as a tool to enhance the
polymer properties. For the limonene-based polythioether a strain at break of 77.3%
could be observed for postcuring at 30 °C, whereas 180% strain at break was observed
when the polymer was post-cured at 120 °C for 12 hours. Toughness and ultimate
tensile strength also increased with increasing curing temperature and reached val-
ues of 2740 J/m3 and 24.4 MPa, respectively, for post-curing at 120 °C. The Young’s
modulus was reported as 43.8 MPa. In the case of limonene, the post-cured poly-
mer showed stress-strain behaviour of a hard and tough plastic, while polymers
formed from linalool, nerol and geraniol showed elastomeric behaviour. These elast-
omeric polymers (also post-cured at 120 °C) had similar properties and showed lower
Young’s moduli (between 0.4 and 0.5 MPa), lower strains at break of around 100%,
lower tensile strength (2.4-2.8 MPa) and lower thoughness (103-149 J/m3) than the
post-cured limonene polythioether. The more elastomeric nature was also reflected
in the glass transition temperatures. Nerol- and geraniol-based polythioethers ex-
hibited T g values of -3.3 and -2.5 °C, respectively, and the linalool based polymer
showed a T g of 2.7 °C. The polymer obtained from limonene had a higher glass
transition temperature of 10.9 °C due to the more rigid nature of the cyclohex-
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ane ring in the polymer network. As the T g is closer to room temperature, the
polymer network displayed less elastomeric and more glassy characteristics. Due to
the fast cross-linking reaction of both linalool and limonene with PTMP, successful
application in 3D printing was demonstrated.122

Modjinou et al. utilised linalool in thiol-ene reactions with the aim of producing
anti-microbial films.121 A bio-based isosorbide derivative functionalised with two
allyl groups was used as co-monomer to introduce mechanical stability into the
polymer. Polythioether formation was carried out with TTMP in neat conditions
and DMPA was used as radical initiator. Varying ratios of isosorbide derviative
and linalool were tested and reaction of only linalool with TTMP led to formation
of a sticky polythioether which was hard to handle. A conversion of 73% of the
S-H bonds was reported and the incomplete conversion was attributed to viscosity
inhibiting mass transfer.121

Increasing the ratio of the isosorbide derivative in the monomer mixture led to
increased stability due to the rigid isosorbide structure in the polymer backbone and
formation of soft polymer networks. The T g increased from -25 °C for the polymer
with 100% linalool to -2 °C for the polythioether with 100% isosorbide derivative.121

Mechanical properties were not obtained for the 100% linalool-based polythioether
due to the tackiness of the sample. For linalool-isosorbide-co-polymers tensile testing
was carried out and the stress strain curves showed typical elastomeric behaviour.
As expected the Young’s modulus and tensile strength increased with increasing
isosorbide content while the elongation at break (εbreak) decreased. It was stated
that polymer properties could potentially be improved by synthesis of prepolymers
and further cross-linking as reported for limonene by Dove.122 An antibacterial effect
of the polymer films was observed for S. aureus, but not for E. coli.121

A different approach to thiol-ene reaction of terpenes was reported by Chemtob and
co-workers, who showed successful polythioether formation of several terpenes using
emulsion polymerisation.120 Limonene, linalool, geraniol and geraniol acetate were
first reacted under neat conditions with 2,2’-(ethylenedioxy)diethanethiol (EDDT)
using UV initiated curing (Figure 1.10). Conversions between 80% and 90% were
obtained, but the obtained products were only oligomers. Again the difunctionality
of the monomers inhibited polymer formation as high conversions are needed for
gelation.120
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Figure 1.10 Polythioethers obtained from reaction of EDDT with limonene,
linalool, geraniol or geraniol acetate120

To overcome this issue, emulsion polymerisation was used to enable higher conver-
sions. The formation of small monomer droplets enables radical compartmental-
isation and thus minimisation of radical recombination or termination, as well as
improved UV penetration. The aqueous phase contained sodium dodecyl sulphate
as surfactant and the photoinitiator, while 4 wt% hexadecane was added to the
monomer mixture forming the organic phase. Emulsion polymerisation of geraniol
acetate and EDDT yielded a latex which was only partly soluble in THF and whose
soluble fraction showed a molecular weight of 5200 g/mol. The molecular weight of
the soluble linalool polythioether fraction was even lower.120

Reaction of both limonene and geraniol produced solids which were insoluble in
THF and only poorly soluble in chloroform indicating formation of higher molecular
weight polymers with crystalline domains. Solubility in chloroform enabled determ-
ination of conversions via 1H NMR spectroscopy. High alkene conversions between
95% and 99% were achieved highlighting the benefit of emulsion polymerisations. As
expected, due to the flexible polymer backbone, the T g values for all the polymers
was low and ranged between -47 and -34 °C.120 These results show that despite the
low reactivity of the internal double bonds formation of linear polythioethers from
terpenes is possible, resulting in formation of mostly insoluble polymers.120
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1.3.2 Polyesters

Polyesters are an interesting class of polymers due to their ability to degrade easily
via hydrolysis of the ester bonds. This enables sustainable polymer features such
as biodegradability or recycling via degradation into the monomer components and
repolymerisation. In general, polyesters can be generated via polycondensation re-
actions or ring-opening polymerisation (ROP). In polycondensation reactions a diol
is reacted with a diacid or dimethyl ester and the polyester is formed next to water
or methanol as side products. Formation of polyesters by ROP is conducted through
ring-opening of lactones, or by ring-opening co-polymerisation (ROCOP) of epox-
ides and cyclic anhydrides. Only few examples of terpene-based polyesters can be
found in the literature, due to the fact that alcohol, carboxylic acid, ester or epoxide
groups have to be introduced first, in one or more reaction steps, to generate the
desired monomers. Examples of terpenoids that already posses one alcohol group
are terpineol, linalool, citronellol geraniol and menthol.

Polyester formation via polycondensation

Polyester synthesis by reaction of a diacid, or dimethyl ester, and a diol proceeds
via a classic esterification reaction (Scheme 1.7). The reaction can be base cata-
lysed, acid catalysed, whereby the used diacid itself can act as the proton donor, or
catalysed by Lewis acids such as various metal catalysts.
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In the acid catalysed mechanism, the carboxylic acid group is activated by proton-
ation or coordination to a Lewis acid, followed by nucleophilic attack of the alcohol
group on the activated carbonyl carbon atom. After elimination of water, the ester
bond is formed. In the base catalysed reaction, the alcohol is deprotonated by the
employed base. The formed alkoxide then attacks the carbonyl carbon atom of the
acid, and the ester is formed after elimination of the hydroxide.

A recent example of generating terpene-based polyesters via polycondensation
has been published by Mecking and co-workers, using the terpenoid citronel-
lic acid as a starting material (Scheme 1.8).123 Palladium-catalysed methoxycar-
bonylation of citronellic acid led to formation of the dimethyl ester dimethyl-3,7-
dimethylnonanedioate, and reduction of this diester with lithium aluminium hydride
yielded the corresponding diol derivative. Polycondensation of the diester and diol
using titanium(IV)butoxide as a catalyst produced polyesters with M n values up
to 10000 g/mol. Due to the methyl side chains this polyester showed to be a soft
amorphous material with a T g of -57 °C.123
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The terpenoid (-)-borneol was used as precursor and hydroxylation to the diol
monomer 5-exo-hydroxyborneol was achieved in a biocatalytic reaction using
Pseudomonas putida KT2440.124 This borneol-derived diol was co-polymerised with
succinic acid dimethyl ester using tin acetate as a catalyst (Scheme 1.9). The ob-
tained polyester showed only low molecular weights between 2000-4000 g/mol. Due
to the presence of the rigid cyclic borneol structure in the polymer backbone, the
T g of the polymer was moderate with 70 °C.124
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Scheme 1.9 Transformation of (-)-borneol into 5-exo-hydroxyborneol and
subsequent polycondensation with succinic acid dimethyl ester124

Nsengiyumva and Miller investigated the use of (+)-camphor in polyester syn-
thesis.125 Oxidation of camphor with nitric acid led to formation of camphoric acid
which was then co-polymerised with various diols using mainly p-toluene sulfonic
acid as a catalyst (Scheme 1.10). Linear alkyl diols, such as ethylene glycol, 1,3-
propanediol, 1,4-butanediol, 1,5-pentanediol and 1,6-hexanediol, were used as co-
monomers and M n values of up to 20200 g/mol were obtained. Depending on the
diol used, the polyesters showed T g values from -16 °C for the 1,6-hexanediol-based
polyester to 51 °C for the ethylene glycol-based one. The use of cyclic diols such as
erythritan and isosorbide enabled formation of polyesters with higher T g values of
100 °C and 125 °C, respectively, albeit with lower molecular weights.125
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Scheme 1.10 Oxidation of camphor to camphoric acid with nitric acid and
co-polymerisation with 1,4-butanediol125
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Polyester formation based on limonene monomers has been reported by Thomsett
et al.126 Hydroboration of limonene and subsequent workup with H2O2/NaOH led
to formation of a limonene diol monomer. Co-polymerisation of this diol with bio-
based succinic acid was carried out with either tin (II) 2-ethylhexanoate (Sn(oct)2),
Ti(OBu)4 or no catalyst to form a completely bio-based polyester (Scheme 1.11, top).
High molecular weight polyesters with M n up to 30400 g/mol could be achieved with
both the titanium and the tin catalysts. With values ranging from 4 °C to 23 °C, the
T g values of these polyesters are higher than those of linear polyesters, such as the
polyester based on citronellic acid, due to the rigid cylohexane ring in the polymer
backbone. Without a catalyst polymer formation occurred as well, but the molecular
weights were lower with around 9000 g/mol. Polymer degradability, via hydrolysis
of the ester bonds, was studied. While no degradation was observed in water at
different pH, degradation of the polyester into its starting monomers was achieved
using a solution of aqueous NaOH and THF. This indicates good recyclability of
this polyester at the end of its lifetime as the regained limonene diol monomer could
be repolymerised.126

Additionally, reaction of the limonene diol to a hydroxy-acid derivative was invest-
igated via three different routes. Selective oxidation of the primary alcohol to the
carboxylic acid via an aldehyde was identified as the highest yielding and most
sustainable reaction pathway. Homopolymerisation of this difunctional limonene
monomer was carried out using Sn(oct)2 as a catalyst (Scheme 1.11, bottom). A
polyester oligomer with molecular weight of only 2600 g/mol was achieved. The
reasons for this low molecular weight were suggested to be the low reactivity of the
secondary alcohol group and, potentially, the steric bulk of the cyclohexane ring
preventing long chain polymer formation. By-product formation of a lactone was
also observed. The T g of this entirely limonene-based oligomer was 44 °C and there-
fore higher compared to the limonene diol succinic acid co-polyester. This is due
to the higher amount of incorporated limonene and thus a higher amount of rigid
cyclohexane rings in the polymer backbone.126
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homopolymerisation of a limonene hydroxy-acid monomer (bottom)126

As outlined in Section 1.3.1, the thiol-ene reaction between terpenes and thiols can
be used as a facile way to generate polythioethers. It can also serve as a tool
for the functionalisation of terpenes by reaction with a thiol bearing an additional
functional group. An example of this method was reported by the group of Meier,
who functionalised limonene via thiol-ene addition to generate monomers for polyes-
ter synthesis.127 By reaction of enantiomerically pure (R)-limonene or (S )-limonene
with 2-mercaptoethanol and/or methyl thioglycolate, different limonene methyl es-
ter and alcohol derivatives could be produced (Scheme 1.12).127

With one equivalent of thiol the addition occured at the less sterically hindered
exocyclic double bond, and addition of a second equivalent of thiol allowed the
trisubstituted endocyclic double bond to be functionalised. When using azobisisobu-
tyronitrile (AIBN) as a radical initiator in the first addition step, fast conversion,
but lower regioselectivites towards the exocyclic double bond were observed, com-
pared to higher regioselectivities when no radical initiator was employed and the
radical reaction started via self-initiation. As oxygen can act as a radical scavenger,
the reactions were conducted under inert atmosphere.127

High yields of 82% of the monofunctionalised alcohol product were achieved with
2-mercaptoethanol. It was observed that methyl thioglycolate is more reactive com-
pared to 2-mercaptoethanol, which can be attributed to a weakening of the S-H
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bond through hydrogen bonding with the carbonyl group. This higher reactivity led
to a lower regioselectivity in the first addition step leading to reaction of both the
endo- and exocyclic double bonds in a 1:1 ratio and therefore a low yield of only 52%
of the exocyclic methyl ester addition product. The second addition step proceeded
with high yields in both cases.127 This mild addition reaction, which can be carried
out at room temperature, is an easy and versatile way to functionalise double bonds
and could also be transfered to other terpenes with two alkene functionalities for
monomer synthesis. β-Pinene, with its one double bond, was successfully function-
alised in the same manner, however, the monofunctionality of the produced β-pinene
derivative inhibits its use as a monomer.127
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Scheme 1.12 Synthesis of different methyl ester and alchol monomers by addition
of 2-mercaptoethanol and/or thioglycolate to limonene127

Polycondensation of the limonene derivatives was conducted with 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD) as a catalyst under vacuum at high temper-
atures. Reaction between the diol derivatives and the diester derivatives resulted in
the formation of oligomers with molecular weights around 3000 g/mol. The use of
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Ti(OiPr)4 as a catalyst did not improve the molecular weights. The authors sug-
gested that this could be due to the bulky nature of both monomers hindering the
effective approach of the catalyst.127

More successful appeared to be the polymerisation of the heterobisfunctional li-
monene derivatives (Scheme 1.13). Polyesters with Mn between 7700 g/mol and
10500 g/mol were produced. The polymers showed dispersities (Ð) between 1.60
and 1.90 and a T g of -10 °C. Again it was argued that higher molecular weight
polymers could not be achieved due to the steric bulk of the monomers.127

Co-polymerisation with long chain diol monomers was tested to determine if these
sterically less hindered co-monomers could improve the polycondensation reaction
leading to an increase in molecular weight. While reaction of the limonene diester
with 1,3-propanediol or 1,6-hexanediol only led to formation of low molecular weight
polyesters, polycondensation with a diol derived from 10-undecen-1-ol (obtained
from castor oil) containing an alkyl chain of 20 carbon atoms led to formation of
polymers with Mn of 18900 g/mol or 21300 g/mol. Similarly, reaction of the limonene
diol with a long chain diester formed polyesters with Mn between 9200 g/mol and
15400 g/mol. These polyesters showed lower glass transition temperatures of -42 °C
to -46 °C due to the incorporation of the flexible alkyl chain. Other spacer co-
monomers containing thioether functionalities were explored as well, again leading
to polyesters with high molecular weights and low glass transition temperatures.127
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Scheme 1.13 Polycondensation of heterobisfunctional limonene derivatives using
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) as a catalyst127
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Polyester synthesis by ROP of lactones

Cyclic terpenoids containing a ketone group, such as carvone or menthone, are
convenient starting materials for the synthesis of polyesters via ROP of lactones.
Baeyer-Villiger oxidation of these cyclic ketones leads to formation of the corres-
ponding lactones, which then can undergo ROP to form a polyester.

For example, menthone, which can be gained by oxidation of menthol, was trans-
formed into the lactone menthide by reaction with meta-chloroperoxybenzoic acid
(mCPBA). ROP of menthide catalysed by a zinc alkoxide catalyst led to formation of
polymenthide with high Mn of 91000 g/mol and low dispersity Ð of 1.1 (Scheme 1.14,
top).128 Further examples of polymenthide formation using different yttrium cata-
lysts has been reported and a T g of -21 °C was mentioned for the obtained poly-
menthide.129 Co-polymerisation of menthide with various other monomers such as
lactide, Tulipalin A or β-butyrolactone has also been demonstrated.129–131
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Scheme 1.14 Polyesters via ROP of lactones starting from menthone or
dihydrocarvone128,132

The same route can be taken from dihydrocarvone, which can be gained from mono
hydrogenation of the terpenoid carvone. Oxidation to the lactone dihydrocarvide,
and subsequent ROP with diethyl zinc as a catalyst and benzyl alcohol as initiator
led to formation of polydihydrocarvide (Scheme 1.14, bottom). Molecular weights
of up to 10500 g/mol were reported for this polyester.132 The presence of the double
bond in the polymer side chain offers further opportunity for post-polymerisation
functionalisation and cross-linking. Thiol-ene addition was used a tool for cross-
linking and the polymer was reacted with the dithiol EDDT, using AIBN as a
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radical initiator. Production of insoluble thermoset polymers with a high cross-
linking content, as evidenced by high gel contents of around 90%, demonstrated
successful cross-linking.132

Oxidation of dihydrocarvone with mCPBA yielded 7-methyl-4-(2-methyloxiran-2-
yl)oxepan-2-one, a lactone with an additional exocyclic epoxide group. Polymerisa-
tion of this lactone with Sn(oct)2 or ZnEt2 led to opening of both the lactone and
epoxide groups to form branched oligomers with both polyester and polyether link-
ages present. Surprisingly, only low molecular weight polymers of up to 2600 g/mol
with high dispersities were obtained and the degree of cross-linking was not signi-
ficant as indicated by a gel content of only 5%. The authors suggested that the
low molecular weight and low degree of cross-linking could be due to the fact that
the monomer itself can initiate the polymerisation reaction. Other reasons could be
degradation reactions occuring during polymerisation.133 Co-polymerisation with ε-
caprolactone using ZnEt2 as a catalyst yielded highly cross-linked polymers, which
showed shape memory properties.133

Hydrogenation of dihydrocarvone produces carvomenthide, which can be polymer-
ised in an analogous manner to dihydrocarvone. High molecular weight polycarvo-
menthide with Mn up to 62000 g/mol and dispersity of 1.2 were reported. Co-
polymerisation of carvomenthide and dihydrocarvide with various stoichiometries
was also successful yielding polyesters with T g values ranging between -27 °C and
-20 °C, the values for the two homopolymers.132

Quilter and co-workers showed that polyesters can be produced in a five-step syn-
thesis from β-pinene via an ε-caprolactone derivative (Scheme 1.15).75 In the first
step β-pinene was transformed into (+)-nopinone via ozonolysis. Isomerisation of
(+)-nopinone with aluminium chloride led to (±)-cryptone which could be hydro-
genated to a saturated ketone. Subsequent Baeyer-Villiger oxidation with mCPBA
generated the lactone monomer 4-isopropylcaprolactone. The overall yield for this
monomer synthesis from β-pinene was reported to be 64%.75

ROP of this pinene-derived 4-isopropylcaprolactone was investigated with ZnEt2
as a catalyst and benzyl alcohol as an initiator, a zirconium amine tris(phenolate)
catalyst or a zirconium bipyrrolidine salan catalyst (Scheme 1.15). All catalysts yiel-
ded low molecular weight polyesters with Mn between 3400 g/mol and 4900 g/mol.
Dispersities were high with values around 1.50 and conversions up to 96% could
be obtained. However, when 4-isopropylcaprolactone prepared from commercial 4-
isopropylcyclohexanone was used for comparison, polyesters with higher molecular
weights of up to 32000 g/mol were reported when using Sn(oct)2 as a catalyst. High
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molecular weights and lower dispersities were also achieved with the ZnEt2 cata-
lyst, but both the zirconium catalysts produced lower molecular weight polymers
between 3200 g/mol and 11500 g/mol. The authors argued that the discrepancy in
molecular weight between the lactone monomer from commercial sources and the
monomer synthesised from β-pinene could stem from trace contaminants from pre-
vious reaction steps which could act as chain transfer agents during polymerisation.
The produced polyesters were colourless gels with low T g values of -50 °C. Ring-
opening co-polymerisation of 4-isopropylcaprolactone and L- or rac-lactide was also
demonstrated and resulted in the formation of low molecular weight co-polymers.75
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or ZnEt2/BnOH

or Zr amine tris(phenolate)

or Zr bipyrrolidine salan

4-isopropylcyclohexanone

Scheme 1.15 Synthesis of a polyester starting from β-pinene via
4-isopropylcaprolactone as a lactone monomer75
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ROCOP of epoxides and cyclic anhydrides

An alternative pathway for the formation of polyesters is the ring-opening co-
polymerisation (ROCOP) of epoxides and cyclic anydrides (Scheme 1.16). As sum-
marised in a recent review article by Longo, Sanford and Coates, a broad range of
anhydrides and epoxides have been shown to undergo polymerisation with a variety
of different catalysts.134 However, the epoxides investigated are mostly monosub-
stituted, and not many renewable terpene-based monomers, which are di- or even
trisubstituted with the presence of cyclic structures, have been explored in ROCOP.
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cat.
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O R1
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n

Scheme 1.16 General reaction scheme for the ring-opening co-polymerisation of
epoxides and cyclic anhydrides

The proposed reaction mechanism for the epoxide anhydride co-polymerisation pro-
ceeds via initiation, chain propagation and chain termination (Scheme 1.17).134–136

As initiators (M-X) various metal catalysts containing initiating halide, alkoxide or
carboxylate groups (X) can be used and/or addition of a co-catalyst can introduce
the initiating group X. During initiation the epoxide is activated by coordinating to
the metal centre and then opened by the initiating group which thereby becomes
part of the polymer chain. The generated metal-alkoxide can attack the anhydride,
which is activated by coordination of a carbonyl oxygen atom to the metal, lead-
ing to chain propagation by formation of ester linkages. Further reaction of the
metal-carboxylate with an epoxide prolongs the polymer chain. Termination can
take place by reaction with protic compounds such as water, alcohols or acids. In
the same manner chain transfer can occur.134–136

Reactivity of both the epoxide and anhydride monomer have an impact on the re-
action, as well as the catalyst used. Generally, monosubstituted epoxides show a
higher reactivity compared to higher substitued or sterically hindered ones. Dar-
ensbourg, for example, reported a higher reactivity of propylene oxide compared
to cyclohexene oxide when reacted with cyclohexane anhydride.136 In the reaction
with cyclohexane oxide, the reactivity of the anhydride co-monomer decreased in
the order cyclohexane anhydride, phthalic anhydride to succinic anhydride.136,137
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Scheme 1.17 Generic reaction mechanism for the co-polymerisation of epoxides
and cyclic anhydrides134–136

In terms of terpene-based monomers for ROCOP, the co-polymerisation of epoxides,
such as limonene oxide, limonene dioxide, α-pinene oxide, carene oxide and menthene
oxide, has been reported. Epoxide groups can readily be introduced into terpenes via
oxidation of their double bonds. Focus has been on 1,2-limonene oxide, which is an
interesting molecule due to its similarity to petrochemical-derived cyclohexene oxide,
a benchmark and well studied epoxide in polyester synthesis. However, the addi-
tional methyl group in limonene oxide increases the steric bulk and therefore lowers
the reactivity compared to cyclohexene oxide. The co-polymerisation of terpene-
based epoxides with renewable anhydrides is desirable to create a fully bio-based
polyester. Examples of such bio-derived anhydrides are succinic anhydride, maleic
anhydride, itaconic anhydride and glutaric anhydride.134,138,139 The highly reactive
phthalic anhydride is widely used, but is currently derived from fossil feedstocks.
Investigations of synthesising phthalic anhydride from renewable resources are cur-
rently underway with examples starting from bio-derived 5-hydroxymethylfurfural
or from furan and maleic anhydride.140,141 An overview of terpene epoxides that were
employed as monomers for ROCOP, as well as anhydrides and catalysts, which were
used in combination with those terpene-based epoxides, is shown in Figure 1.11.
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Figure 1.11 Terpene epoxides, anhydrides and catalysts used for ROCOP to
synthesise terpene-based polyesters
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In 2007, the group of Coates were the first to report the use of 1,2-limonene oxide as a
renewable monomer in ROCOP. Co-polymerisation of limonene oxide with diglycolic
anhydride, with use of a β-diiminate zinc acetate complex, cat1 (Figure 1.11), as a
catalyst, led to formation of a polyester with a high Mn of 36000 g/mol and a low
dispersity of 1.2 (Scheme 1.18). The measured conversion was high at 81%, and the
resulting polymer exhibited a T g of 51 °C. For the co-polymerisation with maleic
anhydride, higher catalyst loadings (1 mol% compared to 0.33 mol% previously)
were used and a lower conversion of only 55% was observed. The resulting polyester
had a Mn of 12000 g/mol and dispersity of 1.1.142
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O O
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O

O O
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n

n

cat1 (0.33 mol%)
toluene
70 °C, 16 h

cat1 (1 mol%)
toluene
60 °C, 24 h

Scheme 1.18 Co-polymerisation of 1,2-limonene oxide with diglycolic anhydride
and maleic anhydride using β-diiminate zinc acetate catalyst cat1142

Robert et al. reported the co-polymerisation of 1,2-limonene oxide and α-pinene
oxide using an aluminium or cobalt salen catalyst, cat2 or cat3 (Figure 1.11), and
bis(triphenylphosphoranylidene)ammonium chloride (PPNCl) as a co-catalyst. Co-
polymerisation of limonene oxide and camphoric anhydride in the presence of the
cobalt salen catalyst cat3 yielded a completely terpene-derived polyester with Mn of
8500 g/mol and dispersity of 1.2 (Scheme 1.19). However, the yield of this reaction
was low (29%). If the same reaction was carried out with the aluminium salen
catalyst cat2, the yield could be improved to 85% and the Mn went up slightly
to 9700 g/mol.143 Furthermore, it was shown that an increased ratio of co-catalyst
to catalyst led to higher Mns of up to 10300 g/mol, but also higher dispersities.
The highest M n of 27000 g/mol was achieved by increasing the catalyst loading
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from 1 mol% to 3 mol% and using a higher anhydride to epoxide ratio of 4:1.143

Considering the steric bulk of both monomers can inhibit chain propagation, these
molecular weights are reasonably high.143 A high T g of 112 °C of this camphoric
anhydride-limonene oxide co-polymer can also be attributed to the bulkiness in the
polymer backbone.144

n

O

OO

OO

O

O
cat2 or cat3

PPNCl

O

Scheme 1.19 Formation of a fully terpene-based polyester by co-polymerisation
of 1,2-limonene oxide and camphoric anhydride143,144

Co-polymerisation of α-pinene oxide and glutaric anhydride was carried out in the
presence of cat2. The resulting polyester had a Mn of 8400 g/mol and low dispersity.
Glass transition temperatures and other polymer properties were not reported, al-
though it can be presumed that the T g is somewhat high due to the steric bulk of
the monomers resulting in a rigid polymer backbone.143 These polyesters mentioned
are interesting from a sustainability viewpoint as both the terpene epoxides and
camphoric anhydride or glutaric anhydride can be gained from renewable resources.

Due to the presence of one unreacted double bond in the (limonene oxide)-
(camphoric anhydride)-co-polymer, post-polymerisation functionalisation of this
polymer was investigated. Cross-metathesis was attempted by reacting the polyester
with methly acrylate or allyltrimethylsilane in the presence of a Grubbs-Hoveyda
catalyst. However, due to the disubstituted nature of the alkene and the bulky cyc-
lohexane ring, the steric hindrance proved to be too high and cross-methatesis was
not achieved.144 The use of camphoric anhydride was also reported in formation of
triblock co-polyesters in conjuction with cyclohexene oxide and ε-decalactone145

Semiaromatic polyesters produced via ROCOP of limonene oxide and phthalic
anhydride were reported by Duchateau and co-workers in 2013.146 As catalysts
four different salophen complexes based on chromium, aluminium, cobalt and
manganese (Figure 1.11, cat4, cat5, cat6, cat7) were investigated, with 4-
dimethylaminopyridine (DMAP) initially used as a co-catalyst. The highest activity
was achieved with the chromium and aluminium catalysts with conversions of up to
94%. The polymers showed low Mns of up to 7200 g/mol and T g values between
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29 °C and 82 °C. Due to the more rigid benzene backbone, it is easier to obtain
higher glass transition temperatures for semiaromatic polyesters compared to poly-
esters with flexible aliphatic backbones. The polymerisation reactions were carried
out under neat conditions, as reactions in solution showed considerably lower re-
activity. Additionally, the effects of different co-catalysts were investigated, and it
was shown that if PPNCl was used instead of DMAP a higher activity could be
achieved.146

In 2017, the group of Kleij published the synthesis of semiaromatic polyesters
through the co-polymerisation of different terpene-based epoxides with phthalic
anhydride or 1,8-naphthalic anhydride.147 In this work iron or aluminium amine
tris(phenolate) complexes were used as catalysts (cat8 and cat9, Figure 1.11).
First, the reaction of limonene oxide with phthalic anhydride (Scheme 1.20) was
investigated using cat8 or cat9, with PPNCl or DMAP as co-catalysts and dif-
ferent solvents or neat reaction conditions. Some of the results reported for the
different reaction conditions are listed in Table 1.2.147

O cat8 or cat9

PPNCl or DMAP

solvent or neat

O
O

O

O
O

O O

n

65 °C, 24-48 h

Scheme 1.20 Co-polymerisation of limonene oxide with phthalic anhydride147

It was shown that the co-catalyst is essential for the reaction to proceed, and both
THF as a solvent or neat reaction conditions gave high conversions of up to 99%
(Table 1.2). The best results were obtained using the iron amine tris(phenolate)
catalyst cat9 and PPNCl as co-catalyst, with low catalyst loadings of 0.5 mol%.
The resulting polyesters showed Mn values of up to 10700 g/mol and dispersities
between 1.21 and 1.39. T g values varied between 95 and 135 °C.147 These high
values can be attributed to the bulky cyclohexane rings in the polymer backbone.
It was reported that neat reactions gave higher conversions, but lower molecular
weight polyesters with lower T g values compared to reactions carried out in THF.

49



Chapter 1. Introduction

Table 1.2 Examples for ROCOP of terpene oxides and phthalic anhydride
published by Kleij et al.147

epoxide catalyst co-catalyst solvent conversion Mn Ð T g

[mol%] [mol%] [%] [g/mol] [°C]

limonene oxide cat9, 0.5 PPNCl, 0.5 - >99 9500 1.21 115

limonene oxide cat9, 0.5 DMAP, 0.5 THF 92 10700 1.24 135

limonene oxide cat9, 0.5 PPNCl, 0.5 THF 84 10500 1.24 131

limonene oxide cat8, 0.5 DMAP, 0.5 THF 87 4300 1.24 104

limonene oxide cat8, 0.5 PPNCl, 0.5 THF 71 5500 1.21 124

cis-limonene oxide cat9, 0.5 PPNCl, 0.5 THF >99 16400 1.33 141

carene oxide cat9, 0.5 PPNCl, 0.5 THF 79 3700 1.39 130

menthene oxide cat9, 0.3 PPNCl, 0.3 THF 75 12700 1.20 165

limonene dioxide cat9, 0.5 PPNCl, 0.5 THF 33 8700 1.94 59

Using these optimised reaction conditions (0.5 mol% cat9, 0.5 mol% PPNCl, 65 °C,
THF or neat) other terpene-based epoxides, such as diastereoisomerically pure cis-
1,2-limonene oxide, limonene dioxide, carene oxide and menthene oxide, were co-
polymerised with phthalic anhydride (Table 1.2). The use of diastereoisomerically
pure cis-limonene oxide, compared to commercially available cis/trans-limonene ox-
ide, yielded polyesters with a higher Mn of 16400 g/mol and higher T g of 141 °C. Co-
polymerisation of the bulky carene oxide only gave low molecular weight polyesters
with Mn values of 3700 g/mol. Potentially the steric bulk of the monomer inhibits
growth of the polymer chains. Menthene oxide, which should be more reactive due
to the disubstituted nature of the epoxide group compared to the trisubstituted one
in the case of limonene or carene oxide, also formed low molecular weight polymers.
However, with a longer reaction time of 72 hours a polyester with Mn of 12700 g/mol
could be obtained. This polyester showed an extraordinary high T g of 165 °C. Ac-
cording to the authors this is the highest glass transition temperature reported for
semiaromatic polyesters based on phthalic anhydride.147

Limonene dioxide was also investigated as a monomer, and with its two reactive ep-
oxide functionalities, of which one is terminal disubstituted and one is trisubstituted,
cross-linked polyesters should be obtainable when both groups react. Indeed, at re-
action temperatures of 65 °C insoluble cross-linked polymers were reported, but no
further analysis carried out. If the reactions were performed at a lower temperature
of 45 °C, low molecular weight polyesters with Mn of 8700 g/mol (reaction in THF)
and 6700 g/mol (neat reaction) were obtained, but dispersities were high at 1.94 and
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2.41 respectively. T g values of 59 °C and 53 °C were observed, and conversions were
low at 33% and 52%. NMR spectroscopy of these limonene dioxide based polyesters
showed that a significant amount of epoxide groups were still present in the isolated
polymer. Furthermore, analysis of the 1H NMR spectrum showed that both epox-
ide groups did react with no selectivity towards one site observed. The fact that
insoluble cross-linked polymers were obtained at higher temperatures suggests that
reactivity increases with temperature, leading to increased cross-linking.147

In an attempt to introduce more rigidity into the polymer backbone and increase
the T g even further, 1,2-limonene oxide was also co-polymerised with 1,8-naphthalic
anhydride. Even with longer reaction times of 72 hours, only 50% conversion was
achieved. The resulting polyester had a low Mn of 2200 g/mol which is most likely
due to the fact that both monomers are bulky and therefore steric hindrance inhibits
further chain propagation. However, the oligomeric polyester showed an extremely
high T g of 243 °C.147

The co-polymerisation of 1,2-limonene oxide and phthalic anhydride was also re-
ported by Isnard et al.148 By using a bimetallic or monometallic phenoxy-imine
aluminium complex as catalyst (cat10, cat11, Figure 1.11), polyesters with low
Mns of up to 4300 g/mol and narrow dispersities of 1.15 were obtained. In agree-
ment with the results from Kleij et al., it was observed that reactions carried out
in solution gave lower conversions.147 However, contrary to observations by Kleij,
polymerisations in solution yielded lower molecular weight polyesters compared to
polymerisation under neat conditions. With values between 12 °C and 83 °C, the T gs
of the obtained limonene-(phthalic anhydride)-co-polymers were significanly lower
compared to the results obtained by Kleij mentioned above.147 Using these catalytic
systems for the co-polymerisation of limonene oxide with succinic anhydride in neat
reaction conditions only led to formation of oligomers with Mn of 700 g/mol. This
result might be attributed to the lower reactivity of succinic anhydride compared to
phthalic anhydride.148

Instead of transforming terpenes into epoxide monomers, they can also serve as pre-
cursors for cyclic anhydride monomers, such as the camphoric anhydride mentioned
in the examples above. This was demonstrated by Coates and co-workers who used
both α-terpinene and α-phellandrene, terpenes containing a diene unit, and reacted
them with maleic anhydride in a Diels-Alder reaction to introduce the cyclic anhyd-
ride group into the molecule (Scheme 1.21). These terpene-based anhydrides were
co-polymerised with propylene oxide using cat4 (see Figure 1.11) and PPNCl as
co-catalyst in neat conditions (Scheme 1.21).149 The resulting polyesters showed T g
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values between 86 and 106 °C and had Mn values between 19900 and 21900 g/mol.149

Optimisation of the reaction conditions to achieve higher molecular weight polyesters
was conducted and it was found that the using the analogous aluminium complex
(cat5, Figure 1.11) led to Mns of up to 55400 g/mol with reasonably low dispersities,
and T g values of up to 109 °C.149
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Scheme 1.21 Reaction of α-terpinene with maleic anhydride to form a
terpene-based cyclic anhydride and further ROCOP with propylene oxide149

In additional work, other catalysts were explored for the polymerisation of these
terpene-based anhydrides. Polymerisation with cat9 (see Figure 1.11) was suc-
cessful, however, lower molecular weights were obtained compared to cat5 used
previously. Cyclohexene oxide was tested for co-polymerisation as well, but due
to the increased steric bulk compared to propylene oxide the Mn of the polyesters
was lower at only up to 12200 g/mol. Once again the steric bulk of the monomers
resulted in exceptionally high T g values up to 184 °C.150
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1.3.3 Polyurethanes

Polyurethanes are a widely used class of polymers due to their versatility and they
find application as foams, coatings, adhesives and structural elastomers.151,152 Tra-
ditionally, polyurethanes are synthesised by reacting poly-isocyanates with polyols
(Scheme 1.22, top). However, these isocyanate monomers are toxic and toxic phos-
gene is used in their synthesis, hence, substitution with more benign monomers and
synthetic routes is desirable.153,154 One such alternative more benign route to so
called non-isocyante polyurethanes (NIPUs) uses di(cyclic carbonates) and diam-
ines as monomers (Scheme 1.22, bottom). Compared to traditional polyurethanes,
these NIPUs contain additional hydroxy groups and are therefore also called hy-
droxypolyurethanes.
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Scheme 1.22 Traditional polyurethane synthesis from diisocyanates and diols
(top) and alternative non-isocyanate route via reaction of a di(cyclic carbonate)

with a diamine leading to a non-isocyante polyurethane (NIPU)(bottom)

NIPUs have significant sustainability advantages over traditional polyurethanes, as
well as improved thermal stability, higher stiffness and tensile strength, and im-
proved solvent resistance due to the presence of hydroxyl groups.72 One disadvant-
age is the reduced ability to generate foams. While traditional polyurethanes can
be foamed easily by addition of small amounts of water which reacts with the isocy-
anate to form CO2, foaming of NIPUs can only be achieved by addition of foaming
agents. Furthermore, cyclic carbonates are generally less reactive compared to iso-
cyanates. While polymerisation of the latter is carried out at room temperature,
the polymerisation of cyclic carbonates often requires elevated temperatures or the
use of catalysts. Only highly reactive primary alkyl amines are reactive enough to
conduct the synthesis without catalyst.155,156 In terms of industrial processing and

53



Chapter 1. Introduction

bringing NIPUs to the market, similar conditions to existing polyurethane produc-
tion are desirable, meaning the NIPU synthesis requires fast reaction kinetics and
should ideally be carried out at room temperature.

Although amines are currently mainly produced from fossil feedstocks, they can also
be obtained from renewable resources such as lignocellulosic biomass, lipids or pro-
teins, as highlighted in recent review articles.157,158 Proteins, in particular, provide
a valuable feedstock as amino acids already contain -NH2 groups. For example,
the amino acid lysine, which contains two amine groups, can be easily converted
into pentanediamine.158 Terpene-based monoamines have been synthesised from 3-
carene, menthol, myrcene, limonene and citronellal.158 However, diamines have, so
far, only been reported from limonene, terpineol and α-pinene.159,160

Five-membered cyclic carbonates can be easily obtained from reaction of epoxides
with CO2. Another route is the reaction of 1,2-diols with CO2 or dimethyl carbon-
ate. Six-membered cyclic carbonates can be obtained via the same route starting
from 1,3-diols, and cyclic carbonates with even larger ring sizes can be obtained
in this way by reaction of the respective diols. Synthesis of six-membered carbon-
ates via ring opening of oxetanes with CO2 is also possible, but this reaction is
less efficient due to the higher stability of oxetanes compared to epoxides.154,161–163

Cyclic carbonates can be easily obtained from bio-based feedstocks. While sugars,
with their alcohol functionalities, are mainly converted via reaction with CO2 or
dimethyl carbonate, bio-based monomers with double bond functionalities, such as
vegetable oils and terpenes, are transformed via the epoxide route.153,161,162,164 As
outlined before, terpenes are easily epoxidised and conversion into cyclic carbonates
is therefore viable. Terpenes functionalised with two cyclic carbonate groups can
then serve as monomers for NIPU synthesis.164

Synthesis of 5-membered cyclic carbonates

Various catalytic systems have been reported to catalyse the formation of 5-
membered cyclic carbonates from epoxides and CO2. The simplest catalysts are
quaternary ammonium salts. The halogen anion of the ammonium salt acts as a
nucleophile to open the epoxide ring. The formed alkoxide can then react with
CO2 to create a carbonate, which undergoes ring closure to form the cyclic carbon-
ate (Scheme 1.23).165–167 Other homogenous catalysts such as metal salen or metal
salphen complexes, metalloporphyrins, amine tris(phenolate) complexes, polyoxo-
metalates or even ionic liquids have been reported as well. These are mostly used
in conjuction with a halide co-catalyst such as quaternary ammonium salts, im-
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idazolium salts or iminium halides, and 4-dimethylaminopyridine (DMAP) has also
been reported as a co-catalyst. Depending on the reaction conditions some catalytic
systems can be selective towards either cyclic carbonate formation or polycarbonate
formation.163,167
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Scheme 1.23 Mechanism of the cyclic carbonate formation catalysed by
quaternary ammonium salts (X-=halide anion)

A few catalytic systems which are able to catalyse the carbonation reaction un-
der mild reaction conditions are worth highlighting. For example, North showed
that carbonation with dinuclear aluminium salen complexes can be carried out at
room temperature and atmospheric CO2 pressure. Tetrabutylammonium brom-
ide (TBAB) was used as co-catalyst and different terminal epoxides, such as pro-
pylene oxide, epichlorhydrin, sytrene oxide or 1,2-butyleneoxide, were successfully
transformed into cyclic carbonates with high yields.168–170 The aluminium complex
acts as a Lewis acid catalyst and helps to pre-activate the epoxide, facilitating at-
tack by the halide, and helps to stabilise the alkoxide and the carbonate anion.
Kleij and co-workers reported cyclic carbonate formation using different aluminium
amine tris(phenolate) catalysts and tetrabutylammonium iodide (TBAI) at 30 °C
and 10 bar CO2.171
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Synthesis of higher substituted cyclic carbonates
While the reaction of monosubstituted epoxides with CO2 has been extensively
researched and can be conducted under mild reaction conditions, as described in the
previous section, the carbonation of higher substituted epoxides remains a challenge.
Generally it was observed that harsher reaction conditions had to be applied to
convert higher substituted epoxides. For example, carbonation of disubstituted
epoxides was possible with the dinuclear aluminium salen catalyst developed by
North when using 10 bar CO2 at 60 °C.172 The aluminium amine tris(phenolate)
system used by Kleij was also able to convert a range of different disubstituted
epoxides into cyclic carbonates in moderate to high yields under reaction conditions
of 10 bar and 70-90 °C.173 Similar results were obtained when using iron analogues
of these catalysts at 2 bar CO2 and 85 °C with 2-butanone as a solvent.174

Williams, Buchard and co-workers reported a bimetallic, macrocyclic Fe(III) com-
plex for carbonation of the more sterically hindered disubstituted cyclohexene oxide,
in conjuction with PPNCl as co-catalyst. Quantitative conversion of cyclohexene
oxide was achieved with atmospheric CO2 pressure, however, a slightly higher re-
action temperature of 80 °C had to be applied.175 Additionally, zinc and copper
complexes with pyrrole-basesd ligands have been shown to facilitate carbonation of
disubstituted 2,2-dimethyloxirane and cis-2,3-dimethyloxirane at room temperature
and atmospheric CO2 pressure. Low yields of 36-42% were obtained for cis-2,3-
dimethyloxirane, while reaction of 2,2-dimethyloxirane, which offers easier attack
for nucleophiles on the unsubstituted face of the epoxide, gave higher yields of 81-
86%.176

Cyclic carbonates derived from terpene epoxides
Terpene epoxides typically show low reactivity towards carbonation as they are of-
ten highly substituted. As mentioned, harsher reaction conditions are a means to
achieving successful conversions. While various examples of terpene-derived mono-
carbonates exist in the literature, dicarbonates, which can be used as monomers for
NIPU synthesis, have only been reported from limonene and a carvone derivative so
far (Figure 1.12).72,164

56



Chapter 1. Introduction

O
O

O

O

O

O

limonene dicarbonate

O
O

O

1,2-limonene carbonate

O

O O

8,9-limonene carbonate

O
O

O

carvone carbonate

O

carvone-derived dicarbonate

O

O

O

O

O
O

O

O

myrcene carbonate

O
O

O

O
O

O

O

O

citronellyl acteate carbonate

Figure 1.12 Examples of different terpene-derived di- and monocarbonates
present in the literature72,164,177–179

The formation of limonene dicarbonate (Figure 1.12) was first reported by Mül-
haupt and co-workers using the simple TBAB as a catalyst.72 Kinetic investigations
into effects of temperature and carbon dioxide pressure were carried out. Optimal
carbonation conditions were found to be 6 mol% TBAB, 140 °C and 30 bar CO2,
which led to full conversion of limonene dioxide to limonene dicarbonate in less
than 50 hours. Once again this shows that harsh reaction conditions are needed
to fully convert highly substituted and sterically hindered epoxide groups.72 Other
catalytic systems such as a pyrazole-based aluminium complex (in combination with
tetrabutylammonium chloride), aluminium amine tris(phenolate) catalysts, and cal-
cium iodide (in combination with a dicyclohexyl-functionalised 18-crown-6 ether
and triphenylphosphine) have been reported for the synthesis of limonene dicarbon-
ate.164,178,179

The carvone-derived dicarbonate (Figure 1.12) was obtained by reaction of the cor-
responding diepoxide with CO2 using a pyrazole-based aluminium complex and tet-
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rabutylammonium chloride as catalysts. Long reaction times of 66 hours at 80 °C
and 10 bar CO2 were neccessary to obtain the cyclic carbonate product in 38%
yield.164

Various monocarbonates derived from limonene, carvone, myrcene, geranyl acetate,
methene, citronellyl acetate and other terpenes have been reported in the literature
and a few examples are shown in Figure 1.12.164,177–180 Maltby et al. showed that
monocarbonates, which still possess alkene groups, such as 1,2-limonene carbonate
and 8,9-limonene carbonate, can be linked by reaction with dithiols, such as 1,3-
propanedithiol. This resulted in formation of dicarbonates, which could be used as
potential monomers for NIPU formation.177

NIPU synthesis

When considering NIPU polymerisation, the nature and reactivity of both the car-
bonate monomer and the amine monomer play an inherent role in the reaction
kinetics. High monomer reactivities and therefore high reaction rates are especially
advantageous from a processing and industrial point of view. In general, 5-membered
cyclic carbonates are less reactive in aminolysis compared to their 6- or 7-membered
counterparts. This can be explained by a higher ring strain in the 6- and 7-membered
rings leading to faster carbonate opening to relieve this ring strain.152

The reactivity of different 5-membered cyclic carbonates is determined by the sub-
stitution pattern on the carbonate ring (Figure 1.13). Electron withdrawing sub-
stituents such as esters or CF3 groups increase the electrophilicity of the carbonate
carbonyl group and these carbonates therefore show a higher reactivity towards the
nucleophilic amines. Electron donating substituents, such as alkyl groups, lead to a
decrease in the reactivity. In addition to electronic effects, steric effects also play a
role with an increase in steric hindrance around the cyclic carbonate ring leading to
a reduction in reactivity.152,181

Electronics and sterics are also crucial when assessing the reactivity of the amine
co-monomer (Figure 1.13). Due to the electron donating inductive effect (+I) of
alkyl groups, which increases the electron density at the amine and therefore its
nucleophilicity, alkyl amines are the most reactive amines in carbonate opening
and NIPU polymersation. With increased steric bulk around the amine group the
reactivity is reduced. Aromatic amines are less reactive due to the free lone pair
of the amine being in resonance with the π-system of the phenyl ring, resulting
in decreased nucleophilicity of the amine group. This leads to poor, or even no,
reactivity towards cyclic carbonates. In these cases an increase in reactivity can be
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induced by an increase in reaction temperature or by using a catalyst such as Lewis
acids or organocatalysts.152,182
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Figure 1.13 Reactivity of different 5-membered cyclic carbonates and different
monoamines in cyclic carbonate ring opening152,181,182

Mülhaupt and co-workers reported NIPU formation from limonene dicarbonate and
various aliphatic amines (Scheme 1.24).72 Both cyclic carbonate groups of limonene
dicarbonate are sterically hindered and therefore their reactivity is generally low.
The exocyclic carbonate groups is expected to be more reactive compared to the
higher substituted and more hindered endocylic carbonate group. Reaction of li-
monene dicarbonate with the monoamine 1-butylamine was used as a model reaction
to investigate the carbonate reactivity. Surprisingly, even at room temperature, 89%
of the carbonyl groups were converted after one hour. Presumably full conversion
was not achieved due to the lower reactivity of the endocylic carbonate. An increase
in temperature led to faster reactions and at 100 °C full conversion was achieved
after 24 hours.72
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Scheme 1.24 NIPU synthesis from limonene dicarbonate and various amines72

NIPU formation of limonene dicarbonate was carried out using 1,4-butanediamine,
1,6-hexanediamine, 1,8-octanediamine and isophorone diamine as co-monomers in
neat reaction conditions without any added catalyst (Scheme 1.24). The temperat-
ure was increased over the reaction time starting at 60 °C and increasing to 120 °C.
It was pointed out that above 130 °C side reactions, such as alkylations, occur,
hence, the reaction temperature should not exceed 130 °C. As shown in Table 1.3,
the NIPU products obtained were only low molecular weight oligomers.72

Table 1.3 Amines used in NIPU synthesis with limonene dicarbonate and selected
properties of the obtained linear NIPU polymers72

entry amine T g [°C] Tm [°C] M n [g/mol] (Ð)

1 1,4-butanediamine 33 80-90 1100 (1.3)

2 1,6-hexanediamine 38 80-90 1200 (1.5)

3 1,8-octanediamine 62 90-100 1840 (1.3)

4 isophorone diamine 70 90-100 960 (1.2)

The authors indicated problems with high viscosity and crystallisation during the
reaction as a potential reason for these low molecular weights.72 Due to the rigid
polymer back bone with cyclohexane units both in the carbonate and amine unit, the
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NIPU from isophorone diamine showed a high T g of 70 °C. For the linear aliphatic
diamines the T g increased with increasing alkyl chain length, from 33 °C for the 1,4-
butanediamine-based NIPU to 62 °C for the 1,8-octanediamine-based polymer.72

Furthermore, NIPU thermoset formation was reported for the reaction of limonene
dicarbonate with a range of different tri- or polyfunctional amines. Stiff and brittle
thermosets with T g values between 55 °C and 70 °C were obtained. As expected,
both the T g and the Young’s modulus increased with a higher amine functionality
present in the monomer due to formation of a higher cross-linked network.72

Besides monomer reactivity, the NIPU step-growth polymerisation is also influenced
by monomer purity. Impurities or an unbalanced reaction stoichiometry can lead
to a drastic decrease in molecular weight. The limonene carbonate used in the ex-
amples above was used without purification after the carbonation step. In order
to increase the NIPU molecular weights, Mülhaupt and co-workers investigated the
use of limonene dicarbonate with a higher purity and its effect on NIPU polymerisa-
tion. Purification was carried out by precipitation of the limonene carbonate from
an ethyl acetate solution using triethylamine. A second purification step involved
recrystallisation from a mixture of isohexane and ethyl acetate and led to colourless
crystals with a high purity. The yield of this high purity limonene dicarbonate was
only 18% after the two purification steps.183

Polymerisation with Priamine 1074, which is a fatty acid dimer derived diamine,
was carried out at 130 °C leading to a NIPU with Mn of 4300 g/mol. This shows
that despite the high monomer purity high molecular weight polymers could not be
achieved. The authors argued that higher molecular weights could not be achieved
due to the low reactivity of the endocyclic carbonate group. The T g of this NIPU
was also low at 11 °C which is due to the flexible, long alkyl chains in the amine
unit, as well as the low molecular weight of the polymer. Reaction with aliphatic
diamines such as 1,4-butanediamine, 1,6-hexanediamine or 1,8-octanediamine was
not reported, hence, no comparison can be made with the results above and no
conclusions can be drawn about whether or not the higher monomer purity could
increase the molecular weight in those cases.183

Direct comparison with the unpurified limonene dicarbonate monomer was carried
out for the NIPU thermoset formation with Lupasol FG, a polyfunctional amine
with an average of 8.1 primary amine groups (see Scheme 1.24). When using the
high purity limonene carbonate for this NIPU thermoset synthesis, an improvement
in both thermal and mechanical properties was achieved compared to the NIPU
derived from the unpurified carbonate. An increase in T g from 55 °C to 94 °C was
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reported, as well as an increase in Young’s modulus from 2400 MPa to 4370 MPa,
and an increase in tensile strength at break from 7 MPato 53 MPa. This is an
indication that a higher monomer purity allows for the formation of polymers with
higher molecular weights and improved bulk properties. Furthermore, while the
NIPUs from unpurified monomer showed an orange colour, less colouration occured
with the purified monomer resulting in a light yellow material.183

An interesting approach to generate a limonene-based diamine monomer was re-
ported by Blattmann and Mülhaupt.159 Reaction of limonene dioxide with aqueous
ammonia at 100 °C in a closed reactor led to nucleophilic ring opening of the ep-
oxide groups and yielded limonene diamine dialcohol (Scheme 1.25). Curing of this
limonene diamine with a trimethylolpropane-glycidylether-based triscarbonate was
investigated, and it was identified that addition of at least 50% bio-based hexa-
methylene diamine is necessary to overcome viscosity issues. Successful formation
of NIPU thermosets was reported for a mixture containing 25% or 50% limonene
diamine in addition to hexamethylene diamine. Samples showed a T g of 49 °C and
55 °C, respectively. Improved stiffness of the polymer was observed when limonene
diamine was blended in, compared to reaction with 100% hexamenthylene diamine.
This is due to the incorporation of the rigid cyclohexane ring of limonene into the
polymer backbone. Mechanical properties with a Young’s modulus of 2400 MPa,
tensile strength of 62 MPa and elongation at break of 2.6% were reported for the
NIPU containing 25% limonene diamine, while, for the 50% limonene diamine poly-
mer, a Young’s modulus of 3400 MPa, tensile strength of 15.9 MPa and elongation
of 0.43% were reported.159
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EtOH

100 °C
15 h

Scheme 1.25 Starting from limonene dioxide a limonene diamine dialcohol can be
synthesised and used further for non-isocyanate polyurethane synthesis159

Other terpene-derived polyurethanes
Similar to the polyester synthesis via thiol-ene functionalisation (see Section 1.3.2),
Meier and co-workers were also able to obtain limonene-based polyurethanes via
dicarbamates.71 (R)- or (S )-Limonene were reacted with an excess of cysteamine
hydrochloride using 4-dimethylaminopyridine (DMAP) as UV initiator and ethanol
as a solvent, and, after basic workup, limonene diamine derivatives could be obtained
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in yields around 80% (Scheme 1.26). These limonene diamine derivatives could be
employed as monomers for NIPU synthesis, however, this was not investigated in
this context. Instead, further transformation of the amine groups into carbamate
groups by reaction with dimethyl carbonate was performed (Scheme 1.26). Re-
action of these limonene dicarbamates with a limonene diol derivative, obtained
via thiol-ene addition, a fatty acid derived diol or 1,6-hexanediol was performed
to synthesise polyurethanes (Scheme 1.26). TBD was used as a catalyst for this
polycondensation reaction. Reaction with the limonene diol to generate a com-
pletely limonene-based polyurethane resulted in polymers with low Mns between
6100 g/mol and 7900 g/mol. With the longer chain fatty acid derived diol or 1,6-
hexanediol slightly higher Mns between 8600-12600 g/mol could be obtained due to
a decrease in steric bulk of the diol monomers. The polyurethanes from limonene
diol and 1,6-hexanediol showed a T g between 14.6 °C and 18.5 °C, while the polymer
from the longer chain fatty acid diol only showed a melting point between 63 and
69 °C, but no T g.71
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Scheme 1.26 Synthesis of a limonene diamine derivative via thiol-ene addition of
cysteamine hydrochloride and further reaction with dimethyl carbonate to form a

dicarbamate monomer. Polycondensation reaction with diols such as
1,6-hexanediol leads to formation of polyurethanes71

1.3.4 Polyamides

Polyamides can be synthesised either by ring opening polymerisation of lactams or
by polycondensation of diamines with diacids, dimethyl esters or diacyl chlorides,
or by polycondensation of amino acids. The polycondensation reaction proceeds
with a similar mechanism to the polyester polycondensation. The amine acts as a
nucleophile and attacks the carbonyl of the acid, and after elimination of water the
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amide group is formed. Polyamides show excellent thermal, chemical and mechanical
properties such as high strength, heat resistance, abrasion resistance and electrical
insulation184 They find application in the automotive industry, the electronics sector,
in textiles and in packaging.4

As mentioned in Section 1.3.3, the group of Meier reported the synthesis of a li-
monene diamine derivative via thiol-ene functionalisation. Polycondensation reac-
tion with a limonene dimethyl ester, also obtained via thiol-ene addition, resulted
in formation of polyamides with low Mn values between 6400 and 7800 g/mol and
a T g of 41.5 °C (Scheme 1.27).71 When longer chain aliphatic diesters derived from
castor oil were used, the Mn could be improved up to 10600 g/mol and these poly-
amides showed melting points between 57 °C and 102 °C. The addition of other
co-monomers such as hexamethylenediamine, dimethyl adipate and a fatty acid de-
rived amine ester was demonstrated and by variation of the monomer ratios, the
polymer properties could be tuned. This resulted in polyamides with melting points
as high as 238 °C and T g values as low as 5.9 °C, while molecular weights stayed
low with a maximum of 12000 g/mol.71
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Scheme 1.27 Functionalisation of limonene via thiol-ene addition and reaction of
the limonene diamine derivative with dimethyl esters to form a polyamide71

Menthone has shown to be a precursor for polyamide synthesis via ring opening of
a menthone-based lactam derivative (Scheme 1.28).185 Reaction of menthone with
hydroxylamine followed by Beckmann rearrangement with polyphosphoric acid led
to formation of the menthone-based lactam. Ring-opening polymerisation of this
seven-membered lactam was achieved both acid catalysed, using HCl, or via the
anionic pathway using potassium and benzoyl chloride. However, only oligomeric
polyamides with Mns below 3000 g/mol were obtained.185
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Scheme 1.28 Transformation of menthone into a lactam and ROP to a
polyamide185

Further studies showed that the synthesis can also be conducted using NaH or
KOtBu as initiators, however, the molecular weight of the product could not be
increased by the change of initiator. Thermal analysis of the polyamide oligomers
revealed a T g of 50 °C and a melting point of 300 °C.186 Access to the lactam was also
demonstrated by direct conversion of menthone with hydroxylamine-O-sulfonic acid.
Co-polymerisation of the menthone-based lactam with caprolactone was carried out
successfully.187,188

Winnacker et al. also demonstrated the use of β-pinene as a precursor for polyamide
synthesis.189 In the multistep lactam synthesis β-pinene was first oxidised to nop-
inone, a ketone, followed by reaction with hydroxylamine and Beckmann rearrange-
ment. Cationic ROP of the β-pinene-derived lactam was carried out with different
acid initiators and yielded low molecular weight (Mn between 1400 and 7700 g/mol)
polyamides with a cyclobutane ring in the polymer backbone. A T g of 160 °C and a
high melting point of 322 °C were observed.190 Polymer formation was also reported
via anionic ROP using NaH or KOtBu as initiators and a benzoylated lactam as a co-
initiator. Only low molecular weight oligomers with Mn of up to 3200 g/mol could be
obtained via this polymerisation pathway.189 Co-polymerisation with caprolactone
was also reported with Mns of up to 11200 g/mol.188

α-Pinene and 3-carene were also reported as precursors for polyamides via
lactams.191 In both cases the double bond functionality was oxidised via hydrobora-
tion to introduce a hydroxy group. Oxidation of the hydroxy group led to a ketone,
which could be further transformed into a lactam, as described above. Cationic ROP
with HCl did not enable polymer formation of the carene-derived lactam and only
led to oligomer formation for the pinene-derived lactam. Anionic ROP proved to be
more successful, leading to a partly soluble powder in the case of the pinene lactam.
The soluble part showed a Mn of 2900 g/mol, however, the authors suggested that
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the insoluble part is a higher molecular weight polymer formed by opening and cross-
linking of the cyclobutane ring. No melting temperature or T g was observed for the
polymer via differential scanning calorimetry (DSC).191 Surprisingly, high molecular
weight polyamides with Mn of up to 33300 g/mol could be obtained via anionic ROP
of the carene-derived lactam. It was assumed that the [5.1.0]-bicyclic structure of
the carene lactam is less sterically hindered compared to the [4.1.1]-bicyclic struc-
ture of the pinene lactam, resulting in increased reactivity and higher molecular
weight polymers for the carene derivative. The resulting polyamide, which has a
cyclopropane ring in the polymer backbone (Figure 1.14), showed a T g of 120 °C.191

Alternatively, other lactam monomers were synthesised by directly reacting α-pinene
and 3-carene with chlorosulfonyl isocyanate via cycloaddition, leading to formation
of four-membered β-lactams. Anionic ROP led to partly soluble polymers in both
cases (Figure 1.14).191
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Figure 1.14 Different polyamide structures obtained from monomers based on
α-pinene or 3-carene191

66



Chapter 1. Introduction

1.4 Summary

In summary, it was shown that terpenes and terpenoids are promising monomers
for the synthesis of different bio-based polymers. Limonene and pinene in particu-
lar have been studied extensively in various polymerisation reactions, due to their
availability from waste resources at low costs. Furthermore, novel biotechnological
routes offer the opportunity for the synthesis of terpenes, such as β-farnesene and
β-elemene, in economically viable ways on a multitonne scale.

The vast range of terpene structures as well as different functionalisation and poly-
merisation routes offer the possibility to design novel materials with specific, tailored
properties. The terpene-based polymers reported in the literature show a wide range
of properties from low molecular weight oligomers to high molecular weight poly-
mers with different glass transition temperatures. However, the reported molecular
weights of most polymers are too low for structural applications in industry. Fur-
thermore, only a few of the terpene-based polymers were investigated in terms of
their mechanical properties. As these are crucial for industrial application, further
investigations and potential modifications need to be conducted for most polymers
to enable industrial utilisation. Post-polymerisation functionalisation, such as thiol-
ene addition, was applied to various polymers and proved to be a useful tool to
further tune the polymer properties.

Challenges for the use of terpenes in polymer synthesis remain due to the economic
competition with crude oil, terpene feedstock availability and the need to gener-
ate materials with the same or superior properties to currently used fossil-based
polymers. Potential applications as rubbers, coatings, adhesives or high value spe-
ciality polymers has been demonstrated or proposed, however, further research is
required to commercialise these materials in most cases. Only a few examples, such
as limonene and pinene resins, and β-farnesene rubber, are already produced on a
commercial scale. This shows that there is enormous potential for improvement and
room for terpene-derived polymers to expand into the market. Further research and
polymer design aimed at industrial application is therefore necessary.
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1.5 Aims and objectives

In this project, the aim was to investigate the use of terpenes for the synthesis
of novel bio-based polymers, with focus on the sesquiterpenes β-elemene and β-
farnesene. Both can be produced via fermentation of sugars on a multitonne scale
at reasonable costs and are therefore industrially relevant.

The aim was to show how β-elemene in particular can be utilised as a monomer
for the synthesis of novel terpene-based polymers. It was expected to be a versatile
monomer due to its trifunctional nature around a cyclohexane unit. A range of
polymer classes such as polythioethers, polyesters, polyamides and polyurethanes
were targeted to create diverse polymer products with different properties and to
identify potential applications.

The objective was to produce terpene-based thermoset polythioethers by direct re-
action of β-elemene and/or β-farnesene with different multifunctional thiols using a
sustainable, cheap and scalable synthesis route. Furthermore, the synthesis of novel
β-elemene-based epoxide, amine, methyl ester, alcohol and carbonate monomers via
epoxidation, carbonation or thiol-ene reaction with functionalised thiols was to be
tested. The target was then to produce polyesters by polycondensation reaction of
the synthesised β-elemene dimethly ester or diol derivatives, or by ring-opening co-
polymerisation of the β-elemene epoxides with cyclic anhydrides. Polyamide form-
ation was to be investigated via polycondensation of β-elemene dimethyl ester and
β-elemene diamine monomers, and the synthesis of non-isocyanate polyurethanes
was explored by reaction of β-elemene cyclic dicarbonates with diamines. Compre-
hensive analysis of both thermal and mechanical properties of the produced polymers
was to be undertaken to determine potential applications.
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2 Polythioethers from β-elemene and β-
farnesene

2.1 Introduction

As described in Chapter 1.3.1, polythioethers are a class of speciality polymers
that find industrial application as coatings, adhesives and films.111,114 Their syn-
thesis can be achieved via the facile and sustainable radical thiol-ene click reaction
between a dithiol and a diene. Multifunctional thiols or alkenes can lead to poly-
thioether thermoset formation. Reaction kinetics are determined by the nature of
the monomers (Figure 2.1). Less substituted alkenes generally react more readily
with thiols compared to highly substituted alkenes, which are less reactive, or even
show no reactivity at all. In terms of thiol reactivity, thiols containing ester groups
show higher reactivity due to hydrogen bonding while simple alkyl thiols are less
reactive.111,113,114
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Figure 2.1 Reactivity of different alkenes and thiols in thiol-ene reactions

Due to the presence of double bond functionalities, terpenes are suitable bio-based
monomers for polythioether formation. As shown in Figure 2.2, limonene, linalool,
geraniol, geraniol acetate and nerol have been reported in polythioether synthesis
via thiol-ene addition (see also Table 2.1).70,118–122 These terpenes have been reacted
with various thiols to generate polythioethers with a range of different properties.
Due to a high substitution pattern, with di- or even trisubstituted double bonds,
terpenes generally show a low reactivity towards reaction with thiols.
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Figure 2.2 Terpene monomers (top) and thiol monomers (bottom) used for the
synthesis of terpene-based polythioethers

An overview of different terpene-based polythioethers reported in the literature and
their properties is listed in Table 2.1. When using simple alkane dithiols (entries 1-3)
in combination with limonene, only low molecular weight polythioethers were repor-
ted.70 A few factors inhibit formation of higher molecular weight polymers, such as
the low reactivity of limonene due to highly substituted double bonds, the low re-
activity of alkyl thiols in thiol-ene reactions and the difunctional nature of both
monomers requiring high monomer conversions to achieve gelation. Similarly, only
oligomers were obtained when reacting the dithiol 2,2’-(ethylenedioxy)diethanethiol
(EDDT) with different terpenes in bulk.120 When conducting the reaction as an
emulsion polymerisation, low molecular weights were still obtained in the case of
geraniol acetate and linalool (entries 6 and 7). However, insoluble solids were pro-
duced from limonene and geraniol (entries 4 and 5), which is assumed to indicate
formation of higher molecular weight polymers.120 All of the polythioethers based
on dithiols show very low T g values between -47 and -34 °C.
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Table 2.1 Properties of different terpene-based polythioethers reported in the
literature. Entries 12-15 samples were post-cured at 120 °C for 12 hours, aUlitmate
Tensile Strength (UTS), bE’ at rubbery plateau, cT g obtained via DMA, dE’ at

25 °C

entry terpene thiol ratio
alkene:thiol
groups

M n
[g/mol]
(Ð)

Tdeg, 5%
[°C]

T g
[°C]

E’
[MPa]

E”
[MPa]

E
[MPa]

UTSa

[MPa]
εbreak
[%]

170 limonene 1,2-ethanedithiol 1:1 1730 (1.20) 250 -35

270 limonene 1,4-butanedithiol 1:1.2 3340 (1.38) 340 -37

370 limonene 1,6-hexanedithiol 1:1.2 5540 (1.63) 350 -40

4120 limonene EDDT 1:1 insoluble -41

5120 geraniol EDDT 1:1 insoluble -34

6120 geraniol acetate EDDT 1:1 5200 (2.80) -47

7120 linalool EDDT 1:1 3700 (2.60) -43

8118 limonene TTMP 1:1 -6 2.7b

9118 limonene PTMP 1:1 300 12 8.9b

10119 limonene TTMP 1:1 -6c 1.1d 0.3d 1.2

11121 linalool TTMP 1:1 274 -25

12122 limonene PTMP 1:1 228 11 43.8 24.4 180

13122 linalool PTMP 1:1 228 3 0.4 2.8 107

14122 nerol PTMP 1:1 216 -3 0.5 2.4 93

15122 geraniol PTMP 1:1 216 -3 0.4 2.4 111

One possibility to overcome the low reactivity and enhance the polymer proper-
ties is the use of polyfunctional thiols. The higher functionality enables gelation
at lower monomer conversions and therefore facilitates polymer formation. For this
reason, trifunctional trimethylolpropane tris(3-mercaptopropionate) (TTMP) and
tetrafunctional pentaerythritol tetrakis(3-mercaptopropionate) (PTMP) are widely
employed in polythioether thermoset synthesis. In addition to their higher function-
ality, these thiols also include ester groups, which are able to increase the reactivity of
the thiol group via hydrogen bonding. Indeed, with the increased reactivity, success-
ful synthesis of insouble terpene-based thermosets has been reported for limonene,
linalool, nerol and geraniol.118,119,121,122

With values between -25 and 12 °C, the glass transition temperatures of these ther-
mosets are higher compared to the dithiol-based thermosets due to an increase in
cross-linking and a more rigid thiol backbone. Low storage and loss moduli (entries
8-10) were observed for some of these polymers, which could be a further indication
to their rubbery behaviour. Tensile testing was reported for the reaction of PTMP
with different terpenes (entries 12-15). These samples were subjected to additional
thermal treatment and were post-cured at 120 °C for 12 hours to enhance polymer
properties. For the linalool-, nerol- and geraniol-based polythioethers low Young’s
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moduli (E) and low ultimate tensile strengths (UTS) were reported with reasonably
high elongation at break (εbreak). Interestingly, for the polythioether derived from
limonene, which showed a plastic behaviour, a higher Young’s modulus of 43.8 MPa
and higher UTS of 24.4 MPa was observed (entry 12). This behaviour is most likely
due to the more rigid cylohexane unit in the polymer backbone. Although DMA
analysis was carried out for these polymers, no exact numbers were reported.

As shown, only a few examples of terpene-based polythioethers are reported in the
literature. While most terpenes posses highly substituted double bonds, which limit
their reactivity, thermoset formation was found to be successful with tri- or tet-
rafunctional thiols. Comprehensive analysis of both the thermal and the mechanical
polymer properties is missing in most cases as evident in Table 2.1. However, full
analysis and understanding of the polymer properties is necessary to advance these
bio-based polymer towards industrial synthesis and application.

As introduced in Chapter 1, β-elemene is a trifunctional terpene containing a cyclo-
hexane ring and one monosubstituted and two disubstituted double bonds. There-
fore its double bonds are expected to be slightly more reactive towards thiol-ene
reaction compared to other terpenes. Additionally, the trifunctionalilty should facil-
itate polythioether synthesis, due to low gelation points for monomer mixtures con-
taining β-elemene and multifunctional thiols. The fact that β-elemene can already
be synthesised on an industrial scale via biotechnological routes, provides prom-
ise for scale up and industrial application of the produced polythioethers. In this
Chapter, investigations towards the use of β-elemene as a bio-based monomer in
polythioether thermoset synthesis are carried out.
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2.2 Kinetic investigations into β-elemene double

bond reactivity

Before investigating polymer formation with β-elemene, the differential double bond
reactivity was explored in a thiol-ene model reaction. β-Elemene was reacted under
solventless (neat) conditions with three equivalents of 1-pentanethiol in the pres-
ence of 1 wt% 2,2-dimethoxy-2-phenylacetophenone (DMPA) as a radical initiator
(Scheme 2.1). It was expected that the least sterically hindered monosubstituted
double bond would undergo radical addition first, followed by the two disubstituted
double bonds.

S

S

S

UV (365 nm)
RT

HS

3 eq

O

Ph

Ph

OMe

OMe

DMPA

Scheme 2.1 Model reaction between β-elemene and 1-pentanethiol

The reaction mixture was irradiated with UV light (365 nm) at room temperat-
ure and samples were taken at different time intervals. 1H NMR spectroscopy
was used to analyse the conversion of the different double bonds, with 1,3,5-
trimethoxybenzene used as an internal standard for referencing. The 1H NMR spec-
trum at the start of the reaction (0 s) is depicted in Figure 2.3. The methoyx signal
(S1) of the internal standard was always integrated as 9 protons. After integration
of the different alkene signals, the conversion, for instance for alkene bond d is then
calculated according to equation 2.1, with D being the integral value of signal d at
a specific time point and D0 the integral value at 0 s. The conversion of the other
alkene alkene bonds is calcluated accordingly.

conversion(d) = ((1− D

D0
) ∗ 100 (2.1)
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Figure 2.3 1H NMR spectrum of β-elemene and 1-pentanethiol (3 eq) and
integration of internal standard and alkene signals at the beginn of the

reaction (0 s)

As shown in Figure 2.4, the 1H NMR signal of the disubstituted double bond d at
4.71 ppm had already vanished after one minute. Signals arising from the mono-
substituted double bond ab at 5.82 ppm, 4.91 ppm and 4.88 ppm disappeared after
10 minutes. Signals arising from double bond c were still visible after 120 minutes
reaction time. While the signal at 4.81 ppm stayed the same, the signal at 4.58 ppm
shifted to 4.64 ppm, presumably due to the presence of the newly formed thioether
group at the neighbouring ab position.

The alkene signals were integrated and the conversion over time is shown in Fig-
ure 2.5. From a sterical perspective it was expected that the monosubstituted double
bond ab would be the fastest to react, this was not the case. The fastest reaction
was observed for double bond d. This could be due to less steric bulk around this
double bond, as no substitutents are present on cyclohexane ring carbon atoms in
the immediate vicinity of d. Additionally, reaction at double bond d (and c) is
electronically favoured as a more stable tertiary radical is formed. Double bond ab
was the second fastest to undergo thiol-ene addition reaching full conversion after
10 minutes. Although, compared to double bond d, there is increased steric bulk in
the vicinity of ab, due to the methyl group on the ring and double bond c adjacent,
the higher reactivity can be explained by the monosubstituted nature. Even though
it should also be favoured electronically, double bond c was the least reactive and
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even after 120 minutes the conversion only reached 42%.
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Figure 2.4 Alkene region of the 1H NMR spectra over time of the reaction
between β-elemene and 1-pentanethiol

Attempts to determine reactions rates were carried out. As shown in Chapter 1.3.1,
the radical thiol-ene reaction follows a step-growth mechanism with different rates
for initiation, propagation and chain transfer. These rates and the rate determining
step depend on the nature of the alkene and thiol employed in the reaction. The
ideal net reaction can be simplified to:

C = C +RSH
k−→ CH − C − SR (2.2)

This would suggest the reaction is second order overall. Due to equal concentrations
of alkene groups and thiol groups at the beginning ([C=C]0 = [RSH]0), a plot of
the reciprocal alkene (1/[C=C]) or thiol concentration (1/[RSH]) against time can
be used to determine the rate constant. However, no clear linear trend could be
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observed in the plot. First order kinetics were not observed either when plotting
ln[C=C] or ln[RSH] against time, suggesting that a more complex kinetic behaviour
is present. Further investigations need to be carried out to determine the reaction
order respective to the two reactants, for example by initial rates experiments.
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Figure 2.5 Conversion of the different β-elemene alkene bonds over time when
reacted with 1-pentanethiol

Despite the low reactivity of double bond c, these results confirm that at least two
double bonds of β-elemene are able to react rapidly, making it a suitable monomer
for polythioether synthesis. Although faster reaction of ab and therefore faster
gelation overall would be better from an industrial and processing point of view,
successful polythioether synthesis was still anticipated within a reasonable time
frame. Furthermore, it has to be noted that the 1-pentanethiol used in this model
reaction is generally not highly reactive, so the use of a more reactive thiol, e.g. one
containing ester groups, could potentially further improve conversions and increase
the reaction kinetics.
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2.3 Polythioether formation from β-elemene and di-

thiols

Polythioether formation of β-elemene was first investigated using dithiols as co-
monomers. 1,6-Hexanedithiol (HEX) and 2,2’-(ethylenedioxy)diethanethiol (EDDT)
were chosen as linear dithiols.

2.3.1 Polymerisation kinetics with 2,2’-

(ethylenedioxy)diethanethiol (EDDT)

In a first experiment the reaction between β-elemene and EDDT (Scheme 2.2) was
followed by 1H NMR spectroscopy. Diphenyl(2,4,6-trimethylbenzoyl)phosphine ox-
ide (TPO) was used as a radical initiator (dissociating at irradiation with 405 nm),
and a mixture of β-elemene and EDDT was used containing an alkene group:thiol
group ratio of 1:1. The mixture was irradiated in a UV curing chamber (405 nm) at
room temperature and samples were taken at different time intervals and analysed
via 1H NMR spectroscopy. The the -O-CH2- signal of EDDT at 3.64 ppm was used
as an internal standard and conversion of the different alkene groups was determined
by comparison of integrated areas of the signals.
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Scheme 2.2 Reaction of β-elemene and EDDT for kinetic investigations of the
polythioether formation

As shown in Figure 2.6 and Figure 2.7, the same trend as for the model reaction was
observed with alkene bond d being consumed within one minute while ab reacted
more slowly and c was the slowest to undergo reaction. After 10 minutes the reaction
mixture solidified and became insoluble in chloroform or other common organic
solvents, hence no further analysis could be carried out via NMR spectroscopy.
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Once again, the overall reaction did not seem to proceed via first or second order
reaction kinetics, suggesting more complex reaction kinetics.
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Figure 2.6 Alkene region of the 1H NMR spectra over time of the reaction
between β-elemene and EDDT
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Figure 2.7 Double bond conversion over time of the reaction between β-elemene
and EDDT (1:1 alkane:thiol group ratio)

As mentioned in Chapter 1, the gel point (αgel) of cross-linked polymers is dependent
on the monomer functionality (fthiol and falkene for the number of thiol and alkene
functionalities) as well as the molar ratio (r) between the thiol and alkene groups,
and can be calculated with the Flory-Stockmayer equation (Equation 2.3).114 With
β-elemene posessing three functional alkene groups, EDDT having two thiol groups
and the reaction mixture being equimolar (respective to functional groups), a gel
point of 71% can be calculated. Indeed, as seen in Figure 2.7, the total alkene
conversion reached 72% after 10 minutes and gelation occurred soon after. As all
three double bonds are reactive, a cross-linked thermoset was formed which was
found to be insoluble in common organic solvents.

αgel =

√
1

r(fthiol − 1)(falkene − 1)
(2.3)

The reaction kinetics were also followed via infrared (IR) spectroscopy. The IR
spectrum showed a distinct peak for the thiol S-H stretching vibration at 2560 cm-1

and the alkene bond showed a signal at 3080 cm-1 for the C-H stretch as well as
a signal arising from the C=C vibration at 1650 cm-1. Figure 2.8 shows the IR
spectrum of the reaction mixture before irradiation and after 2 hours of curing
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under UV light (405 nm) at room temperature. Both the thiol signal at 2560 cm-1

and the alkene signals at 3080 cm-1 and 1650 cm-1 were clearly diminished after 2
hours, suggesting successful thiol-ene reaction. The conversions could be calculated
by integrating the signals and comparison to the integral value at 0 seconds, as
reported in various literature procedures examining thiol-ene conversions via IR
kinetics.192–195 Conversions over time are shown in Figure 2.9. A similar trend could
be observed for all of the three signals. The reaction initially proceeded very fast
with a high thiol/alkene conversion, but once gelation was reached at around 70%
the reaction slowed down significantly. Presumably this is due to restriction of
monomer diffusion in the bulk polymer, and conversion increases slowly thereafter.
After 2 hours the conversion still did not reach 100%, but stagnated at around 83%
(76% when regarding the alkene signal at 1650 cm-1). A difference of around 10%
could be observed for the two alkene conversions obtained from the different alkene
signals. This is most likely due to the error in IR detection and integration.
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Figure 2.8 IR spectra of the reaction between β-elemene and EDDT before
curing (0 s) and after 2 hours of curing under UV light (2 h)

One potential side reaction that could occur in the presence of radicals is the radical
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polymerisation of β-elemene to a polyoelefin. Although this is unlikely due to the
steric bulk and the substitution of the alkene bonds, a control experiment was carried
out to investigate if β-elemene does undergo radical polymerisation. β-Elemene was
placed under UV irradiation (405 nm) at room temperature in the presence of TPO
as a radical initiator. Even after prolonged reaction times no solidification occurred
and the 1H NMR spectrum showed no change in signals. Self polymerisation of
β-elemene as a side reaction can therefore be ruled out.
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Figure 2.9 Thiol and alkene conversions measured via IR spectroscopy over time
for the reaction between β-elemene and EDDT

2.3.2 Polymerisation in bulk

Polymer synthesis was then conducted on a multigram scale in bulk. β-Elemene was
reacted with 1,6-hexanedithiol or EDDT in an alkene group:thiol group ratio of 1:1 or
3:2, and TPO was used as radical initiator (Scheme 2.3). The two different monomer
ratios were employed to examine how a change in cross-linking density would affect
the polymer properties. The reaction mixture was first cured under UV light in a
vial for 7 minutes until the mixture became viscous. The mixture was then poured
into a polytetrafluoroethylene (PTFE) mold and cured to obtain dogbone samples
for tensile testing and DMA bars. Curing in the mold was conducted for 2 hours at
room temperature and transparent, rubbery and flexible solids were obtained (Figure
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2.10). These polythioethers were found to be insoluble in common organic solvents,
presumably due to cross-linking. Thermal and mechanical analysis was conducted to
determine the polythioether properties. The rate of polythioether formation between
β-elemene and 1,6-hexanedithiol was followed by IR spectroscopy and showed the
same trends as for EDDT, shown above. After a rapid increase in conversion in the
first few minutes, the conversion slowed and around 88% conversion was achieved
after 2 hours of curing. Curing for an additional 2 hours under UV light at 60 °C
did not improve the conversion further.
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Scheme 2.3 Reaction scheme for the polythioether synthesis from β-elemene and
1,6-hexanedithiol or EDDT

Figure 2.10 β-Elemene-based polythioether samples

Thermal properties

To obtain the thermal properties of the synthesised polythioethers, they were ana-
lysed via thermogravimetric analysis (TGA), differential scanning calorimetry (DSC)
analysis and DMA (Table 2.2). TGA measurements showed a similar trend for all
the samples with a slow initial decline in sample weight, potentially due to unreacted
monomer evaporating, followed by a steep one step degradation. The numbers for
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T deg, onset were determined at the point where the curve first deviates from the 100%
baseline and T deg, 5% was determined at the point where 5% of the material was de-
graded. The degradation temperatures, especially the T deg, 5% values, were high, as
expected for thermoset polymers. The values for ELE-HEX-a and ELE-HEX-b
(Table 2.2) were slightly higher compared to the EDDT-based polythioethers. This
could potentially be due to thermal lability of the EDDT ether bonds. Another
reason could be a higher reactivity of 1,6-hexanedithiol compared to EDDT, leading
to a higher cross-linked network. However, this could not be observed in our kin-
etic investigations where 1,6-hexanedithiol and EDDT (see Figure 2.9) showed the
same conversion profile. The values are also comparable with polythioethers from
limonene and dithiols (see Table 2.1). When directly comparing ELE-HEX-a to
the limonene-hexanedithiol polymer, the T deg, 5% is 20 °C higher for ELE-HEX-a,
presumably due to a higher cross-linking content induced by the trifunctional nature
of β-elemene.

Table 2.2 Dithiols and functional group ratios used for polythioether formation
with β-elemene and thermal properties of the obtained polymers. nd means not

determined

polymer thiol ratio
alkene:thiol

groups

Tdeg, onset
[°C]

Tdeg, 5%
[°C]

T g
(DSC)
[°C]

T g
(DMA)
[°C]

ELE-HEX-a 1,6-hexanedithiol 1:1 238 370 -49 -6

ELE-HEX-b 1,6-hexanedithiol 3:2 149 376 -14 nd

ELE-EDDT-a EDDT 1:1 163 332 -37 -22

ELE-EDDT-b EDDT 3:2 163 358 -33 -14

The glass transition temperatures were determined both by DSC analysis and DMA,
and for the latter the T g was assigned as the peak of the tan δ curve. As is typical,
the values obtained via DMA were higher compared to the DSC values. Figure 2.11
shows the tan δ curves over a temperature range for the three polymer samples ELE-
HEX-a, ELE-EDDT-a and ELE-EDDT-b. All three polymers showed relatively
broad curves with shoulders, which indicates a broader polydispersity with a range
of different chain lengths and branching resulting in a non-homogenous cross-linking
density.

All of the polythioethers showed T g values significantly below room temperature
highlighting their rubbery nature. Again the values are in similar ranges to those
reported for other terpene-dithiol polythioethers (see Table 2.1). ELE-HEX-a
showed a remarkably low glass transition temperature of -49 °C. This is the lowest T g
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reported for a terpene-based polythioether so far. On the other hand, ELE-HEX-
b exhibited a higher T g of -14 °C. DMA data was not obtained for ELE-HEX-b
as polymerisation was only carried out on a small scale for this sample. Due to
the higher chain flexibility of EDDT with the ether functionalities in the back-
bone, a lower T g value would be expected compared to the 1,6-hexanedithiol-based
polythioethers. This could indeed be observed from DMA data when comparing
ELE-HEX-a and ELE-EDDT-a. However, the T g for ELE-EDDT-a obtained
via DSC was higher than that for ELE-HEX-a. It is unclear why DSC and DMA
data did not show the same trend here. When comparing the DSC analysis results
of the polymers with a 3:2 alkene:thiol ratio, ELE-EDDT-b showed a lower T g

than ELE-HEX-b.
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Figure 2.11 Tan δ curves of ELE-HEX-a, ELE-EDDT-a and ELE-EDDT-b
obtained from DMA measurements

As mentioned above, two different alkene:thiol group ratios were tested, a 1:1 ratio
and a 3:2 ratio, to vary the cross-linking content of the thermosets. While reaction of
the 1:1 ratio mixture should lead to a polymer with a highly cross-linked network,
with the 3:2 ratio only two double bonds per β-elemene molecule should react,
ideally forming a linear polythioether. However, as observed in our kinetic studies,
all alkene bonds were reactive and even double bond c was converted up to levels of
20% in the first minute. Some cross-linking was therefore still expected for the 3:2
ratio mixture, however, to a much lower degree compared to the 1:1 ratio mixture.
Although this decrease in cross-linking density should result in lower T g values
and degradation temperatures, the opposite was observed. In the case of the 1,6-
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hexanedithiol-based polythioethers, the T g obtained by DSC analysis increased from
-49 °C for the polymer obtained from the 1:1 ratio mixture to -14 °C for the polymer
obtained from the 3:2 ratio. The same was observed for the EDDT-based polymers
with an increase of T g from -37 °C for ELE-EDDT-a to -33 °C for ELE-EDDT-
b. The T g values obtained from DMA measurements also showed a higher value of
-14 °C for ELE-EDDT-b. Additional small scale polymerisation tests with EDDT
showed the same trend with a T g (DSC) of -32 °C for the 1:1 ratio and a higher
T g of -21 °C for the 3:2 ratio. Reasons for the lower T g in the 1:1 case could be an
incomplete conversion due to a decreased mobility of functional groups in the bulk
polymer network, or formation of branching instead of cross-linking. Considering
the fact that the two values are less than 10 °C apart, errors from conducting the
DSC or DMA measurements could also play a role here.

While the degradation temperature of ELE-HEX-b was only slightly higher com-
pared to ELE-HEX-a, the T deg, 5% increased from 332 °C to 358 °C when going
from a 1:1 ratio to a 3:2 for the EDDT polymers. The values are still in a similar
range, which could mean the cross-linking density does not have an influence on the
degradation temperature here.

Mechanical properties

Mechanical properties of the synthesised polythioethers were analysed via DMA and
tensile testing and are presented in Table 2.3. The storage modulus (E’) and the
loss modulus (E”) curves over the temperature range of -120 to 150 °C are shown in
Figure 2.12. Generally the storage moduli E’ were low for all three polymer samples
with values between 0.39 MPa and 3.13 MPa at 25 °C. The loss moduli were also low,
ranging between 0.06 MPa and 0.26 MPa at 25 °C. ELE-HEX-a showed the highest
E’ value of the three polymers indicating a lower elasticity and lower chain mobility
compared to the EDDT-based polymers. Both polymers from EDDT showed lower
storage moduli with ELE-EDDT-b having the lowest value. This indicates it
has the highest flexibility and chain mobility and therefore the lowest cross-linking
degree, which is as expected due to the lower amount of thiol monomer incorporated.
This is in contrast to the glass transition temperature trends, which suggest a higher
cross-linking for ELE-EDDT-b compared to ELE-EDDT-a reflected in a higher
glass transition temperature.

85



Chapter 2. Polythioethers from β-elemene and β-farnesene

Table 2.3 Mechanical properties obtained from DMA and tensile testing of the
dithiol-based polythioethers. For tensile testing five specimens were analysed for
each polymer and the error between the measurements was calculated as the

standard deviation

polymer ratio
alkene:thiol

groups

E’
(25 °C)
[MPa]

E’
(80 °C)
[MPa]

E”
(25 °C)
[MPa]

E
[MPa]

UTS
[MPa]

εbreak
[%]

ELE-HEX-a 1:1 3.13 3.56 0.26 2.37±0.01 1.02±0.08 51±5

ELE-EDDT-a 1:1 0.69 0.27 0.06 0.32±0.01 0.22±0.01 87±4

ELE-EDDT-b 3:2 0.39 0.16 0.15 0.11±0.01 0.21±0.01 328±26
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Figure 2.12 Storage and loss moduli curves over a temperature range of -120 to
150 °C for the different polythioether samples

The stress-strain curves from tensile testing are depicted in Figure 2.13 and show
typical elastomeric behaviour, with low Young’s moduli (E) and higher elongations
at break (εbreak). Five specimens were analysed for each polymer and the error
between the measurements was calculated as the standard deviation. ELE-HEX-a
showed the highest Young’s modulus with a value of 2.37±0.01 MPa and an ultimate
tensile strength (UTS) of 1.02±0.08 MPa. This shows that the polymer is stiffer
compared to those with EDDT as a co-monomer. ELE-EDDT-a showed a low
Young’s modulus of only 0.32±0.01 MPa with an UTS of 0.22 ±0.01 MPa and εbreak
of 87±4%. Due to 3:2 ratio of alkene:thiol groups leading to a lower cross-linking
density, ELE-EDDT-b showed a very low Young’s modulus of only 0.11±0.01 MPa
with UTS of 0.21±0.01 MPa. Surprisingly, the elongation at break for this polymer
had a very high value of 328±26%. This emphasizes the highly elastomeric nature
of this polythioether.

In summary, it was shown that formation of β-elemene-based polythioethers was pos-
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sible with both 1,6-hexanedithiol and EDDT as co-monomers. Insoluble thermoset
polymers were even formed in the case of a 3:2 alkene:thiol ratio. The polymers
showed typical elastomeric behaviour with low T g values, low Young’s moduli and
high elongation at break values. Further analysis needs to be conducted to examine
if these elastomers could have potential applications in rubber goods.
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Figure 2.13 Stress-strain curves obtained from tensile testing of the polymers

2.4 Polythioether formation with tri- and tetrathi-

ols

Similar to the polythioether formation with dithiols, the synthesis of thermosets with
tri- or tetrathiols, namely TTMP and PTMP, was investigated as well (Scheme 2.4).
Issues were encountered in initial polymerisation experiments as the multifunctional
thiols chosen were not miscible with β-elemene, resulting in a biphasic reaction
mixture. The phase separation occurred as the more polar thiols, which contain
multiple ester groups, are not miscible with the apolar β-elemene. To overcome
this issue, a so-called pre-polymer synthesis was applied. Firstly, a pre-polymer
was synthesised by reacting β-elemene with only a small amount of the total thiol
content, 25% in the case of TTMP and 18.5% in the case of PTMP, with addition
of acetone to homogenise the mixture. The amount of thiol used for pre-polymer
formation had to be kept low to avoid gelation at this stage. For a mixture equimolar
in regards to functional groups, β-elemene and a trithiol should reach gelation at
50% conversion and with a tetrathiol as co-monomer gelation should occur at 40%
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conversion. For this reason, the thiol content was kept significantly lower than
these values to maintain a liquid albeit viscous monomer mixture and to avoid the
formation of solid pre-polymers.
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Scheme 2.4 Polythioether synthesis from β-elemene and TTMP or PTMP

After curing the pre-polymer mixture in a vial under UV light (405 nm) at room tem-
perature for 1 hour, the acetone was removed in vacuo and the remaining amount of
thiol was added to the obtained oligomeric pre-polymer mixture. Using this method,
a homogeneous mixture formed ascribed to the increased polarity of the pre-polymer
which contains polar ester bonds following successful addition of the thiol. The final
mixture was then further UV cured in the PTFE mold at room temperature for
2 hours. Solidification occurred within a few seconds. The faster gelation compared
to the dithiol-based polythioethers can be explained by the lower gelation point of
these polymers with tri- and tetrafunctionals thiols. Again, transparent and slightly
flexible solids were obtained. However, these showed a reduced flexibility and were
less rubbery compared to the dithiol-based polythioethers.

Due to the additional step of pre-polymer formation, monitoring of the reaction
progress via IR had to be conducted in two parts. For the pre-polymer synthesis, fast
conversion of the thiol groups could be observed with 100% of thiol groups present
converted after one minute. This means all added thiol monomer was converted. For
the final polymer synthesis in bulk, fast conversions could again be detected within
the first few minutes until a plateau was reached as observed for the reaction with
dithiols. After 2 hours, the reaction reached a total conversion of 84% in the case
of TTMP and 86% when PTMP was used. In both cases a 1:1 ratio of alkene:thiol
groups was employed.
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Thermal properties

Thermal properties of the obtained polymers were analysed and results from TGA,
DSC analysis and DMA are reported in Table 2.4. TGA measurements showed a
similar trend for all the samples with a slow initial decline in weight, potentially due
to unreacted monomer evaporating, followed by a steep decline in sample weight.
High degradation temperatures were observed for all the polythioether samples with
T deg, 5% ranging between 356 and 381 °C. These values are in a similar range to
those observed for the polythioethers with dithiol co-monomers 1,6-hexanedithiol or
EDDT (see Table 2.2), although higher values could have been anticipated due to
the higher thiol functionality leading to a higher cross-linking degree. A potential
reason could be that the cross-linking density did not increase much, despite the
higher functionalities, due to steric hindrance in the bulk polymer. This could also
explain the fact that T deg, 5% is slightly higher for TTMP-based polythioethers com-
pared to the PTMP-based ones although lower values would have been expected.
The degradation temperatures are significantly higher compared to other terpene-
based polythioethers with TTMP or PTMP co-monomers reported in the literature
(see Table 2.1). The higher degradation temperatures of the β-elemene-based poly-
thioethers can be explained by a higher cross-linking degree due to the trifunctional
nature of β-elemene compared to the difunctional terpenes utilised in literature re-
ports.

Table 2.4 Polythioethers from β-elemene and TTMP or PTMP and their thermal
properties

polymer thiol ratio
alkene:thiol

groups

Tdeg, onset
[°C]

Tdeg, 5%
[°C]

T g
(DSC)
[°C]

T g
(DMA)
[°C]

ELE-TTMP-a TTMP 1:1 209 381 -11 25

ELE-TTMP-b TTMP 3:2 169 377 2 27

ELE-PTMP-a PTMP 1:1 143 356 14 18 and 30

ELE-PTMP-b PTMP 3:2 147 363 22 10 and 34

Glass transition temperatures were determined via DSC and DMA. The DSC curves
showed only one glass transition. While ELE-TTMP-a showed a T g of -11 °C, this
value increased to 2 °C for ELE-TTMP-b synthesised from a monomer mixutre
with a 3:2 ratio of functional groups. Similarly, for PTMP based polymers, the T g

increased from 14 °C to 22 °C when going from a 1:1 to a 3:2 alkene:thiol group
ratio. These results are once again surprising as a higher T g would be expected
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for the more highly cross-linked polymer resulting from the 1:1 ratio mixture. As
expected, the T g values are significantly higher compared to those obtained with 1,6-
hexanedithiol or EDDT (see Table 2.2). This is due to the increase in cross-linking
stemming from the tri- and tetrafunctional nature of TTMP and PTMP respectively.
The values observed for PTMP-based polymers are higher compared with TTMP-
based polymers due to an increase in cross-linking arising due to the additional
thiol group in PTMP. The values are similar to previously reported terpene-based
polythioethers, with ELE-PTMP-b showing the highest value for a terpene-based
polythioether so far with 22 °C.

Again the properties obtained via DMA showed a slightly different trend. ELE-
TTMP-a showed a peak in the tan δ curve at 25 °C with a slight shoulder (Figure
2.14). ELE-TTMP-b on the other hand showed a slightly higher T g of 27 °C, and
the tan δ curve was broader and showed a more defined shoulder at 8 °C indicating
a non-homogenous cross-linking density in the polymer. The tan δ curve for ELE-
PTMP-a showed two glass transitions at 18 °C and 30 °C. For ELE-PTMP-b two
distinct peaks were observed at 10 °C and 34 °C, highlighting a non-homogenous
cross-linking density.
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Figure 2.14 Tan δ curve of the different polythioethers based on TTMP and
PTMP
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Mechanical properties

Storage and loss moduli were obtained via DMA and are reported in Table 2.5
and depicted in Figure 2.15. All samples showed similar curve progressions. A
stark increase in both E’ and E” values was observed compared to the dithiol-based
polythioethers. This is due to the increase in cross-linking leading to a decrease in
chain mobility. For ELE-TTMP-a a storage modulus of 35.70 MPa was observed
at 25 °C reducing to 9.21 MPa on the rubbery plateau (at 80 °C). When decreasing
the alkene:thiol content to a 3:2 ratio, the storage modulus reduced to 29.74 MPa
and 4.71 MPa at 25 °C and 80 °C respectively. Once more this can be attributed
to the decrease in cross-linking degree. A decrease in loss modulus from 35.39 MPa
to 20.28 MPa was also observed. For ELE-PTMP-a an E’ value of 58.30 MPa
was obtained at 25 °C and 7.59 MPa at 80 °C. While the storage modulus for
ELE-PTMP-b is higher at 25 °C, it is lower than E’ of ELE-PTMP-a at 80 °C
with a value of 5.16 MPa. Similar E” values around 23 MPa were obtained for
both ELE-PTMP-a and ELE-PTMP-b. Literature values for limonene-based
polythioethers with TTMP state E’ values of 1.1 MPa (at 25 °C) and 2.7 MPa (at
the rubbery plateau) and for limonene-PTMP an E’ value of 8.9 MPa at the rubbery
plateau is reported (see Table 2.1). Generally these values are in a similar range as
to the β-elemene based polythioethers in this study.

Table 2.5 Mechanical properties obtained from DMA and tensile testing for the
different polythioethers. For tensile testing five specimens were analysed for each
polymer and the error between the measurements was calculated as the standard

deviation

polymer ratio
alkene:thiol

groups

E’
(25 °C)
[MPa]

E’
(80 °C)
[MPa]

E”
(25 °C)
[MPa]

E
[MPa]

UTS
[MPa]

εbreak
[%]

ELE-TTMP-a 1:1 35.70 9.21 35.39 4.49±0.27 3.00±0.24 83±2

ELE-TTMP-b 3:2 29.74 4.71 20.28 2.37±0.17 1.41±0.09 72±7

ELE-PTMP-a 1:1 58.30 7.59 23.67 4.22±0.51 1.55±0.20 42±2

ELE-PTMP-b 3:2 71.54 5.16 23.22 3.14±0.18 1.89±0.12 67±4
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Figure 2.15 Storage and loss moduli versus temperature for the different
polythioether samples

Tensile testing (Figure 2.16) revealed typical elastomeric behaviour with Young’s
moduli ranging between 2.37 MPa and 4.49 MPa. These values are higher com-
pared to the dithiol-based polymers, but still relatively low for a highly cross-linked
thermoset polymer. For both TTMP-based and PTMP-based polymers the Youngs
modulus was higher for the 1:1 alkene:thiol ratio. Ulitmate tensile strengths ranged
between 1.41 MPa and 3.00 MPa and the elongation at break values were in the
range of 42% to 83%.
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Figure 2.16 Stress-strain curves obtained from tensile testing
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2.5 Post-curing at high temperatures

There are examples reported in the literature that show that post-curing of ther-
moset polymers, such as polythioether thermosets as well as other thermoset poly-
mers, at elevated temperatures can lead to alteration of the thermal and mechanical
properties.122,196–200 At lower temperatures, such as room temperature, incomplete
conversion can occur as the mobility of the monomers and polymer chains is reduced,
and polymer curing can stop, or significantly slow down, when the glass transition
temperature of the material produced reaches the curing temperature. Heating the
material up to higher temperatures enables the mobility of the polymer chains due to
an increase in thermal energy and the polymer being in its rubbery state. This can
result in further reaction leading to higher conversions and therefore higher cross-
linking contents. The post-cured thermosets therefore show improved physical and
performance properties, such as increased glass transition temperatures, stiffness or
strength.122,196–200 However, other effects due to high temperature treatment can
occur as well, such as thermal degradation or oxidative cross-linking, which might
lead to inferior polymer properties.198

As shown in Table 2.1, Weems et al. have demonstrated the post-curing of poly-
thioethers obtained from different terpenes and PTMP.122 Thermal treatment of
the samples at 120 °C for 12 hours led to a Young’s modulus of 43.8 MPa and UTS
of 24.4 MPa in the case of the limonene-PTMP polymer. Enhancement of Young’s
modulus and UTS was not observed for linalool, nerol and geraniol derivatives and it
was argued that, due to their lower glass transition temperatures, the curing process
had already been completed at room temperature.122

Inspired by these examples, we set out to test whether the properties of the β-
elemene polythioethers could be improved by post-curing at high temperatures.
With T g values around room temperature for TTMP and especially PTMP-based
polythioethers, these were investigated first, as it was assumed that curing could
have been halted when the glass transition temperature reached room temperature.
For the first tests we synthesised another batch of polythioethers from β-elemene
and TTMP or PTMP with a 1:1 alkene:thiol group ratio, as before (Table 2.6,
ELE-TTMP-c and ELE-PTMP-c). While some differences in properties were
observed, most likely due to experimental deviations, the properties were still in the
same range as obtained for ELE-TTMP-a and ELE-PTMP-a.

The produced polymer samples were then subjected to curing for a further 2 hours
under UV light (405 nm) at a higher temperature of 60 °C. The post-cured ELE-
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TTMP-c-60 showed an increased glass transition temperature of 24 °C (Table 2.6).
A noticable increase in both storage and loss moduli could be observed as well, while
the tensile properties were only slightly higher compared to the untreated polymer.
ELE-PTMP-c-60 showed a decreased T g and all other properties were similar or
slighlty decreased. So, although a change in properties could be observed, it was
only a slight improvement in the case of ELE-TTMP-c-60 and a slight decrease for
ELE-PTMP-c-60. Presumably, no significant effects could be observed in these
first experiments due to the short post-curing time and low temperature of 60 °C.
Further testing with higher temperatures and longer post-curing times was therefore
carried out.

Table 2.6 Properties of polythioethers samples with no post-curing
(ELE-TTMP-c and ELE-PTMP-c) and post-curing at 60 °C for 2 hours under
UV irradiation (ELE-TTMP-c-60 and ELE-PTMP-c-60). All polymers were
synthesised with a 1:1 ratio of alkene groups:thiol groups. For tensile testing four
specimens of ELE-TTMP-c-60 and ELE-PTMP-c-60 were analysed and the
error between the measurements was calculated as the standard deviation. Only
one specimen was analysed for ELE-TTMP-c and ELE-PTMP-c, hence no

error could be calculated

polymer T g
(DMA)
[°C]

E’
(25 °C)
[MPa]

E’
(80 °C)
[MPa]

E”
(25 °C)
[MPa]

E
[MPa]

UTS
[MPa]

εbreak
[%]

ELE-TTMP-c 5 10.30 7.55 3.49 5.10 1.8 41

ELE-TTMP-c-60 24 24.29 10.81 18.48 5.97±0.13 2.40±0.19 49±3

ELE-PTMP-c 20 56.21 8.21 25.95 18.13 2.46 34

ELE-PTMP-c-60 14 49.36 16.42 18.59 13.87±0.60 3.50±0.36 38±4

In a second testing round, another polythioether sample of β-elemene and PTMP
was synthesised (Table 2.7, ELE-PTMP-RT) and subjected to post-curing at dif-
ferent temperatures for longer times, without additional UV irradiation. The un-
treated sample ELE-PTMP-RT showed properties in a similar range as ELE-
PTMP-a. The storage and loss moduli were slightly lower, whereas the Young’s
modulus and UTS were slightly higher. When post-curing the sample at 70 °C for
18 hours, the glass transition temperature measured via DSC did not change. The
tensile properties, however, improved with an increase in Young’s modulus from
10.5 MPa to 37.6 MPa and an increase in UTS from 2.60 MPa to 2.80 MPa. The
elongation at break was slightly reduced to 22%.

Post-curing at 120 °C for 20 hours resulted in a dramatic increase in stiffness. ELE-
PTMP-120 showed a high Young’s modulus of 275 MPa. Ultimate tensile strength
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also increased to 13.31 MPa and the elongation at break reduced to 10%.

With an ever higher curing temperature of 170 °C, an even more significan improve-
ment in polymer properties was observed. ELE-PTMP-170 showed a high Young’s
modulus of 807±33 MPa, which is an increase of nearly two orders of magnitude
compared to the untreated sample. The UTS increased further to 42.63±2.88 MPa,
while the elongation at break reduced to 7±1%. The stress-strain curve of this poly-
mer showed plastic behaviour (Figure 2.18). Storage and loss moduli also increased
significantly to 1100.62 MPa and 32.41 MPa for E’ and E” at 25 °C respectively.
While DSC analysis did not show a change in glass transition temperature, DMA
analysis showed an increase of T g to 63 °C. TGA measurements showed a T deg, 5% of
334 °C, which is only slightly lower than the value of 356 °C for ELE-PTMP-RT.
As these properties demonstrate, ELE-PTMP-170 was found to be a very stiff and
hard polymer. Furthermore, the high temperature treatment led to yellow orange
discolouration of the material (Figure 2.17).

Table 2.7 Polymers and their properties after different post-curing treatment. All
samples were synthesised with a 1:1 ratio of alkene:thiol groups. For tensile testing
either one specimen was analysed with no error calculation or five specimens were
analysed and the error between the measurements was calculated as the standard

deviation. nd means not determined

polymer Post-curing T g
(DSC)
[°C]

T g
(DMA)
[°C]

E’
(25 °C)
[MPa]

E’
(80 °C)
[MPa]

E”
(25 °C)
[MPa]

E
[MPa]

UTS
[MPa]

εbreak
[%]

ELE-PTMP-RT none 40 13 25.11 13.33 9.89 10.5 2.60 30

ELE-PTMP-70 70 °C, 18 h 40 nd nd nd nd 37.6 2.80 22

ELE-PTMP-120 120 °C, 20 h 39 nd nd nd nd 275 13.31 10

ELE-PTMP-170 170 °C, 24 h 41 63 1100.62 19.11 32.41 807±33 42.63±2.88 7±1

ELE-PTMP-170-b 170 °C, 24 h 31 67 1249.76 20.64 41.17 825±11 39.35±0.40 6.0±0.1

ELE-TTMP-170 170 °C, 24 h 12 36 372.15 7.63 144.90 131±50 6.44±0.30 70±9

ELE-EDDT-170 170 °C, 24 h -40 -15 0.74 0.43 0.13 0.19±0.02 0.22±0.02 164±11

Figure 2.17 Colouration of the polymer ELE-PTMP-170 which was post-cured
at 170 °C for 24 hours
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Figure 2.18 Stress-strain curve of ELE-PTMP polymers subjected to post-curing
at different temperatures

A second batch of polymer was also cured at 170 °C to check if the results and ob-
tained properties are reproducible. The post-cured ELE-PTMP-170-b showed
properties similar to ELE-PTMP-170. An even higher Young’s modulus of
825±11 MPa was recorded. These results confirmed that the PTMP-based polymers,
which showed a T g around room temperature, did not fully cure at room temperat-
ure. The high temperature treatment enabled further reaction due to thermally in-
duced movement of polymer chains, resulting in a dramatic enhancement of polymer
properties. The polymer properties can thereby be changed from flexible, rubbery
elastomers, to stiff and highly cross-linked thermoset plastics. The hard post-cured
polymers show similar properties to some commercial epoxy thermosets, and could
therefore find use as coatings or adhesives.201–203

With these results on hand, the effect of post-curing was also tested on TTMP- and
EDDT-based polythioethers. Post-curing was carried out at 170 °C for 24 hours and
the properties of the post-cured ELE-TTMP-170 and ELE-EDDT-170 are repor-
ted in Table 2.7. For ELE-TTMP-170 a significant increase in polymer properties
was observed, but the effect was not as stark as for the PTMP-based polythioethers.
ELE-TTMP-170 showed a storage modulus of 372.15 MPa which is a greather than
tenfold increase compared to the untreated ELE-TTMP-a. The storage modulus
at 80 °C was in a similar range to the untreated polymer. A higher Young’s modu-
lus of 131±50 MPa, compared to 4.49±0.27 MPa before, was also recorded and the
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stress-strain curve showed a more plastic behaviour (Figure 2.19). The UTS only
increased slightly and the elongation at break stayed at a similar value. So even
though some increase in stiffness was observed, the change in properties was not as
drastic as observed for PTMP polythioethers. The reason for that is most likely
that the reaction of β-elemene and TTMP is mostly finished when curing at room
temperature as the T g is around room temperature. Heating therefore only led to
slight improvements.
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Figure 2.19 Stress-strain curve of ELE-EDDT and ELE-TTMP polymers before
and after post-curing at 170 °C

The post-cured sample ELE-EDDT-170 showed no change in properties compared
to the untreated ELE-EDDT-a apart from a slightly higher elongation at break
which increased from 87% to 164% (Figure 2.19). This shows that, with the T g

significantly below room temperature, the curing process had already been finished
and little to no change in properties was therefore observed upon heat treatment.
This is also due to the difunctional and less sterically hindered nature of EDDT
which enables an easier movement of monomers and polymer chains in the bulk
polymer.
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2.6 Swelling indices and gel contents

The swelling index and gel content of the polythioether samples was determined
to assess the cross-linking densities. For this purpose samples were weighed dry
beforehand (initial) and then immersed in toluene for 72 hours. Then the solvent
was dabbed off and the samples were weighed wet (wet) to determine the swelling
index. Samples were then placed in a vacuum oven and dried under vacuum at
70 °C for 24 to 72 hours. The mass of the samples was recorded again after drying
(dried) to determine the gel content. Swelling index and gel content were calculated
as follows:204

Swelling index =
wet− initial

initial
∗ 100 (2.4)

Gel content =
dried

initial
∗ 100 (2.5)

The cross-linking density can be estimated by both these values. The lower the swell-
ing index and the closer the gel content is to 100%, the higher the cross-linking dens-
ity. As shown in Figure 2.20, the EDDT-based polythioethers showed the highest
swelling indices, between 207.6% and 418.6%, and the lowest gel contents with only
81.0% at most. This means that the cross-linking density of these polythioethers is
very low, due to the difunctional nature of the thiol monomer and the supposedly
low reactivity. ELE-HEX-a showed a surprisingly high gel content of 94.7% des-
pite the difunctional nature of 1,6-hexanedithiol, which should theoretically lead
to a lower cross-linking density. The higher cross-linking density for ELE-HEX-a
compared to ELE-EDDT-a was also reflected in a slightly higher storage modulus.

As expected, TTMP- and PTMP-based polymers showed lower swelling indices
and higher, or only slightly lower, gel contents compared to the dithiol-based poly-
thioether. This is an indication of a higher cross-linking density due to the mul-
tifunctional thiols employed. In the case of TTMP, the ELE-TTMP-a showed a
higher gel content and lower swelling index compared to ELE-TTMP-b confirming
that the 1:1 ratio leads to a higher cross-linking content. However, in the case of
PTMP, ELE-PTMP-a showed a lower swelling index compared to ELE-PTMP-
b, but the gel content was lower. Potentially, incomplete curing plays a role here,
leading to inconsistent results. Interestingly, the gel contents for PTMP-based poly-
mers were also slightly lower compared to the TTMP-based polythioethers. This
again could be explained by incomplete conversion. Indeed, when looking at the
values measured for the post-cured ELE-PTMP-170b, the swelling index reduced
significantly while the gel content reached 100%, indicating a very high cross-linking
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density. Future work needs to include conducting all measurements for determina-
tion of the swelling index and gel content in triplicates for each polymer sample to
validate the obtained results and estimate errors.
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Figure 2.20 Swelling indices and gel contents for the different polythioethers

The effect of post-curing on the cross-linking density could also be seen when com-
paring the swelling indices and gel contents for the PTMP-based polymers post-
cured at different temperatures (Figure 2.21). The untreated ELE-PTMP-RT
showed a higher gel content of 96.6% compared to the value of 86.5% for ELE-
PTMP-a, possibly indicating some errors in sample weight measurement or dif-
ferences arising from polymer preparation. With increasing post-curing temperat-
ure from 70 °C to 120 °C to 170 °C, the gel content increased to 100% and the
swelling index was reduced to 6.1%. This confirms again that the post-curing en-
abled completion of the reaction, leading to a higher cross-linked thermoset for these
PTMP-based polymers. The trend is in accordance with DMA data, where a drastic
increase in storage modulus also indicated an increase in cross-linking density for
the post-cured samples.
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Figure 2.21 Swelling indices and gel contents for ELE-PTMP polythioethers
post-cured at different temperatures

2.7 Degradability

The co-monomers TTMP and PTMP have ester groups in their molecular structures
which can be hydrolysed. The degradability of the TTMP- and PTMP-based poly-
esters was therefore investigated under alkaline conditions. Both ELE-TTMP-a
and ELE-PTMP-a were heated in 4 M sodium hydroxide solution at 80 °C and
complete degradation of the polymers was observed with no solid particles remain-
ing visible in the solution after 5 hours (Figure 2.22). The solution did undergo a
colour change to pale yellow. After neutralisation, extraction with ethyl acetate and
solvent removal, the degradation products were obtained as a viscous orange liquid
(Figure 2.22).

NMR spectroscopy revealed the degradation product of ELE-TTMP-a to be the
β-elemene diacid pictured in Figure 2.23 and 1,1,1-tris(hydroxymethyl)ethane. This
was confirmed by MS analysis where a m/z value of 415.1946 was found correspond-
ing to the molecular ion of the β-elemene diacid minus one hydrogen atom. The
IR spectrum of the degradation product showed a C=O signal at 1706 cm-1, corres-
ponding to the acid C=O, whereas the polymer had shown a signal at 1732 cm-1 for
the ester C=O vibration. The broad signal at 3417 cm-1 also confirmed the presence
of O-H groups from both the diacid and the triol. The expected β-elemene triacid,
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which would be generated by reaction of all three double bonds and subsequent
hydrolysis, could not be extracted. Potentially, it remained in the aqueous phase
due to a higher polarity, however, attempts to detect the β-elemene triacid in the
aqueous phase via MS analysis were unsuccessful.

Figure 2.22 a) Polymers ELE-TTMP-a (left vial) and ELE-PTMP-a (right
vial) in 4 M NaOH before heating. b) Solutions after heating for 5 hours at 80°C

with no solid particles detectable. c) Degradation product obtained after
extraction and solvent removal

S

OH
O

SHO

O
OHHO

HO

Figure 2.23 β-Elemene diacid and 1,1,1-tris(hydroxymethyl)ethane obtained as
products from degradation of ELE-TTMP-a

The degradation products of ELE-PTMP-a also showed a C=O signal at 1706 cm-1

and a broad O-H signal in the IR spectrum. An additional carbonyl signal at
1786 cm-1 was detected. It is unclear if this signal belongs to oligomeric degradation
products containing ester groups, or if other other carbonyl bearing species could
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have been formed. MS analsyis confirmed the presence of the β-elemene diacid as a
degradation product. No signals for the expected β-elemene triacid were observed.
The expected degradation product pentaerythritol could not be detected via elec-
trospray ionization (ESI) MS or NMR spectroscopy. Potentially it remained in the
aqueous phase due to its high polarity.

For ELE-TTMP-b and ELE-PTMP-b full degradation was only achieved after
48 hours in 4 M NaOH at 80°C. It is presumed that the higher β-elemene content
increases the apolar character and attack of the polar sodium hydroxide on the
ester bonds is therefore hindered. Degradation products were not analysed for these
samples, but are expected to be the β-elemene diacid as well due to the lower
alkene:thiol ratio.

Even the post-cured sample ELE-PTMP-170-b degraded after heating in 4 M
NaOH at 80 °C for 5 days. MS analysis showed signals for the β-elemene diacid de-
gradation product, but also for the β-elemene triacid at 545.2128 m/z, corresponding
to [M+Na]+, with lesser intensity. 1H NMR spectroscopy confirmed a mixture of
di- and triacid as the integration of the alkene signal showed a value below 2 which
would be expected for pure diacid. Depending on which signal was used for refer-
ence, it was calculated that the mixture contained between 45% and 68% β-elemene
triacid. The additional presence of the triacid as a degradation product for ELE-
PTMP-170-b confirmed that the post-curing enabled higher conversions with all
three double bonds reacting.

The degradability of the TTMP- and PTMP-based polythioethers offers the oppor-
tunity for polymer recyclability moving towards a circular economy. The regained
di- or triacid could be reacted with the triol, tetraol or another di- or multifunctional
alcohol in a polycondensation reaction to reform a polymer. This repolymerisation
needs to be explored in future research to complement the degradation pathway. As
expected, the polymers based on 1,6-hexanedithol and EDDT did not undergo any
degradation in alkaline solution due to the absence of hydrolysable ester bonds in
their structure.

2.8 β-Elemene monoepoxide-based polythioethers

After successful use of β-elemene as a trifunctional monomer in polythioether syn-
thesis, we sought to investigate polythioether formation with a functionalised β-
elemene derivative containing only two alkene groups. For this purpose, β-elemene
was epoxidised using meta-chloroperoxybenzoic acid (mCPBA) as an oxidant. β-
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elemene monoepoxide (Emono) is formed as a mixture of two different regioisomers,
Emono-A and Emono-B (see Scheme 2.5), which could not be completely separ-
ated via column chromatography or fractional distillation. The ratio of Emono-A
to Emono-B was found to be between 60:40 and 85:15 after column chromatography
in various experiments. Potentially partial separation of the isomers occurred dur-
ing colum chromatography, leading to a higher content of Emono-A in the isolated
mixture. Furthermore, each epoxide group is formed as an enantiomeric mixture
with a 1:1 ratio. In regards to thiol-ene reactions, β-elemene monoepoxide Emono-
B should be more reactive as it possesses the two most reactive double bonds.
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Scheme 2.5 Epoxidation of β-elemene to β-elemene monoepoxide (Emono),
consisting of the two regioisomers Emono-A and Emono-B, and polythioether

formation thereof with TTMP or PTMP

For the following polymerisation experiments a 70:30 Emono-A:Emono-Bmixture
was used. This means reactivity could be hindered by the majority of the mixture
being the less reactive Emono-A. TTMP and PTMP were utilised as co-monomers
and they were found to be miscible with β-elemene monoepoxide due to its higher
polarity stemming from the additional epoxide group. Emono was mixed with
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the thiols in a 1:1 alkene group:thiol group ratio and 1 wt% DMPA was used a
radical initiator (Scheme 2.5). The mixture was pre-cured in the vial under UV
light (365 nm) at room temperature for 10-15 seconds until the viscosity increased
and then cured (UV light, 365 nm) in a teflon mold for 2 hours at room temperature.

The produced polythioethers were transparent, but only slightly flexible. Table 2.8
shows the properties obtained from DSC and DMA analysis. Both Emono-TTMP
and Emono-PTMP showed similar T g values around, or slightly above, room
temperature. Once more this could be an indication that the curing process was not
completed when curing at room temperature. Therefore post-curing was carried out
at 160 °C for 24 hours. Indeed, a significant increase in T g was observed for the post-
cured samples. The post-cured Emono-TTMP-160 showed a T g of 68 °C in DSC
measurements and a T g of 80 °C could be obtained via DMA. Emono-PTMP-160
showed even higher values with a T g of 71 °C observed in DSC analysis and the tan
δ curve in DMA measurements showed two peaks, one at 42 °C and one at 113 °C.
The tan δ curves of both the post-cured polymers were extremely broad indicating
non-uniform polymer networks (see Figure 2.24).

With a storage modulus of 13.71 MPa and a loss modulus of 14.33 MPa at 25 °C,
Emono-TTMP showed slightly lower values compared to the β-elemene-based
ELE-TTMP-a. Post-curing once again drastically increased both storage and loss
moduli. Emono-TTMP-160 showed a storage modulus of 1386.79 MPa at 25 °C
and, when the curve is nearing the rubbery plateau, a E’ value of 43.31 MPa at
80 °C was observed. These numbers are higher compared to the post-cured ELE-
TTMP-170.

Table 2.8 Polymers obtained from reaction of Emono with TTMP or PTMP and
their glass transition temperatures, storage moduli and loss moduli

polymer T g
(DSC)
[°C]

T g
(DMA)
[°C]

E’
(25 °C)
[MPa]

E’
(80 °C)
[MPa]

E”
(25 °C)
[MPa]

Emono-TTMP 30 23 13.71 0.06 14.33

Emono-TTMP-160 68 80 1386.79 43.31 58.50

Emono-PTMP 28 31 508.24 0.34 267.44

Emono-PTMP-160 71 42 and 113 1544.09 180.41 22.18

Emono-PTMP showed a high storage modulus of 508.24 MPa at 25 °C, which is
ten times higher compared to the E’ value of ELE-PTMP-a. However, the rubbery
plateau was reached at higher temperatures and the storage modulus at the rubbery
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plateau was lower compared to ELE-PTMP-a. Post-curing led to an increase in
E’ to 1544.09 MPa at 25 °C, which is similar to the post-cured ELE-PTMP-170.
At 80 °C the storage modulus was still high at 180.41 MPa.

Swelling index and gel content determination also confirmed the increase in cross-
linking that was observed in the DMA measurements. For instance, the gel con-
tent for Emono-TTMP increased from 87.2% to 98.4% by post-curing. Emono-
PTMP-160 also showed a higher gel content of 99.8% and a lower swelling index of
3.7%, compared to 96.3% for gel content and 63.4% for swelling index of Emono-
PTMP.

Besides the thiol-ene reaction, a side reaction could occur where the epoxide could
be opened via nucleophilic attack from the thiol leading to formation of a thioether
with an adjacent hydroxy group. This could potentially explain the very broad
tan δ curves of the post-cured polymers indicating non-uniform polymer networks.
However, it proved difficult to determine if epoxide opening did occur. In the IR
spectrum no diagnostic C-O signal could be determined as alkane and alkene signals
appear in the same region. Appearance of the broad signal at 3450 cm-1 correspond-
ing to an O-H vibration was observed for all polymer samples. It is unclear if this
is an indication of epoxide opening or if the signal stems from water traces in the
polymer.
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Figure 2.24 Storage modulus and tan δ curves for the different Emono-based
polythioethers over the temperature range -100 to 150 °C

2.9 Farnesene-based polythioethers

After the successful synthesis of polythioethers with β-elemene as a bio-based
monomer, we wanted to examine if this would also be possible with β-farnesene. β-
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Farnesene is a terpene that has been mostly used in polyolefin synthesis via reaction
of its diene unit. To the best of our knowledge, β-farnesene has not been explored
as a co-monomer in polythioether formation to date. Like β-elemene, β-farnesene
is already produced on an industrial scale through biotechnological fermentation by
Amyris. This again would enable a scale-up of production necessary for industrial
application of potential polymers.

β-Farnesene is tetrafunctional with two internal, trisubstituted double bonds, whose
reactivity is assumed to be low, and two terminal double bonds forming a conjugated
diene unit. Although these alkene bonds in the diene unit are less substituted and
should therefore undergo thiol-ene addition more easily, conjugated dienes have been
shown to be less reactive in thiol-ene additions.111 Despite the tetrafunctionality,
this anticipated low double bond reactivity could be a reason why β-farnesene has
not been utilised in polythioether thermoset synthesis to date. Furthermore, in
the presence of radicals, the diene unit could also undergo polymerisation to form
polyolefins as a side reaction.

2.9.1 Kinetic investigations

As for β-elemene, we intended to investigate the differential double bond reactivity
of β-farnesene by reaction with four equivalents of 1-pentanethiol as a model reac-
tion (Scheme 2.6). 1,3,5-Trimethoxybenzene was used as an internal standard and
samples were taken at different time intervals during UV irradiation (365 nm) at
room temperature and analysed via 1H NMR spectroscopy.

DMPA

UV (365 nm)
RT

HS

4 eq

S S

S

S

Scheme 2.6 Model reaction of β-farnesene with 4 equivalents of 1-pentanethiol
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Figure 2.25 shows the alkene region of the 1H NMR spectra acquired over time. It
could be observed that the signals for double bond de at 6.73 ppm and 5.01/4.99 ppm
decreased over time and have fully vanished after 30 minutes. Similarly, the signals
for double bond c also decreased over time. The signals for the internal double bonds
a and b did not seem to diminish, but, over time, overlapping of signals occurred, so
no exact assignment and integration could be carried out to distinguish between the
two. New signals appeared between 5.31 and 5.41 ppm after 5 minutes. The edited
HSQC NMR spectrum showed that these signals are CH signals. These could stem
from signals a or b shifting due to addition of the thioether groups at the diene end.
Another possibility could be that the conjugated diene unit could undergo addition
at the de double bond (Scheme 2.7, route R1) followed by radical rearrangement
(Scheme 2.7, R2). This would lead to formation of a different internal double bond
by abstraction of a hydrogen radical from another thiol molecule (see Scheme 2.7,
R3). Correlation in the COSY NMR spectrum of the CH signal to a new signal at
3.15 ppm, which corresponds to a CH2 proton, is another possible indication that
this rearrangement occurred as a side reaction.

a b

c

e

d

�����������������	��
��������������������������	��
������������
��

�m���

�e�m���

�m���

	m���

�m���

��m���


�m���

��m���

�	�m

���

	��m

���

� ��
�

�

Figure 2.25 Alkene region of 1H NMR spectra over time of the reaction between
β-farnesene and 1-pentanethiol. Signal at 6.08 ppm corresponds to the internal

standard 1,3,5-trimethoxybenzene
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Another possible side reaction could be the radical polymerisation of the 1,3-diene
unit to poly(β-farnesene) (Scheme 2.7, route R1-R2-R5) . However, the appearance
of new signals between 2.30 ppm and 2.60 ppm in the 1H NMR spectrum confirmed
the formation of the thioethers as the main product. The edited HSQC NMR
spectrum showed that these new signals are mostly CH2 signals and one weak signal
appearing as a CH/CH3 signal. This confirmed that addition seemed mainly to
take place at the double bonds c and de with minor reaction on either a or b and
some rearrangement to another internal double bond and addition thereof (Scheme
2.7, route R1-R2-R3). Separation of potential products was not carried out, hence
complete assignment of NMR signals was not possible.
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Scheme 2.7 Potential side reactions occurring for the radical reaction of
β-farnesene and 1-pentanethiol. Double bond rearrangement could lead to different

regioisomers. Radical polymerisation of the diene unit could lead to
poly(β-farnesene) formation

As integration of the individual double bond signals proved to be difficult due to
overlapping signals and new unidentifiable signals, conversion was only determined
for the total alkene groups by integration of the whole alkene region and comparison
to the integrals of the internal standard. As shown in Figure 2.26 the overall con-
version profile was similar to that for β-elemene, with a steep increase in conversion
at the beginning followed by reaching of a plateau. However, the alkene conversion
of β-farnesene was significantly slower compare to β-elemene. While the alkene con-
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version for β-elemene passed 50% after less than 2 minutes, the alkene conversion
for β-farnesene only surpassed this mark after slightly more than 10 minutes. While,
for β-elemene, a total alkene bond conversion of 84% was observed after 2 hours,
for β-farnesene the total alkene conversion only reached 65% after 4 hours. The
lower conversion may be ascribed to the lower reactivity of the β-farnesene alkene
bonds. The internal double bonds a and b do not seem to react at all, even after a
prolonged reaction time, due to their higher steric bulk and higher electron density.
The terminal conjugated diene c and de is less sterically hindered and does indeed
react, but reaction is slower due to the higher electron density in the diene unit
compared to the isolated β-elemene double bonds. If radical rearrangement occurs,
another internal double bond is formed, which is also less reactive. If addition of
one thiol occurs at double bond de followed by rearrangement to an internal double
bond (Scheme 2.7), the amount of alkene protons reduces from 7 to 3. This would
already account for an alkene conversion of 57%. The fact that the total conver-
sion was only slightly higher means, if rearrangement occurred, at least one thiol
got added, while addition of a second thiol seems restricted. No overall second or
first order reaction kinetics could be determined, suggesting a more complex kinetic
behaviour in this case.
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Figure 2.26 Conversion of alkene bonds over time for the reaction of β-farnesene
and 1-pentanethiol
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Despite the slow reaction kinetics, the low overall alkene conversion and the un-
certainty to what degree two thiols can be attached, it was shown that addition of
thiols to β-farnesene is generally possible. Polythioether formation was therefore
anticipated to be possible, as for the reaction of β-farnesene with a trithiol, gelation
should occur already at 41% and, for reaction with a tetrathiol, at 33%. Further-
more, if TTMP and PTMP are used as thiols, these are more reactive compared to
the alkyl thiol used in the model reaction and potentially the conversion could be
improved.

2.9.2 β-Farnesene polymerisation in bulk

Polymerisation of β-farnesene with TTMP or PTMP was carried out in bulk using
the same procedure as establilshed for β-elemene (Scheme 2.8). Due to the im-
miscibility of β-farnesene and the multifunctional thiols, pre-polymer synthesis was
applied. Due to the lower reactivity, a higher amount of thiol, 30% in the case of
TTMP and 25% for PTMP, had to be used for the pre-polymer synthesis to ensure
addition of enough thiols to increase the polarity of the pre-polymer. A 1:1 ratio of
alkene:thiol groups was applied for the final curing stage. After curing in the mold,
transparent, flexible thermoset polymers could be obtained (Figure 2.27). In com-
parison to the β-elemene-based polymers, the β-farnesene polythioethers crumbled
when put under too much strain and showed some shrinkage on the surface.
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Figure 2.27 Picture of FARN-PTMP, a transparent material with shrinkage
visible on the surface

FARN-TTMP and FARN-PTMP showed low T g values of -7 °C and 1 °C for the
TTMP-based polymer and 9 °C and 6 °C for the PTMP-based sample (Table 2.9).
These numbers are slightly lower compared to the β-elemene-based polythioethers.
TGA measurements showed T deg, 5% values of 302 °C and 303 °C for FARN-TTMP
and FARN-PTMP respectively. Post-curing at 160 °C led to an increase in glass
transition temperature, indicating further conversion and a higher degree of cross-
linking. Both FARN-TTMP-160 and FARN-PTMP-160 showed two peaks
in the tan δ curve (Figure 2.28). This suggests that full conversion has not been
achieved yet as parts of the bulk polymer seem to be more highly cross-linked than
other parts. The higher value of 64 °C is in a similar region to the post-cured
β-elemene samples, suggesting that part of the bulk polymer is highly cross-linked.

Table 2.9 Different β-farnesene polythioethers and their properties obtained from
DSC and DMA measurements. All polymer samples were synthesised with a 1:1

ratio of alkene:thiol groups

polymer T g
(DSC)
[°C]

T g
(DMA)
[°C]

E’
(25 °C)
[MPa]

E’
(80 °C)
[MPa]

E”
(25 °C)
[MPa]

FARN-TTMP -7 1 3.55 1.19 0.37

FARN-TTMP-160 24 0 and 32 121.04 4.68 46.13

FARN-PTMP 9 6 14.88 12.24 2.95

FARN-PTMP-160 18 21 and 64 891.90 28.63 140.70

Values for both storage and loss moduli for the untreated samples were low and
only the storage modulus of FARN-PTMP at 80 °C was slightly higher com-
pared to ELE-PTMP-a. The PTMP-based polymer showed higher values com-
pared to the TTMP-based samples, reflecting the slightly higher cross-linking due
to the monomer tetrafunctionality. An increase in storage and loss modulus could
be achieved by post-curing. FARN-TTMP-160 showed an E’ of 121.04 MPa at
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25 °C and 4.68 MPa at 80 °C. FARN-PTMP-160 exhibited even higher values of
891.90 MPa and 28.63 MPa. While the numbers for FARN-TTMP-160 are slightly
lower compared to the β-elemene analogue, the properties of FARN-PTMP-160
are in the same range.

It can be concluded that the formation of polythioethers from β-farnesene is possible,
but no improvement in properties could be achieved compared to the β-elemene
polythioethers. This is ascribed to the low reactivity of the β-farnesene alkene
bonds. It is suspected that not all four alkenes participate in the reaction, hence
the formed thermoset network is not as highly cross-linked. Another explanation for
the lower values measured for some properties could also be due the more flexible
β-farnesene backbone.
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Figure 2.28 Graphs for tan δ, storage moduli and loss moduli curves over a
temperature range for the β-farnesene polythioethers

112



Chapter 2. Polythioethers from β-elemene and β-farnesene

2.10 Mixed polythioethers from β-farnesene and β-

elemene

After having shown that polythioether formation is possible with both β-elemene
and β-farnesene, polymers with a mixture of the two monomers were targeted. The
two synthesis methods that were considered were either mixing the monomers from
the start, or generating separate pre-polymers for each of the monomers and then
mixing the pre-polymers with the required remaining quantity of thiol for final
curing. For the latter method it was expected that significant phase separation
within the polymers would occur. The chosen synthesis method was therefore to
mix the monomers from the start. As our kinetic studies showed, it was expected
that β-elemene would react faster. However by mixing the monomers from the
beginning, a better distribution of both monomers throughout the polymer network
was anticipated.

TTMP was used as the thiol monomer and a 1:1 ratio of alkene:thiol groups was
applied. Three different monomer mixtures were examined for polymerisation, a
75:25 molar mixture of β-elemene:β-farnesene (ELE75-FARN), a 50:50 mixture
(ELE50-FARN) and a 25:75 β-elemene:β-farnesene mixture (ELE25-FARN). The
synthetic procedure was the same as used for β-elemene or β-farnesene alone.

As before, the obtained polymers were transparent, flexible and slightly crumbly
depending on the β-farnesene content. Properties obtained from DSC and DMA
analysis are reported in Table 2.10 and, for comparison, the values of ELE-TTMP-
a and FARN-TTMP are noted as well. The T g values obtained via DMA showed a
clear trend where the T g decreased with decreasing β-elemene content, from 25 °C for
100% β-elemene to 1 °C for 100% β-farnesene. The tan δ curves of all of the mixed
monomer samples showed only one peak, suggesting that a homogenous polymer
phase is present (Figure 2.29). The T g values obtained from DSC measurements
showed the same decrease, apart from the ELE-TTMP-a sample which showed the
lowest T g of all samples. The decrease in T g with increasing β-farnesene content
could be due to the more flexible polymer backbone of β-farnesene compared to the
more rigid β-elemene backbone containing a cyclohexane ring. Another reason could
be the lower reactivity of β-farnesene leading to a network with lower cross-linking
density.
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Table 2.10 Polymers obtained from reaction of TTMP with a mixture of
β-farnesene and β-elemene (1:1 ratio of alkene:thiol groups) and polymer

properties. nd means not determined

polymer T g
(DSC)
[°C]

T g
(DMA)
[°C]

E’
(25 °C)
[MPa]

E’
(80 °C)
[MPa]

E”
(25 °C)
[MPa]

ELE-TTMP-a -11 25 35.70 9.21 35.39

ELE75-FARN 14 7 12.56 8.12 3.31

ELE50-FARN 9 2 8.19 6.01 1.67

ELE25-FARN 2 2 7.86 6.42 1.06

FARN-TTMP -7 1 3.55 1.19 0.37

ELE75-FARN-160 nd 33 351.73 11.71 90.35

ELE50-FARN-160 nd 15 and 31 117.35 4.45 42.84

ELE25-FARN-160 nd 18 and 32 30.94 5.67 14.20
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Figure 2.29 Tan δ, E’ and E” curves for the mixed polymers with varying
β-elemene and β-farnesene content
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The same trend could be observed for the storage and loss moduli, where the val-
ues decreased with decreasing β-elemene content. The only exception was ELE25-
FARN, where a lower value was observed at 25 °C compared to ELE50-FARN,
but at 80 °C, the curve reached a slighly higher plateau (Figure 2.29). The decrease
in both T g and E’, which indicates a decrease in cross-linking, can be explained
by the lower reactivity of β-farnesene in the thiol-ene reaction. The conversions
are therefore assumed to be lower compared to β-elemene, leading to a lower cross-
linking content even though the functionality of β-farnesene is higher. This was
also confirmed by determination of swelling index and gel content. The swelling
index decreased with higher β-elemene content, while the gel content increased (see
Appendix).

Post-curing was carried out at 160 °C for 24 hours. An increase in T g was observed
in DMA measurements. ELE75-FARN-160 showed one main peak in the tan δ

curve at 33 °C with a shoulder at 23 °C (Figure 2.30). Both ELE50-FARN-160
and ELE25-FARN-160 showed two distinct peaks at 15 °C and 31 °C, and 18 and
32 °C respectively. This could again be an indication that full conversion was not
achieved and two microphases are present within the polymer. The higher value was
around 32 °C for all three of the mixed polythioether samples, which is also close to
the T g of 36 °C observed for ELE-TTMP-170 and the 32 °C for FARN-TTMP-
160.
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Figure 2.30 Tan δ over a temperature range for the post-cured mixed
polythioethers

The storage modulus at 25 °C decreased with decreasing β-elemene content. The

115



Chapter 2. Polythioethers from β-elemene and β-farnesene

E’ curve of ELE50-FARN-160 showed a sudden drop at around 50 °C and the
storage modulus is therefore lower at the rubbery plateau compared to ELE25-
FARN-160 (Figure 2.31). It is unclear if this is an artefact from the measurement,
as the polymer could have loosend in the grip, or if it reflects the actual polymer
behaviour going from glassy to rubbery. Generally these E’ values at 80 °C are
in a similar range to those from post-cured β-elemene samples (7.36 MPa) and
β-farnesene samples (4.68 MPa).
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Figure 2.31 Storage modulus over the temperature range -100 to 150 °C for the
post-cured mixed polythioethers

2.11 Summary

In summary, the synthesis of polythioethers from β-elemene has been successfully
demonstrated. Thiol-ene addition was used as a sustainable and potentially scale-
able synthesis method and comprehensive analysis was carried out to determine the
thermal and mechanical properties of the produced polymers. When dithiols, such
as 1,6-hexanedithiol and EDDT, were employed as co-monomers, rubbery materi-
als with low glass transition temperatures (-49 to -14 °C) and low Young’s moduli
(0.11-2.37 MPa) were produced. The glass transition values are in the range of
other terpene-based polythioethers (such as limonene-, linalool- or geraniol-based
ones) containing dithiols. Mechanical properties are not reported in the literature
for dithiol-based polythioethers from terpenes, and the results in this Chapter are
therefore a first insight into the rubbery nature of these materials. Further investig-
ations need to be carried out to determine if these materials could find application
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in rubber goods.

The use of tri- or tetrathiols allowed for formation of higher cross-linked thermoset
networks with higher T g values up to 22 °C. Post-curing at high temperatures
(170 °C) enabled completion of the curing process, especially in the case of the
PTMP-based polymer. These post-cured polythioethers were hard and stiff materi-
als with high Young’s moduli of up to 825 MPa, high UTS of up to 42 MPa and high
storage moduli of up to 1249 MPa (at 25 °C). This showed that the properties of
the polymers can be tuned by choice of co-monomer and/or post-curing treatment.
These outstanding mechanical properties are an order of magnitude higher com-
pared to other terpene-based thermosets reported in the literature. This highlights
the uniqueness and potential importance of these materials. Application as coatings
or adhesives can be anticipated, especially for the post-cured samples synthesised
from β-elemene and PTMP, as the measured properties are similar to commercial
epoxy thermosets.

Furthermore, degradability of TTMP- and PTMP-based polymers was demonstated
by hydrolysis of the ester bonds contained in those polymer structures. Future work
needs to investigate repolymerisation of the obtained acid and alcohol products via
polycondensation reaction.

Successful polythioether synthesis was also carried with β-elemene monoepoxide and
TTMP or PTMP. Similar properties to the β-elemene-based polythioethers were
observed and post-curing at 160 °C led again to an increase in storage modulus.

With β-farnesene, another terpene monomer was investigated in polythioether form-
ation as well. The polymers obtained by cross-linking with TTMP or PTMP were
also rubbery, but slightly more crumbly. Properties obtained via DSC and DMA
were slightly lower compared to the β-elemene-based polythioethers, presumably
due to the lower reactivity of the β-farnesene double bonds and the more flexible
β-farnesene backbone. Polythioethers containing a mixture of β-elemene and β-
farnesene were synthesised and showed properties that lie between the samples with
only β-elemene and β-farnesene.

These β-elemene thermoset polymers are the first terpene-based polythioethers re-
ported that are comprehensively analysed in regards to their both thermal and
mechanical properties. Future work needs to address finding actual industrial use,
such as coatings of metals or in rubber goods, by comparison with current poly-
mers used and testing of polymer performance in these applications. Analysis of
barrier properties, such as oxygen permeability and water vapour permeability, acid
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resistance and grease resistance need to be evaluated as well to determine suitable
applications. Furthermore, it should be tested if these polymer could also be em-
ployed in 3D printing.
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3 Polyesters and polyamides via polycon-
densation of functionalised β-elemene
monomers

3.1 Introduction

Apart from direct polythioether formation, the thiol-ene reaction can also be utilised
as a tool to functionalise alkenes by reacting them with thiols bearing an additional
functional group. This can be useful for the synthesis of novel monomers, and has
been reported for terpenes, namely limonene (see Chapter 1).71,127

As outlined in Sections 1.3.2 and 1.3.4, both (R)-limonene and (S )-limonene have
previously been functionalised with methyl ester, alcohol or amine groups by re-
action with methyl thioglycolate, 2-mercaptoethanol or cysteamine hydrochloride.
A range of different monomers has been generated (Figure 3.1) and polymerisa-
tion via polycondensation of these was reported to produce bio-based polyesters or
polyamides.71,127
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Figure 3.1 Limonene-derived monomers obtained via thiol-ene addition described
in the literature71,127

Polycondensation was reported for different combinations of the limonene-based
monomers or by reaction of the limonene-derived monomers with other co-
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monomers, such as longer chain aliphatic dimethyl esters, diamines or diols. De-
pending on the monomers used in the synthesis, polymers with variable molecular
weight could be obtained. While the polyesters showed low T g values of around
-10 °C, the limonene-based polyamides showed higher T g values of around 42 °C
ascribed to hydrogen bonding interactions introducing a higher crystallinity into
the polymer.71,127

We have shown, in Chapter 2, that β-elemene can undergo successful thiol-ene addi-
tion of both 1-pentanethiol (for kinetic investigations) and different multifunctional
thiols, for the synthesis of polythioether thermosets. In this Chapter the synthesis
of novel β-elemene monomers via thiol-ene addition of ester, alcohol or amine func-
tionalised thiols was therefore investigated. Polymerisation via polycondensation
was then explored for the formation β-elemene-based polyesters and polyamides.

3.2 Monomer synthesis via thiol-ene addition

β-Elemene-based dimethyl ester
Synthesis of a difunctional β-elemene dimethyl ester derivative was carried out by
reaction of β-elemene with two equivalents of methyl thioglycolate (Scheme 3.1).
DMPA was used as a photoinitator and the reaction was conducted for two hours
under UV irradiation (356 nm) at room temperature. After purification via column
chromatography, the β-elemene dimethyl ester (EDE) was obtained in 63% yield
and product formation was confirmed by 1H and 13C{1H} NMR spectroscopy, ESI-
MS and IR spectroscopy.

HS
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∗∗

S

O

S
O

DMPA (1 wt%)

O

O

O

2 eq

63%

∗∗∗∗S
O

O

S
O

O

UV (365 nm)
RT, 2 h

91:9

EDE

EDE-a EDE-b

Scheme 3.1 Synthesis of β-elemene dimethyl ester (EDE) via thiol-ene addition
of β-elemene and methyl thioglycolate

The product consisted of a mixture of two regioisomers, EDE-a and EDE-b
(Scheme 3.1). The major constituent with 91% was EDE-a, which was formed
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by addition of methyl thioglycolate to the two most reactive double bonds of β-
elemene, as demonstrated in our kinetic investigations described in Chapter 2. As
expected, due to the lower double bond reactivity of the more sterically hindered
disubstituted alkene, EDE-b was only formed with 9% product selectivity. The
ratio between EDE-a and EDE-b was determined by integration of the alkene sig-
nals in the 1H NMR spectrum (Figure 3.2). When the methoxy signal at 3.71 ppm
is integrated as 6 protons, the different alkene signals for EDE-a and EDE-b show
integrals of 0.09 and 0.91 for one proton respectively.
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Figure 3.2 1H NMR spectrum of EDE showing two different sets of alkene
signals belonging to EDE-a (dark blue) and EDE-b (green and yellow)

Analysis of the 13C{1H} NMR spectrum of EDE showed signals for the main regioi-
somer EDE-a. Due to the low content of EDE-b, signals for this molecule could
not be detected in the 13C{1H} NMR spectrum. The formation of a new stereogenic
center occurred upon addition of the thiol to the disubstituted double bond and
the presence of two diastereomers for EDE-a could be confirmed by 13C{1H} NMR
spectroscopy. As shown in Figure 3.3, the carbon signals for both the CH3 carbon
Ca at 16.1 ppm and the CH carbon Cb at 42.1 ppm appeared as two signals of equal
intensity. This indicates that both diastereomers are present in equal amounts. This
was further confirmed by analysis of the 1H NMR spectrum which showed two over-
lapping doublets at 0.96 ppm creating a false doublet of doublets for Ha. Separate
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integration of the signals confirmed a 1:1 ratio of the two diastereomers. The two
CH carbon atoms and the quaternary carbon atom in the cyclohexane ring also
showed two signals each in the 13C{1H} NMR spectrum, corresponding to the two
diastereomers. For EDE-b a total of four diastereomers would be expected to be
present, but, due to the low amount of EDE-b in the mixture, these could not be
detected in the 1H or 13C{1H} NMR spectra.
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Figure 3.3 Section of the 13C{1H} NMR spectrum of EDE with signals visible
for the two diasteromers of EDE-a

As a by-product in the thiol-ene addition, the monoaddition product was isolated in
13% yield after column chromatography (Figure 3.4). Only the regioisomer depicted
in Figure 3.4 was obtained. This regioisomer was generated by addition of methyl
thioglycolate to the most reactive β-elemene alkene bond. Potentially, the yield
of EDE could be further increased by a longer reaction time or by using a slight
excess of methyl thioglycolate, which could lead to conversion of the remaining
monoaddition product to EDE.

S
O

O

Figure 3.4 Monoaddition product obtained as a by-product in the reaction of
β-elemene and methyl thioglycolate
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β-Elemene-based diol
In the same manner, β-elemene was reacted with two equivalents of 2-
mercaptoethanol to form β-elemene diol derivatives (EDO) (Scheme 3.2). Due
to the lower reactivity of 2-mercaptoethanol compared to methyl thioglycolate,
ascribed to the absence of hydrogen bonding, the reaction time was increased to
three hours. After purification, EDO was obtained in 64% yield and also found
to consist of two regioisomers, EDO-a and EDO-b (see Scheme 3.2). As for the
β-elemene diester derivative, the ratio of the two regioisomers could be determined
by integration of the alkene signals in the 1H NMR spectrum (Figure 3.5). The main
component with 92% was found to be EDO-a, which was generated from addition
of 2-mercaptoethanol to the two most reactive β-elemene alkene bonds. EDO-b
was present in the mixture at a level of only 8%.
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∗∗∗∗S
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2 eq

UV (356 nm)
RT, 3 h

EDO-a EDO-b

EDO

64%

S
OH

92:8

Scheme 3.2 Reaction of β-elemene with two equivalents of 2-mercaptoethanol to
form β-elemene diol derivatives (EDO)

Signals for EDO-a were visible in the 13C{1H} NMR spectrum, while the intens-
ity of the EDO-b signals was too low to detect. Once more the presence of two
diastereomers of EDO-a was confirmed in the 13C{1H} NMR spectrum by the pres-
ence of two signals of equal intensity for various carbon atoms, especially the CH3

signal at 16.2 ppm and the CH signal at 42.2 ppm. The presence of diastereomers
in equal quantities could also be seen in the 1H NMR spectrum where the signal
arising from the CH3 group next to the stereogenic center occurred as two overlap-
ping doublets (Figure 3.5, orange box and zoomed in spectrum). While the alkene
signals of EDO-b were visible, signals in the alkane region were not distinguish-
able due to their low intensity and signal overlapping, however, the presence of four
diastereomers for EDO-b would be expected.
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Figure 3.5 1H NMR spectrum of EDO showing two different sets of alkene
signals arising from EDO-a (dark blue) and EDO-b (green and yellow), as well as
the presence of two diastereomers for EDO-a signaled by two sets of doublets for

the CH3 signal at 0.98 ppm

By-product formation of the monoaddition product was observed and the β-elemene
monoester was isolated in 14% yield after column chromatography (Figure 3.6).
Again, longer reaction times or a slight excess of 2-mercaptoethanol might be re-
quired to achieve complete conversion to EDO.

S
HO

Figure 3.6 β-Elemene monoester obtained as a by-product

Heterobisfunctional β-elemene monomer
After the synthesis of two homobisfunctional monomers with methyl ester or alcohol
groups, we investigated the synthesis of a heterobisfunctional β-elemene derivative
containing one methyl ester group and one alcohol group. This monomer would al-
low formation of a polyester by self-polymerisation. Our standard thiol-ene addition
conditions were used and, in the first step, β-elemene was reacted with one equi-
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valent of methyl thioglycolate to form a β-elemene monomethyl ester (Scheme 3.3).
Addition occured exclusively at the most reactive alkene bond, leading to formation
of the methyl ester depicted in Scheme 3.3 in 61% yield after purification.

In the second reaction step, this β-elemene monomethyl ester was reacted with
1.1 equivalents of 2-mercaptoethanol to form the heterobisfunctional β-elemene
methyl ester alcohol derivatives (EEO). The yield of this second step was found
to be 71%, resulting in an overall yield of 43% for EEO.
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Scheme 3.3 Synthesis of heterobisfunctional β-elemene methyl ester alcohol
monomers (EEO)

As observed for the homofunctional monomers, addition of the second thiol equival-
ent led to formation of two regioisomers, EEO-a and EEO-b, with a ratio of 95:5.
The presence of two diastereomers for EEO-a was confirmed by 1H and 13C{1H}
NMR spectroscopy with the presence of two signals for atoms close to the stereogenic
center.

Trifunctional β-elemene monomers
The synthesis of trifunctional β-elemene derivatives with methyl ester or alcohol
functionalities was carried out with the intention of using these as cross-linkers in
polyester thermoset synthesis. β-Elemene was therefore reacted with 3.5 equivalents
of methyl thioglycolate or 2-mercaptoethanol (Scheme 3.4). As mentioned, our
kinetic investigations have shown that the more sterically hindered disubstituted
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double bond is difficult to convert. The amount of DMPA was therefore increased
to 2 wt% and the reaction times were prolonged to 5.5 hours for addition of methyl
thioglycolate and 14 hours for addition of 2-mercaptoethanol. After purification by
column chromatography, the β-elemene trimethyl ester (ETE) could be obtained
in 78% yield. The β-elemene triol (ETO) was isolated in 62% yield. The lower
yield could be due to the lower reactivity of 2-mercaptoethanol compared to methyl
thioglycolate.
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Scheme 3.4 Synthesis of trifunctional β-elemene monomers via thiol-ene addition

Product formation was confirmed by 1H and 13C{1H} NMR spectroscopy, ESI MS
and IR spectroscopy in both cases. The 1H NMR spectrum of ETE is shown in
Figure 3.7 and the absence of any alkene signals confirmed successful addition of
three molecules of methyl thioglycolate.
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Figure 3.7 1H NMR spectrum of ETE

The presence of four diastereomers of ETE was confirmed by analysis of signals
in the 13C{1H} NMR spectrum (Figure 3.8). The CH signals at the stereogenic
centres, Ca and Cb, showed four distinct peaks each. The equal intensity of the
peaks indicated existence of the diastereomers in equal ratios. Other carbon atoms,
for instance the CH and quaternary carbon atoms in the cyclohexane ring, also
showed four different signals.
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Figure 3.8 Section of the 13C{1H} NMR spectrum of ETE and zoomed in
sections of the signals of the CH carbon atoms Ca and Cb at the stereogenic

centers

The same was observed for the β-elemene triol derivative. The 13C NMR spectrum
evidenced the presence of four diastereomers of ETO with four signals of equal
intensity being present for various carbon atoms (Figure 3.9). For instance the
carbon atom Ca at the stereogenic center showed signals at 49.6 ppm, 49.5 ppm,
46.0 ppm and 45.9 ppm. The CH carbon on the other sterogenic center showed
peaks at 42.4 ppm, 42.3 ppm, 42.1 ppm and 41.9 ppm.
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Figure 3.9 13C{1H} NMR spectrum of ETO and zoomed in sections for the
signals of Ca and Cb

β-Elemene-based diamine
The synthesis of a β-elemene diamine derivate was also attempted for use as a
monomer in polyamide synthesis. The direct reaction of β-elemene with cysteamine
(2-aminoethanethiol) did not lead to any product formation in first test reactions.
This is presumably due to the high electron density of the amine group strengthening
the S-H bond and therefore hindering radical cleavage. This has been described in
the literature before and the use of cysteamine hydrochloride was found to be a more
reactive alternative leading to higher yields.71,205

The synthesis was therefore carried out by reaction of β-elemene with 4.5 equivalents
of cysteamine hydrochloride (Scheme 3.5) and subsequent work up with aqueous so-
dium carbonate solution to obtain the free amine. As cysteamine hydrochloride is
a solid salt which was found to be insoluble in the apolar β-elemene, ethanol was
added as a solvent to form a homogenous reaction mixture. The use of ethanol as a
solvent has also been reported in the literature for the thiol-ene addition of limonene
and cysteamine hydrochloride.71 Despite the higher reactivity of cysteamine hydro-
chloride compared to cysteamine, a high amount of 4.5 equivalents, a long reaction
time of 20 hours and a high initiator loading of 5 wt% was needed to achieve suffi-
cient conversion. After washing with Na2CO3 solution, the crude reaction product
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was purified via column chromatography. As the basic amine tended to stick to the
acidic silica gel, pre-treatment of the silica with a solution of methanol containing
1% NEt3 was carried out. Column chromatography still proved to be challenging
due to the polar nature of the amine and a solvent gradient, starting with pure meth-
anol and increasing the polarity to methanol with 16% NEt3, had to be employed.
Finally, the β-elemene diamine (EDA) was obtained as a yellow viscous liquid in
28% yield. As mentioned, the low yield probably arises from the low reactivity of
cysteamine hydrochloride and product loss during purification. Further experiments
need to be conducted to examine if the yield can be improved by use of a higher
amount of cysteamine hydrochloride, longer reaction times or different purification
methods.

HS
NH3
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H2N

S
H2N

DMPA (5 wt%)
EtOH
UV (365 nm)
RT, 20 hCl

2.) basic workup 
     with aq. Na2CO34.5 eq

EDA

28%

1.)

Scheme 3.5 Reaction scheme for the formation of β-elemene diamine (EDA)

Product formation was confirmed by 1H and 13C{1H} NMR spectroscopy (see Fig-
ure 3.10 for the 1H NMR spectrum), ESI MS and IR spectroscopy. Only the regioi-
somer depicted in Scheme 3.5 was obtained as a product. Once again, the presence
of two diastereomers was confirmed by 13C{1H} NMR spectroscopy with the pres-
ence of two signals of equal intensity for different carbon atoms, such as the CH
carbon atom of the stereocenter with signals at 43.42 ppm and 43.37 ppm and the
CH3 carbon atom adjacent with signals at 16.5 ppm and 16.4 ppm.
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Figure 3.10 1H NMR spectrum of EDA

3.3 Synthesis of polyesters through polycondensa-

tion reactions

Polyester formation using the synthesised β-elemene dimethyl ester, dialcohol and
monoester monoalcohol derivatives was then investigated in polycondensation re-
actions. While the heterobisfunctional EEO can be reacted on its own to form a
polyester, EDE and EDO need to be reacted with another co-monomer for poly-
ester synthesis. The polycondensation reactions were carried out in a two stage
process in a small scale parallel reactor. The first stage was carried out under
nitrogen to faciliate the formation of oligomers and in the second stage vacuum
was applied to remove the methanol formed enabling the formation of high mo-
lecular weight polymers. Different catalysts, such as triazabicyclodecene (TBD),
titanium(IV) isopropoxide (Ti(OiPr)4) or tin(II) octanoate (Sn(oct)2), were em-
ployed to facilitate polymerisation (Figure 3.11). These were chosen as they have
been reported in the literature for polycondensation reactions of terpene- and other
bio-based monomers.71,126,127,206 While Sn(oct)2 has issues associated with its tox-
icity and resource scarcity of tin, Ti(OiPr)4 and the organocatalyst TBD provide
more sustainable alternatives.
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Figure 3.11 Catalysts used for the polycondensation reactions

Polymerisation of EDE
At first, polyester formation was investigated by reaction of EDE with different
aliphatic diols (Scheme 3.6). Ethylene glycol, 1,4-butanediol, 1,5-pentanediol, 1,6-
hexanediol and 1,10-decanediol were chosen to compare the effect of different alkyl
chain lengths on the polymer formation and polymer properties.
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Scheme 3.6 Reaction of EDE with different diols to form β-elemene-based
polyesters. For convenience only the major regioisomer of EDE is displayed

A first test reaction was carried out with EDE and 1,6-hexanediol using 10 mol%
TBD as a catalyst (Table 3.1, entry 1). The oligomerisation stage was conducted
at 120 °C for 1.5 hours, followed by the vacuum stage with a temperature range,
starting from 120 °C and increasing to 200 °C, over the time of 7.5 hours. The
applied vacuum ranged between 1 mbar and 5 mbar for all the polycondensation
reactions. The conversion of the reaction was determined by integration of the
methoxy signal at 3.71 ppm in the 1H NMR spectrum and comparison to the integral
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of the alkene signals. A high conversion of 97% was calculated for entry 1. The
crude reaction product obtained was a brown, highly viscous liquid (Figure 3.12).
Precipitation from DCM into ice-cold methanol did not lead to formation of a solid
precipitate. Instead, the brown viscous material deposited at the bottom of the
beaker. Figure 3.13 shows the 1H NMR spectra of EDE and the obtained polyester.
Disappearance of the methoxy signal at 3.71 ppm and the appearance of new signals
at 4.10 ppm, corresponding to the CH2 signals next to the ester group, confirmed
successful polyester formation.

Table 3.1 Reaction of EDE with different diols and properties of the formed
polyesters. Reaction conditions used: N2/120 °C/1.5 hours and vacuum/
120-200 °C/7.5 hours. aN2/80 °C/1 hour and vacuum/120 °C/6 hours

entry co-monomer ratio
ester:OH

catalyst
(mol%)

conversion
[%]

M n
[g/mol]

Ð T g
[°C]

1 1,6-hexanediol 1:1 TBD (10) 97 8800 2.38 -16.7

2 1,6-hexanediol 1:1.2 TBD (10) 98 10250 2.56 -16.9

3 1,6-hexanediol 1:1.1 TBD (1) 30 1090 1.18 nd

4 1,6-hexanediol 1:1.1 Ti(OiPr)4 (1) 32 1230 1.22 nd

5 1,6-hexanediol 1:1.1 Sn(oct)2 (1) 33 1100 1.42 nd

6 1,6-hexanediol 1:1 none 2 nd nd nd

7 1,5-pentanediol 1:1.1 TBD (1) 29 1150 1.17 nd

8a 1,5-pentanediol 1:1 TBD (10) 87 3550 2.05 -19.7

9 1,10-decanediol 1:1.1 TBD (1) 38 1470 1.26 nd

10 1,10-decanediol 1:1.1 Sn(oct)2 (1) 49 1660 1.66 nd

11 1,10-decanediol 1:1 Ti(OiPr)4 (1) 87 9280 2.18 -31.1

12 1,10-decanediol 1:1.1 Ti(OiPr)4 (1) 76 9800 2.32 nd

13 ethylene gylcol 1:1.2 TBD (1) 42 1230 1.29 nd

14 ethylene glycol 1:1.2 Ti(OiPr)4 (1) 5 nd nd nd

15 ethylene glycol 1:1.2 Sn(oct)2 (1) 2 nd nd nd

16 ethylene glycol 1:1.2 none 0 nd nd nd

SEC analysis of the polyester from entry 1 showed a monomodal trace and reavealed
a molecular weight of 8800 g/mol, which correlates to a degree of polymerisation of
around 19, with a dispersity of 2.38. The polyester showed a T g of -16.7 °C, and no
melting point was visible in the DSC trace between -70 °C and 180 °C.
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Figure 3.12 Highly viscous polyester from EDE and 1,6-hexanediol
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Figure 3.13 1H NMR spectrum of EDE (top, black) and the polyester from
EDE and 1,6-hexanediol (bottom, red)

Using a higher amount of diol monomer can facilitate oligomerisation, and the excess
diol is then removed in the vacuum stage. An increase in 1,6-hexanediol content to
give a ratio of ester:alcohol groups of 1:1.2 did result in formation of a polyester with
a higher M n of 10250 g/mol (Table 3.1, entry 2). This means a slightly higher degree
of polymerisation of 22. The T g of the polyester was similar to that measured for
the polymer in entry 1. Analysis via TGA showed an onset degradation temperature
of 270 °C and a T deg, 5% of 329 °C for this polymer.

When the catalyst loading was decreased from 10 mol% to only 1 mol% (Table 3.1,
entry 3), the conversion dropped to 30% and the product obtained was a brown,
viscous liquid. It was shown to consist of only oligomers with an M n of 1090 g/mol,
which corresponds to a degree of polymerisation of only 2.

Similar results were observed when using 1 mol% of Ti(OiPr)4 or Sn(oct)2 as cata-
lysts (Table 3.1, entries 4 and 5). Without any catalyst present, the conversion
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dropped further to only 2% (Table 3.1, entry 6), highlighting the need of a catalyst
for successful polyester formation.

When using 1,5-pentanediol as a co-monomer in combination with 1 mol% TBD,
the same trend was observed with a low conversion and formation of a low molecular
weight oligomer (Table 3.1, entry 7). When increasing the TBD content to 10 mol%,
an increase in molecular weight could be achieved, even under milder reaction con-
ditions such as 1 hour at 80 °C under nitrogen and 6 hours at 120 °C under vacuum
(Table 3.1, entry 8). The conversion increased to 87% and the polyester showed a
M n of 3550 g/mol. This again indicates that the presence of a high catalyst loading
is advantageous for successful polyester formation.

With 1,10-decanediol, a longer alkyl chain spacer was investigated as a co-monomer.
The longer alkyl chain should increase the distance between the bulky β-elemene
monomer and therfore enable formation of higher molecular weight polymers. How-
ever, with both TBD and Sn(oct)2 at 1 mol% catalyst loading (Table 3.1, entries 9
and 10), only low conversions and formation of oligomers were observed, as for the
shorther chain 1,6-hexanediol and 1,5-pentanediol.

Interestingly, when Ti(OiPr)4 was used as a catalyst in an amount of 1 mol%,
high conversions and higher molecular weight polymers could be obtained for both
the 1:1 and 1:1.1 ratio of ester:alcohol groups (Table 3.1, entries 11 and 12). For
entry 11, the conversion was 87% and the polyester had a M n of 9280 g/mol, and
for entry 12 a conversion of 76% was observed with a M n of 9800 g/mol. The degree
of polymerisation of these polymers is around 19. These higher molecular weight
EDE-decanediol polyesters were beige highly viscous liquids (Figure 3.14). The T g

was -31.1 °C and this lower T g, compared to the hexanediol-based polymer, can be
explained by the longer, and therefore more flexible, alkyl chain of 1,10-decanediol.
It is unclear why the titanium catalyst showed a benefit compared to the other
two catalysts and why the same effect was not observed with the shorter chain
1,6-hexanediol. Further examination and repeat reactions need to be carried out
confirm the observed trends and gain a deeper understanding of the polymerisation
behaviour.
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Figure 3.14 Beige, highly viscous liquid polyester from EDE and 1,10-decanediol

With ethylene glycol, a very short chain spacer was utilised as a co-monomer
(Table 3.1, entries 13 to 16). With a low catalyst loading of only 1%, all catalysts
yielded very low to low conversions with TBD leading to the highest conversion of
42% (entry 13). However, only oligomers were formed.

It can be concluded that the formation of polyesters from EDE and 1,5-pentanediol,
1,6-hexanediol and 1,10-decanediol was successful. For 1,6-hexanediol, a polyester
with M n of 10250 g/mol could be obtained when using 10 mol% TBD, while for 1,10-
decanediol a similar molecular weight could be obtained with 1 mol% Ti(OiPr)4.
Ethylene glycol was found to be poorly reactive with low catalyst loadings.

Effect of different reaction conditions on polymer formation
Harsher reactions conditions were investigated to enable the formation of higher mo-
lecular weight polymers. Firstly, the oligomerisation stage was conducted at 180 °C
for 2 hours under nitrogen, followed by application of vacuum for 3 hours and a tem-
perature range starting at 180 °C and increasing to 230 °C (Table 3.2, entries 1-6).
Polyester formation with relatively high conversions, between 64% and 83%, was
achieved with 1 mol% Sn(oct)2 as a catalyst for 1,10-decanediol, 1,6-hexanediol,
1,4-butanediol and ethylene glycol (Table 3.2, entries 1-4). The molecular weight
of the polymers obtained decreased with decreasing chain length of the diol co-
monomer from 6260 g/mol for the decanediol-based polyester (Table 3.2, entry 1) to
1920 g/mol for 1,4-butanediol (entry 3) and 2200 g/mol for ethylene glycol (entry 4).
The decrease in molecular weight can be attributed to the lower molecular weight
of the diol monomer with decreasing chain length and an increase in steric bulk in
the polymer backbone for the shorter chain diols hindering the formation of higher
molecular weight polymer chains. The decanediol- and hexanediol-based polymers
showed a higher degree of polymerisation of around 11, while the butanediol and
ethylene glycol polymers showed a lower degree of only 5. The glass transition
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temperatures increased with a decrease in alkyl chain length due to a decrease in
flexbility of the polymer backbone. A T g of -29.0 °C was observed for the EDE-
decanediol polyester, while values of -24.9 °C and -21.7 °C were obtained for the
hexanediol and butanediol derivatives respectively. The EDE-ethylene glycol poly-
ester showed the highest T g with -13.9 °C.

Table 3.2 Reaction of EDE with different diols. General reaction conditions used
N2/180 °C/2 hours and vacuum/180-230 °C/3 hours. aN2/180 °C/2 hours and
vacuum/230-250 °C/6 hours, bN2/180 °C/5 hours and vacuum/180-220 °C/20

hours, cN2/60-120 °C/2.5 hours and vacuum/120-220 °C/11 hours

entry co-monomer ratio
ester:OH

catalyst
(mol%)

conversion
[%]

M n
[g/mol]

Ð T g
[°C]

1 1,10-decanediol 1:1.1 Sn(oct)2 (1) 83 6260 4.46 -29.0

2 1,6-hexanediol 1:1.1 Sn(oct)2 (1) 82 5200 4.38 -24.9

3 1,4-butanediol 1:1.1 Sn(oct)2 (1) 64 1920 2.40 -21.7

4 ethylene glycol 1:1.2 Sn(oct)2 (1) 69 2200 2.98 -13.9

5 ethylene glycol 1:1.2 Ti(OiPr)4 (1) 73 3010 1.86 -9.8

6 ethylene glycol 1:1.2 TBD (1) 73 2490 1.52 -16.0

7a ethylene glycol 1:1.2 TBD (10) insoluble nd

8a ethylene glycol 1:1.2 Ti(OiPr)4 (1) insoluble nd

9a ethylene glycol 1:1.2 Ti(OiPr)4 (10) insoluble nd

10b 1,6-hexanediol 1:1.2 TBD (10) insoluble -11.8

11b 1,6-hexanediol 1:1.2 Ti(OiPr)4 (10) insoluble -12.7

12b 1,6-hexanediol 1:1.2 Sn(oct)2 (10) insoluble -8.1

13c 1,6-hexanediol 1:1 TBD (1) 48 1510 1.66 nd

14c 1,6-hexanediol 1:1 TBD (10) 96 5670 2.96 nd

15c 1,6-hexanediol 1:1 Ti(OiPr)4 (1) insoluble nd

16c 1,6-hexanediol 1:1 Ti(OiPr)4 (10) insoluble nd

17c 1,10-decanediol 1:1 TBD (1) 55 1840 1.79 nd

18c 1,10-decanediol 1:1 TBD (10) 97 7150 3.08 nd

When Ti(OiPr)4 or TBD, both at 1 mol% loading, were used in the reaction of EDE
and ethylene glycol, conversions of 73% were achieved (Table 3.2, entries 5 and 6).
The molecular weights were in a similar range to the reaction with Sn(oct)2, with
Ti(OiPr)4 enabling the formation of a slightly higher molecular weight polyester with
3010 g/mol (entry 5), compared to 2490 g/mol for TBD (entry 6) and 2200 g/mol
for Sn(oct)2 (entry 4). This is another possible indicator that the use of Ti(OiPr)4
might be preferential for the formation of higher molecular weight polyesters. These
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polyesters showed T g values between -16.0 °C and -9.8 °C, in line with the trend for
a higher T g with shorter alkyl chain of the diol co-monomer.

Interestingly, when the temperature of the vacuum stage was increased to 250 °C
for the reaction of EDE and ethylene glycol, insoluble solids formed as a product
irrespective of the catalyst used (Table 3.2, entries 7-9). These solids proved to
be insoluble in chloroform, THF, DMF or HFIP (1,1,1,3,3,3-hexafluoro-2-propanol),
therefore preventing further analysis via NMR spectroscopy or SEC analysis. The
insolubility could point to either formation of high molecular weight polymers or
degradation due the high reaction temperature. However, the IR spectra of the
insoluble polymers were identical with the spectra for the soluble EDE-ethylene
glycol polymers, indicating that no degradation took place. Further investigations
such as TGA measurements need to be conducted to examine the thermal stability
of these polyesters.

Formation of insoluble, rubbery solids was also observed for the reaction of EDE
with 1,6-hexanediol irrespective of the catalyst employed when the vacuum stage
was conducted for a longer time of 20 hours at 180-220 °C (Table 3.2, entries 10-
12). Compared to the soluble EDE-hexanediol polymer from Table 3.1 entry 2, the
insoluble polymer from entry 11 showed mostly the same peaks in the IR spectrum
(Figure 3.16). The only difference is the absence of two C-O stretches between 1000-
1100 cm-1 and three peaks in the fingerprint region. Potentially the additional C-O
stretches present in the soluble polymer stem from OMe endgroups which reacted
further at these harsher reaction conditions. This is strong evidence that these insol-
uble products are indeed the desired polyesters and not any degradation products.
This could imply that the use of harsher reaction conditions does indeed lead to
formation of polyesters with higher molecular weight.

The insoluble polymers showed T g values between -11.8 °C and -8.1 °C. The fact
that these values are slightly higher compared with those measured of the soluble
EDE-hexanediol polyesters could also indicate the presence of higher molecular
weight polymers. A T deg, onset of 285 °C and a T deg, 5% of 324 °C was measured for
the insoluble materials. These values are similar to the ones obtained for the soluble
EDE-hexanediol polymers.
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Figure 3.15 Insoluble polyesters from raction of EDE and 1,6-hexanediol
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Figure 3.16 Comparison of the insoluble polyester from Table 3.2 entry 11 (red)
with the soluble one from Table 3.1 entry 2 (black)

Conducting the oligomerisation stage at a lower temperature range of 60-120 °C for
2.5 hours and then increasing the temperature from 120 to 220 °C under vacuum
over the course of 11 hours was tested as a final set of conditions. With TBD,
soluble polyesters could be obtained both for the 1 mol% and 10 mol% case when
1,6-hexanediol was used as a co-monomer (Table 3.2, entries 13 and 14). Once again,
with 1 mol% catalyst, a lower conversion of 48% was observed and only oligomers
with M n 1510 g/mol were obtained. This shows that, compared with the results
from Table 3.1, the higher temperature and longer reaction time in the vacuum stage
did not lead to a significant increase in molecular weight. When 10 mol% TBD was
employed, the conversion increased to 96% and the molecular weight to 5670 g/mol.
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This is, however, lower compared to the results from Table 3.1. The same could
be observed when 1,10-decandiol was used a co-monomer (Table 3.2, entries 17 and
18).

Insoluble solids of presumably high molecular weight were obtained when Ti(OiPr)4
was used as a catalyst in both 1 mol% or 10 mol% quantities (Table 3.2, entries
15 and 16). This affirms again that Ti(OiPr)4 is the most effective catalyst for the
polycondensation reactions of EDE with diols.

Polymerisation of EDO
The polyester formation from EDO was only investigated with dimethyl adipate
as a co-monomer (Scheme 3.7). For nearly all reactions a 1:1 ratio of ester:alcohol
groups was employed. Different catalysts and reaction conditions were tested in
attempts to obtain high molecular weight polyesters.
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Scheme 3.7 Reaction of EDO with dimethyl adipate to form a polyester. For
convenience only the major regioisomer of EDO is displayed

For low temperature conditions, where the first stage of the polycondensation re-
action was carried out at 80 °C and the vacuum stage at 120 °C, 90% conversion
was achieved when using 10 mol% TBD as a catalyst (Table 3.3, entry 1). The
conversion was determined by integration of the methoxy signal of dimethyl adipate
in the 1H NMR spectrum and comparison to the integral of the alkene signals. The
1H NMR spectrum of the produced polyester is depicted in Figure 3.17. Successful
polymer formation was confirmed by the presence of the resonance signal arising
from the CH2 group adjacent to the OH group shifting from 3.71 ppm to 4.20 ppm.
Appearance of new signals at 2.33 ppm, belonging to the alkyl backbone of the
dimethyl adipate co-monomer, also indicated successful co-polymerisation. The ob-
tained polyester was of low molecular weight with a M n of only 2290 g/mol. As for
the EDE-based polyester, the obtained polymers were highly viscous materials.
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Table 3.3 Reaction of EDO with dimethyl adipate under different reaction
conditions. A 1:1 ratio of ester:alcohol used for all reactions unless stated

otherwise. a1:1.2 ratio of ester:alcohol used

entry conditions catalyst
(mol%)

conversion
[%]

M n
[g/mol]

Ð T g
[°C]

1 [N2/80 °C/1 h][vac/120 °C/6 h] TBD (10) 90 2290 1.47 nd

2 [N2/60-120 °C/2.5 h][vac/120-220 °C/11 h] TBD (8) 99 4790 2.74 nd

3 [N2/60-120 °C/2.5 h][vac/120-220 °C/11 h] TBD (0.8) 99 2550 1.77 nd

4 [N2/60-120 °C/2.5 h][vac/120-220 °C/11 h] Ti(OiPr)4 (8) 99 5080 2.53 nd

5 [N2/60-120 °C/2.5 h][vac/120-220 °C/11 h] Ti(OiPr)4 (0.8) 100 3640 2.16 nd

6 [N2/120 °C/1.5 h][vac/220 °C/7.5 h] TBD (10) 99 5180 1.96 -21.8

7a [N2/120 °C/1.5 h][vac/220 °C/7.5 h] TBD (10) 99 4020 1.80 -21.8

8 [N2/180 °C/2 h][vac/230 °C/3 h] TBD (1) 93 3460 1.71 nd

9 [N2/180 °C/2 h][vac/230 °C/3 h] Ti(OiPr)4 (1) 100 20380 3.70 -20.2

10 [N2/180 °C/2 h][vac/230 °C/3 h] Sn(oct)2 (1) 100 4020 2.56 nd

11 [N2/180 °C/5 h][vac/180-220 °C/20 h] TBD (10) 98 4430 2.78 -22.0

12 [N2/180 °C/5 h][vac/180-220 °C/20 h] Ti(OiPr)4 (10) insoluble -19.5

13 [N2/180 °C/5 h][vac/180-220 °C/20 h] Sn(oct)2 (10) insoluble -17.8
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Figure 3.17 1H NMR spectra of EDO (top, black) and the polyester obtained
from EDO and dimethyl adipate (bottom, red)

Altering the oligomerisation temperature to a ramp from 60 to 120 °C and the
vacuum stage temperature to 120-220 °C, resulted in an increase in conversion to
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99% and an increase in molecular weight to 4790 g/mol (Table 3.3, entry 2). With a
lower amount of only 0.8 mol% TBD, the molecular weight decreased to 2550 g/mol
(entry 3). Again slightly higher M n values were obtained with Ti(OiPr)4 as a catalyst
compared to TBD, with an M n up to 5080 g/mol (entries 4 and 5).

Conducting the polymerisation without ramping the temperature, led to only a
small increase in molecular weight (Table 3.3, entry 6). Utilisation of a higher
EDO content with a 1:1.2 ratio of ester groups:alchohol groups led to a decrease in
molecular weight (entry 7). The reason might be that the boiling point of EDO
is higher compared to the linear alkyl chain diols used in combination with EDE
and removal of the excess EDO, even at high temperatures under vacuum, might
therefore be hindered.

Harsher conditions of 180 °C for oligomerisation and 230 °C for the vacuum stage
did not lead to formation of insoluble solids as observed for polycondensation of
EDE. Even with 1 mol% catalyst loading, high conversions between 93 and 100%
were achieved and soluble, highly viscous liquids with higher molecular weights were
formed (Table 3.3, entries 8-10). The reaction with TBD showed the lowest M n of
3460 g/mol, while with Sn(oct)2 a polyester with M n of 4020 g/mol was obtained.
Once again the titanium catalyst showed the best performance with the synthesis
of a polyester with a high molecular weight of 20380 g/mol and dispersity of 3.70.
This is a remarkably high value for a terpene-based polyester. Meier, for instance,
reported the formation of polyesters with a molecular weight up to 24700 g/mol
from limonene diester or limonene diol with linear co-monomers containing up to 16
CH2 groups in the backbone.127 However, although the molecular weight of these
polyesters is higher, due to the high co-monomer weight, the degree of polymer-
isation only amounts to 30. The polyester from EDO and dimethyl adipate, with
M n of 20380 g/mol, has a degree of polymerisation of 43, which is impressive when
compared to the limonene-based polyesters. Prolonged reaction times at high tem-
peratures led to formation of insoluble solids as reaction products when Ti(OiPr)4
or Sn(oct)2 were employed in high catalyst loadings, while the use of TBD resulted
in a polyester with 4430 g/mol (Table 3.3, entries 11-13).

The obtained soluble polyesters showed similar T g values between -22.0 °C and -20.2
°C, while the insoluble solids showed slightly higher values of -19.5 °C and -17.8 °C.
This could again indicate formation of higher molecular weight polymers.

100% β-elemene-based polyesters
The reaction between EDE and EDO was also investigated to form a 100% β-
elemene-based polyester (Scheme 3.8). Due to the bulky nature of both β-elemene-
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based monomers, the formation of low molecular weight polymers was expected.
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Scheme 3.8 Formation of a 100% β-elemene-based polyester by reaction of EDE
with EDO or polymerisation of the mixed heterobisfunctional EEO

The reaction of EDE and EDO was first carried out with 10 mol% TBD as a
catalyst (Table 3.4, entry 1). The oligomerisation stage was performed at 80 °C for
1 hour and the vacuum stage at 120 °C for 6 hours. A brown, highly viscous liquid
was obtained which showed a M n of 2320 g/mol. With higher reaction temperatures
of 180 °C and 180-230 °C, the M n could be increased to 5730 g/mol with the use of 1
mol% of Sn(oct)2 (Table 3.4, entry 2). The dispersity of this polyester was very high
with a value of 7.09. T g values of -10.4 and -11.1 °C were observed for these EDE-
EDO polyesters, being slightly higher compared to the polyesters synthesised with
alkyl chain co-monomers. This is ascribed to the increased steric bulk in the polymer
backbone due to the presence of cyclohexane rings in both monomers. The results
are comparable, or even slightly better, than those reported for limonene, where
a M n of 3000 g/mol was reported for reaction of limonene diester with limonene
diol.127
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Table 3.4 Reaction conditions and polymer properties for the reaction of different
β-elemene monomers. A 1:1 ester to alcohol group ratio was used for all reactions.

aN2/80 °C/1 hour and vacuum/120 °C/6 hours, bN2/180 °C/2 hours and
vacuum/180-230 °C/3 hours, cN2/60-120 °C/2.5 hours and vacuum/120-220 °C/11

hours

entry ester alcohol catalyst
(mol%)

conversion
[%]

M n
[g/mol]

Ð T g
[°C]

1a EDE EDO TBD (10) 64 2320 1.74 -10.4

2b EDE EDO Sn(oct)2 (1) 94 5730 7.09 -11.1

3c EEO TBD (5) 95 4650 4.22 -2.2

4b EEO Sn(oct)2 (1) 95 4970 4.85 -3.0

5a ETE ETO TBD (15) 44 4950 3.13 -0.2

The heterobisfunctional EEO monomer can be self-polymerised to a polyester
(Scheme 3.8). With 5 mol% TBD as a catalyst, a high conversion of 95% was
achieved and the formed polyester (Figure 3.18) showed a M n of 4650 g/mol
(Table 3.4, entry 3). Successful polyester formation was confirmed by 1H NMR
spectroscopy, where the singlet signal at 3.71 ppm, corresponding to the methoxy
CH3 of EEO, vanished almost completely (Figure 3.19). A shift could be observed
for the -O-CH2 signal from 3.69 ppm to 4.19 ppm. Under higher reaction temperat-
ures, but with only 1 mol% Sn(oct)2 as a catalyst, the conversion stayed the same
at 95%. The M n of the obtained polyester was slightly higher at 4970 g/mol. The
T g values were again higher at -2.2 °C and -3.0 °C, due to the increased bulk in
the polymer backbone. Compared to the purely limonene-based polyesters reported
by Meier and co-workers, which exhibited molecular weights between 7700 g/mol
and 10500 g/mol, the molecular weights of poly(EEO) are slighlty lower. However,
comparisons are somewhat limited as the molecular weight values of both the li-
monene polyesters and of poly(EEO) are obtained by SEC with referencing against
polystyrene standards. The values therefore do not represent the true molecular
weight as different polymers have different hydrodynamic volumes. The T g for
poly(EEO) is slightly higher at -2 or -3 °C compared to the limonene polyesters,
which showed values around -10 °C.127 The results confirm that polyester formation
with terpene-based monomers, espectially those possessing a cyclohexane ring, is
possible, but higher molecular weight polymer formation might be hindered due to
the steric bulk.
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Figure 3.18 Poly(EEO), a 100% β-elemene-based polyester
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Figure 3.19 1H NMR spectra of EEO (top, black) and poly(EEO) (bottom, red)

Reaction between the trifunctional monomers ETE and ETO was also attempted
to form a cross-linked thermoset. With 15 mol% TBD, a conversion of 44% was
achieved and the formed polyester showed a M n of 4950 g/mol (Table 3.4, entry 5).
Although this is higher compared with the products from reaction of the difunctional
monomers, the cross-linking degree is still expected to be low as the polyester was
soluble and the molecular weight low. Presumably cross-linking might be inhibited
by the bulky nature of the β-elemene-based monomers. The polymer showed a T g

of -0.2 °C.
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3.4 Polyamide synthesis via polycondensation reac-

tions

Similar to the polyester formation, the synthesis of polyamides can be achieved
via polycondensation of a diester and a diamine. EDE was therefore investigated
as a co-monomer to synthesise different β-elemene-based polyamides (Scheme 3.9).
Two linear alkyl diamines, 1,6-hexanediamine and 1,10-decanediamine, were chosen
to compare the effect of the different chain lengths in the polymer backbone
on polymer formation and polymer properties. Furthermore, the bio-based 2,5-
bis(aminomethyl)furan was investigated as a co-monomer and with benzene-1,4-
diamine another aromatic co-monomer was targeted. TBD and titanium isopropox-
ide were employed as catalysts, as these were reported in the literature for polyamide
synthesis, and for all reactions an equimolar ratio of diester to diamine was used.71

S

O

S
O

O

O

H2N
R

NH2

S

S
N
H

O

R

O

N
H

n

- MeOH

cat.

O

NH2H2N
H2N

NH2

H2N
NH2

1,6-hexanediamine

1,10-decanediamine

2,5-bis(aminomethyl)furan

NH2H2N

benzene-1,4-diamine

Scheme 3.9 Polycondensation reaction of EDE with different diamines to form
polyamides

A first reaction of EDE with 1,6-hexanediamine was conducted at 65-80 °C for
the oligomerisation stage and 100-160 °C for the vacuum stage, and 1 mol% TBD
was used as a catalyst (Table 3.5, entry 1). Even under these mild reaction con-
ditions, 87% conversion, calculated by integration of the methoxy signal in the 1H
NMR spectrum and compared with the integral of the alkene signals as an "internal
standard", could be achieved. The obtained product was a hard, orange solid and
the M n was 3460 g/mol with a dispersity of 1.81. Solubility in THF for SEC analysis
was only achieved after leaving the solid in contact with the solvent for a few days.
Successful polyamide formation was indicated by a reduction of the methoxy signal
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of EDE in the 1H NMR spectrum. The spectrum of the obtained product is shown
in Figure 3.20 and shows a clearly diminished methoxy signal at 3.71 ppm. New
signals at 3.30 ppm and 6.92 ppm confirmed the incorporation of hexanediamine
into the polymer backbone.

Table 3.5 Reaction conditions and polymer properties for the reaction of EDE
with different diamines. A 1:1 amine to ester group ratio was used for all reactions.
Reaction conditions used were N2/65-80 °C/3 hours and vacuum/100-160 °C/3
hours, aN2/65-80 °C/3 hours and vacuum/100-200 °C/6 hours, bN2/65-80 °C/3

hours and vacuum/100-220 °C/12 hours

entry co-monomer catalyst
(mol%)

conversion
[%]

M n
[g/mol]

Ð T g
[°C]

1 1,6-hexanediamine TBD (1) 87 3460 1.81 nd

2 1,6-hexanediamine Ti(OiPr)4 (1) 78 3620 1.41 nd

3a 1,6-hexanediamine TBD (1) 87 4650 1.55 nd

4b 1,6-hexanediamine TBD (1) 93 5860 1.95 40.5

5 1,10-decanediamine TBD (1) 85 4970 1.54 nd

6 1,10-decanediamine Ti(OiPr)4 (1) 79 4550 1.46 nd

7a 1,10-decanediamine TBD (1) 93 7490 1.79 nd

8b 1,10-decanediamine TBD (1) 95 9530 2.15 33.7
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Figure 3.20 1H NMR spectra of EDE (top, black) and the polyamide obtained
from EDE and 1,6-hexanediamine (bottom, red)
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The successful formation of a polyamide could also be be confirmed by IR spectro-
scopy. While the ester C=O vibration of the unreacted EDE monomer was still
visible as a weak signal at 1734 cm-1 in the IR spectrum (Figure 3.21), a new strong
C=O signal appeared at 1638 cm-1 corresponding to the amide C=O stretch. The
amide N-H vibration was also visible as a broad signal at 3288 cm-1.

When using 1 mol% Ti(OiPr)4 under the same reaction conditions, the conver-
sion dropped slightly, but the produced polyamide showed a slightly higher M n of
3620 g/mol with a lower dispersity of 1.41 (Table 3.5, entry 2). Increasing the
temperature range of the vacuum stage to 100-200 °C (entry 3) resulted in the
same conversion as for entry 1, however, the M n of this polyamide was higher at
4650 g/mol. A further increase in M n was achieved when increasing the vacuum
stage temperature range to 100-220 °C and prolonging the reaction time to 12 hours.
Under these conditions the polymer sample had a M n value of 5860 g/mol (entry 4),
corresponding to a degree of polymerisation of 12. The polymer showed a T g of
40.5 °C in DSC analysis.
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Figure 3.21 IR spectrum of the polyamide from EDE and 1,6-hexanediamine
(Table 3.5, entry1). The ester C=O vibration, from unreacted monomer, appears

at 1734 cm-1 (yellow box) and the new amide C=O vibration is visible at
1638 cm-1 (red box)

Similar results were obtained with 1,10-decanediamine as a co-monomer. With
1 mol% TBD, a polyamide with a M n of 4970 g/mol was obtained (Table 3.5,
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entry 5). Here the use of the titanium catalyst led to a slightly lower M n with
4550 g/mol (entry 6).

Increasing the temperature range of the vacuum stage and prolonging the reaction
time also led to a significant improvement in molecular weight for the reaction of
EDE and 1,10-decanediamine. High conversions of 93% and 95% were achieved,
with polymers showing M n values of 7490 g/mol and 9530 g/mol (Table 3.5, entries
7 and 8). This high molcular weight corresponds to a degree of polymerisation
of 18, which is higher compared with that of the hexanediamine-based polyamide.
Potentially the longer alkyl chain of decanediamine is facilitating formation of longer
polymer chains by increasing the space between the bulky EDE units. The EDE-
decanediamine polyamide exhibited a T g of 33.7 °C, being lower compared to the
hexanediamine-based polymer, which could be due to the longer and more flexible
alkyl chain backbone of decanediamine. TGA measurements showed a T deg, onset of
316 °C and T deg, 5% of 355 ° C for this polymer.

Both the M n values from the 1,6-hexanediamine and the 1,10-decanediamine de-
rived polymers seem to be close to each other. It is therefore difficult to draw
distinct conclusions on the effect of the catalysts and their loading. Other aspects,
such as integrating the SEC curves slightly differently, could also have an effect on
the accuracy of the obtained M n values, making comparisons of close values less
meaningful.

A further investigation into the effect of catalysts and their loading was conducted
with the oligomerisation stage at 120 °C for 1.5 hours, followed by the vacuum
stage at 120-200 °C for 7.5 hours. With 1,6-hexanediamine and the use of 1 mol%
TBD, a polymer with molecular weight of 4040 g/mol could be obtained under these
conditions (Table 3.6, entry 1). When the catalyst loading was increased to 10 mol%,
both conversion and M n increased, to 97% and 5200 g/mol, respectively (entry 2).
The use of Ti(OiPr)4 as a catalyst with 1 mol% loading, led to an even higher
molecular weight of 5790 g/mol (entry 3). This could indicate that the titanium
catalyst might also be slightly more efficient in facilitating polyamide formation.
Suprisingly, even without any catalyst present, polymer formation occurred and a
conversion of 87% was observed (entry 4). However, the molecular weight of the
product was slightly lower with only 3920 g/mol.

For 1,10-decanediamine as a co-monomer, the trend seemed to be a bit different.
The highest molecular weight polymer of 9920 g/mol could be obtained with 1 mol%
TBD (Table 3.6, entry 5). With 10 mol% TBD, the M n value dropped slightly to
9510 g/mol (entry 6). The use of the titanium isopropoxide catalyst led to formation
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of a hard brown solid, which was only partly soluble in THF. The soluble fraction
showed a M n of 8820 g/mol (entry 7), which is slightly lower compared to the
molecular weights achieved with TBD. Presumably the actual molecular weight is
higher though due to the partial insolubility which could indicate formation of a
small fraction of high molecular weight polymers. Again, when the reaction was
conducted with no catalyst, successful polyamide formation was observed with a
high conversion of 94% and a relatively high M n of 7970 g/mol (entry 8).

Table 3.6 Reaction conditions and polymer properties for the reaction of EDE
with different diamines. A 1:1 amine to ester group ratio was used for all reactions.

Reaction conditions used were N2/120 °C/1.5 hours and vacuum/120-200 °C/
7.5 hours. aOnly partly soluble in THF

entry co-monomer catalyst
(mol%)

conversion
[%]

M n
[g/mol]

Ð T g
[°C]

1 1,6-hexanediamine TBD (1) 88 4040 1.91 nd

2 1,6-hexanediamine TBD (10) 97 5200 1.66 nd

3 1,6-hexanediamine Ti(OiPr)4 (1) 91 5790 1.86 nd

4 1,6-hexanediamine none 87 3920 1.88 nd

5 1,10-decanediamine TBD (1) 96 9920 2.05 nd

6 1,10-decanediamine TBD (10) 98 9510 2.02 nd

7 1,10-decanediamine Ti(OiPr)4 (1) 95 8820a 2.29 nd

8 1,10-decanediamine none 94 7970 2.12 nd

9 2,5-bis(aminomethyl)furan TBD (1) insoluble insoluble nd

10 benzene-1,4-diamine TBD (1) 38 1310 1.51 nd

With 2,5-bis(aminomethyl)furan and benzene-1,4-diamine two aromatic diamines
were also tested as co-monomers. The reaction with 2,5-bis(aminomethyl)furan
led to formation of an insoluble solid. This could either be an indication of the
formation of a high molecular weight polymer, or that degradation occurred. With
benzene-1,4-diamine on the other hand, a low conversion of 38% was achieved, and
the product proved to be only oligomers. This can most likely be explained by the
lower reactivity of benzene-1,4-diamine due to free lone pairs of the amine groups
being in resonance with the π-system of the phenyl ring, leading to a decreased
nucleophilicity of the amine.

When conducting the polycondensation reaction under harsher conditions of 180 °C
for 2.5 hours under nitrogen and 230 °C for 6 hours under vacuum, mostly brown, in-
soluble solids formed (Table 3.7, Figure 3.22). The reaction with 1,6-hexanediamine
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and 1,10-decanediamine resulted in solids which were only soluble in chloroform after
standing for a few days and were insoluble in THF, DMF or HFIP. The conversions
determined via NMR spectroscopy were high, with values between 95% and 98%
(Table 3.7, entries 1-4). Molecular weight analysis could not be conducted due to
insolubility in THF. Further work needs to be conducted to examine if solubility can
be achieved when leaving the samples to solubilise over a longer time or by heating.
When comparing the IR spectrum of the insoluble solid from Table 3.7 entry 1 with
one of the soluble hexanediamine-based polyamides, the same signals were observed
(Figure 3.23). This could indicate that these insoluble solids are indeed polyamides
of high molecuar weight and not degration products.

Table 3.7 Reaction conditions and polymer properties for the reaction of EDE
with different diamines. A 1:1 amine to ester group ratio was used for all reactions.
Reaction conditions used were N2/180 °C/2.5 hours and vacuum/230 °C/6 hours

entry co-monomer catalyst
(mol%)

conversion
[%]

M n
[g/mol]

T g
[°C]

1 1,6-hexanediamine TBD (1) 97 insoluble 44.4

2 1,6-hexanediamine Ti(OiPr)4 (1) 95 insoluble nd

3 1,10-decanediamine TBD (1) 98 insoluble 36.6

4 1,10-decanediamine Ti(OiPr)4 (1) 97 insoluble nd

5 2,5-bis(aminomethyl)furan TBD (1) insoluble insoluble 57.9

6 2,5-bis(aminomethyl)furan Ti(OiPr)4 (1) insoluble insoluble nd

Figure 3.22 Insoluble solids formed in the reaction of EDE with
1,6-hexanediamine and 1,10-decanediamine
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Figure 3.23 Comparison of the insoluble polyamide from Table 3.7 entry 1 (red)
with the soluble polyamide from Table 3.5 entry 3 (black)

With 2,5-bis(aminomethyl)furan the produced solids were found to be insoluble in
all common organic solvents (Table 3.7, entries 5 and 6). Due to the absence of
a soluble 2,5-bis(aminomethyl)furan-based polyamide sample for comparison, it is
unclear if the insolubililty of the products stemmed from formation of high molecular
weight polymers, or if degradation occurred at the high reaction temperatures.

The T g values of the products obtained from entries 1, 3 and 5 were determined via
DSC. For the polyamide from 1,6-hexandiamine a T g of 44.4 °C was measured, while
the polyamide with 1,10-decanediamine incorporated showed a lower T g value of 36.6
°C ascribed to the longer and more flexible alkyl chain in the polymer backbone. The
T g of the 2,5-bis(aminomethyl)furan-based polyamide was found to be 57.9 °C. In
general the glass transition temperatures of these polyamides are higher compared
to the synthesised β-elemene-based polyesters, which is ascribed to the presence of
hydrogen bonding in the polyamides. No melting transition was visible in the DSC
trace between -60 and 200 °C. A T deg, onset of 316 °C and a T deg, 5% of 353 °C were
observed for the EDE-decanediamine polymer from entry 3. These values are the
same as those obtained for the soluble EDE-decanediamine polyamide mentioned
above.
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Polyamide formation with EDA
The synthesised β-elemene diamine, EDA, can also be utilised as a monomer for
polyamide synthesis. Reaction with different diesters such as dimethyl adipate,
dimethyl sepacate, dimethyl terephthalate and EDE, to form a 100% β-elemene-
based polyamide, was therefore targeted (Scheme 3.10).
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Scheme 3.10 Polyamide synthesis via reaction of EDA with EDE, dimethyl
adipate, dimethyl sebacate or dimethyl terephthalate as co-monomers

Reaction of EDA with EDE was first carried out using 1 mol% TBD as a catalyst
(Table 3.8, entry 1). A high conversion of 90% was observed and the produced poly-
amide showed a M n of 6170 g/mol. An increase in catalyst loading to 10 mol% led to
a slight increase in M n to 6670 g/mol (entry 2). This equates to a degree of polymer-
isation of 9. As expected this is lower compared to the polyamides from linear alkyl
chain diamines likely due to the bulkiness of both β-elemene co-monomers. These
M n values are in a similar range to M n values of the 100% limonene-based poly-
amides reported by Meier and co-workers, which showed molecular weights between
6430 g/mol and 7870 g/mol.71 A T g of 39.6 °C was measured for the EDA-EDE
polymer from entry 2.
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Table 3.8 Reaction conditions and polymer properties for the reaction of different
β-elemene monomers. A 1:1 amine to ester group ratio was used for all reactions.
Reaction conditions used were N2/120 °C/1.5 hours and vacuum/120-200 °C/7.5

hours. aOnly partly soluble in THF

entry amine ester catalyst
(mol%)

conversion
[%]

M n
[g/mol]

Ð T g
[°C]

1 EDA EDE TBD (1) 90 6170 2.43 nd

2 EDA EDE TBD (10) 95 6670 2.27 39.6

3 EDA dimethyl adipate TBD (1) 99 740 2.12 nd

4 EDA dimethyl sebacate TBD (1) 99 1110 2.54 nd

5 EDA dimethyl terephthalate TBD (1) 98 1080a 3.01 nd

The 1H NMR spectrum of the EDA-EDE polyamide is shown in Figure 3.24. A shift
of the CH2 signal next to the amine group, from 2.84 ppm for EDA to 3.46 ppm
for the product, confirmed successful amide formation. The singlet at 3.74 ppm
showed the presence of a small amount of unreacted EDEmonomer in the unpurified
polymer product.
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Figure 3.24 1H NMR spectrum of the polyamide from EDA and EDE

Reaction of EDA with dimethyl adipate led to formation of a hard, brown solid
with a high conversion of 99% (Table 3.8, entry 3). However, SEC analysis revealed
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formation of oligomers only. Similar results were obtained with the longer chain
dimethyl sebacate, where a high conversion, but low molecular weight, was observed
(entry 3). While Meier reported the formation of high molecular weight polyamides
of up to 10630 g/mol from limonene diamine and longer chain diesters, the polyamide
formation from limonene diamine and dimethyl adipate was only investigated with
additional presence of other long chain diamines.71 Comparison of the molecular
weight between the EDA-dimethyl adipate oligomer and a pure limonene-dimethyl
adipate polyamide can therefore not be made.

With the aromatic diester, dimethyl terephthalate, solid formation occurred and
the product was partly soluble in chloroform. The soluble fraction showed a high
conversion of 98% (entry 5). Furthermore, the product was only partly soluble in
THF. The obtained M n value of 1080 g/mol is therefore most likely underestimated.

It remains unclear why polyamide formation was successful with the more bulky
EDE, but not with the linear dimethyl adipate or dimethyl sebacate. Potentially
impurities, such as acid or alcohol traces, were present in these commercially ob-
tained dimethyl esters, which could lead to salt formation or esterification.

3.5 Summary

In summary, novel β-elemene-based monomers have been synthesised by addition of
various functionalised thiols to β-elemene via thiol-ene reaction. Formation of poly-
esters and polyamides from these monomers was demonstrated via polycondensation
reactions. Polyester formation of the β-elemene diester EDE was demonstrated with
a range of linear alkyl diols leading to formation of highly viscous liquids, or insol-
uble solids under harsher reaction conditions. Of the soluble polyesters, the highest
molecular weights obtained were 9800 g/mol for reaction with 1,6-hexanediol as a
co-monomer and 10250 g/mol for reaction with 1,10-decanediol as co-monomer. The
insoluble solids obtained are most likely polymers with higher molecular weight, al-
though further work needs to be carried out confirm this and to examine the thermal
behaviour to confirm that degradation did not occur. Glass transition temperatures
of the obtained polyesters ranged between -31.1 °C and -8.1 °C.

Polycondensation reaction of the β-elemene diol derivative EDO was carried out
with dimethyl adipate as co-monomer. Polyesters with a high molecular weight of
up to 20380 g/mol were obtained with glass transition temperatures between -22.0 °C
and -17.8 °C. Polyesters purely based on β-elemene monomers were also synthesised
by reaction of EDE with EDO, reaction of the trifunctional β-elemene monomers
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or by self-polymerisation of the heterobisfunctional β-elemene monoester monol.

All the β-elemene-based polyesters synthesised show similar properties in terms of
molecular weight and glass transition temperatures compared to limonene-based
polyesters reported by Meier via the same synthetic route. This shows that these
polymers are another meaningful addition to the range of terpene-based polyesters
already described in the literature.

Future work comprises looking at other co-monomers, such as longer chain diols or
dimethyl esters, or other catalysts in an attempt to obtain higher molecular weight
polyesters. Furthermore, post-polymerisation functionalisation could be carried out
by reaction of the pending alkene bond, for instance by addition of di- or polyfunc-
tional thiols to create thermoset materials.

Polyamide synthesis was investigated by reaction of EDE with different diam-
ines, leading to formation of insoluble polymers or soluble polymers with molecular
weights of up to 9920 g/mol. Glass transition temperatures of these polyamides
were higher than those obtained for the polyesters with values between 36.6 °C and
44.4 °C. These values are similar to limonene-based polyamides reported bei Meier.

Reaction of the β-elemene diamine monomer, EDA, for polyamide formation was
investigated with different diester co-monomers. Polyamides with molecular weights
of up to 6670 g/mol were formed by co-polymerisation with EDE. Reaction with
other diester monomers, such as dimethyl adipate, dimethyl sebacate and dimethyl
terephthalate, led only to formation of oligomers. Further work needs to be conduc-
ted to examine if improved reaction of these diesters could be achieved by purification
of the monomers, or by use of harsher reaction conditions or different catalysts.

Overall it was found that the use of Ti(OiPr)4 as a catalyst yielded higher molecular
weight polymers in most cases. The molecular weights obtained are in the same
range as other terpene-based polyesters and polyamides, and formation of even
longer polymer chains is presumably hindered by the bulkiness of the β-elemene
monomers featuring a cyclohexane unit. Furthermore, the M n values were obtained
from SEC measurements, which were referenced against polystyrene standards lead-
ing to a discrepancy for the β-elemene-based polymers due to different constitution
and shape. The true molecular weight is therefore challenging to estimate. Further
work is needed to obtain insight into the insoluble polyamides obtained, for example
by analysis with MALDI MS.
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4 Polyesters via ring-opening co-
polymerisation (ROCOP) of β-elemene
epoxides

4.1 Introduction

Instead of polycondensation, polyesters can also be synthesised by ring-opening
co-polymerisation (ROCOP) of expoxides with cyclic anhydrides. As outlined in
Chapter 1, polyester formation from various terpene epoxides, such as 1,2-limonene
oxide, limonene dioxide, α-pinene oxide, carene oxide and menthene oxide, has been
reported with different anhydrides.134 Depending on the monomers and catalysts
used, polymers with M n of up to 36 000 g/mol could be obtained. However, in most
cases low molecular weight polymers formed due to the bulkiness of the terpene
monomers inhibiting formation of longer polymer chains. The glass transition tem-
peratures of these terpene-based polyesters showed a wide range between 29 °C and
243 °C depending on the backbone rigidity.134

Epoxidation of β-elemene
In common with other terpenes, the epoxidation of β-elemene can lead to epoxide
monomers which could be utilised in ROCOP for polyester synthesis. Previous re-
search in the Davidson group and other groups at the University of Bath has been fo-
cussed on studying the epoxidation of different terpenes, including β-elemene.207–209

Hutchby conducted initial experiments by epoxidising β-elemene with mCPBA.207

Depending on the amount of mCPBA used, β-elemene monoepoxide (Emono), β-
elemene bisepoxide (Ebis) or β-elemene trisepoxide (Etris) were obtained. The
β-elemene monoepoxide was reportedly obtained in 72% isolated yield and a 50:50
ratio of the two regioisomers Emono-A and Emono-B (Scheme 4.1).
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Scheme 4.1 Synthesis of β-elemene monoepoxide (Emono) using mCPBA as an
oxidant207

We obtained similar results when synthesising Emono for the polythioether form-
ation in Chapter 2.8, albeit in a lower yield of 52%. Furthermore, we observed
varying ratios between 60:40 and 85:15 of Emono-A:Emono-B after column chro-
matography. Potentially some, but not complete, separation of the isomers occurred
during colum chromatography, leading to a higher content of Emono-A in the isol-
ated mixture.

Using two equivalents of mCPBA, Hutchby synthesised β-elemene bisepoxide (Ebis,
structure see Scheme ??fig:BisEpBill) in 81% yield, while the synthesis of β-elemene
trisepoxide (Etris, structure see Scheme 4.2) proved to be more challenging, leading
to a yield of only 15% with 3.5 equivalents of mCPBA. Optimisation of the reaction
by addition of stoichiometric amounts of K2CO3, to bind the formed benzoic acid,
improved the yield to 73%.207

H2O2 was also investigated as a more sustainable oxidising agent in combination with
different catalysts. When using 2,2,2-trifluoroacetophenone as an organocatalyst,
the desired epoxides could be obtained in higher yields of 67% for Emono, 82% for
Ebis and 61% for Etris (Scheme 4.2).207

O

H2O2 (10 eq),

61%

Etris

O

O

CF3

O

(10 mol%)

MeCN
0.6 M K2CO3, EDTA
RT

Scheme 4.2 Formation of Etris using H2O2 and the organocatalyst
2,2,2-trifluoroacetophenone207
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Cunningham reported successful epoxidation of β-elemene to Ebis using H2O2

as an oxidant in combination with a tungsten-based polyoxometalate catalyst
(Scheme 4.3).208 A yield of 60% was obtained after purification by column chro-
matography.

OH2O2 (2 eq)
PW4O24[C25H54ClN]3 (2 mol%)

60%

Ebis

50 °C, 6 h

O

Scheme 4.3 Formation of Ebis by oxidation with H2O2 and use of a tungsten
polyoxometalate catalyst208

Furthermore, Maltby investigated the synthesis of the β-elemene epoxides in
flow, using H2O2 and either a tungsten polyoxometalate catalyst or 2,2.2-
trifluoroacetophenone as an organocatalyst. Conversions of up to 58% of Emono
and 63% of Ebis were achieved. However, formation of Etris did not occur under
the flow conditions utilised.209

These examples show that the epoxidation of β-elemene can be achieved under
different reaction conditions with reasonable yields. The use of H2O2 as a sustainable
oxidising agent and the ability to conduct the epoxidation in flow could further
facilitate scale-up of production towards industrial use. In this chapter, the use of
these β-elemene epoxides as monomers in polyester synthesis via ROCOP is therefore
investigated.

4.2 Monomer synthesis via epoxidation

Epoxidation of β-elemene was carried out by reaction with mCPBA. As described in
Chapter 2.8, Emono could be obtained in 52% yield when using 1.1 equivalents of
mCPBA. As mentioned, the ratio of the two regioisomers can vary depending on the
quality of the column chromatography and the Emono used in the following poly-
merisation studies had a ratio of 60:40 of Emono-A to Emono-B. If the mCPBA
ratio was increased to two equivalents, Ebis could be obtained as a colourless oil in
66% yield after column chromatography (Scheme 4.4). Etris, which was a colourless
viscous oil, could only be synthesised in 27% yield when 3.5 equivalents of mCPBA
were employed. As mentioned above, this low yield is most likely due to reaction
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of the formed m-chlorobenzoic acid with the epoxide product, and Hutchby showed
that the yield can be improved by addition of K2CO3 which neutralises the formed
acid. Furthermore, it was suspected that epoxide opening and product loss could
have occurred during purification with column chromatography.

O O
mCPBA (1.1 or 2 or 3.5 eq)
DCM

52%

Emono

0 °C to RT
17 h

O O O O

O

66% 27%

Ebis Etris

oror

Scheme 4.4 Epoxidation of β-elemene with 1.1, 2 or 3.5 equivalents of mCPBA
leading to formation of Emono, Ebis or Etris, respectively

In all cases product formation was confirmed by analysis via NMR spectroscopy
and ESI-MS, and the data was in accordance with previous results. Successful
epoxidation could be identified by disappearance of the alkene resonance signals
in the 1H NMR spectrum and apperance of new signals between 2 and 3 ppm
characteristic for the protons in the oxirane ring. Prior to use in polymerisation
reactions, the epoxide monomers were distilled from CaH2 under argon to remove
water and oxygen traces, as well as potential diol impurities from hydrolysis.

4.3 ROCOP of β-elemene epoxides with phthalic

anhydride (PA)

Polyester formation of the β-elemene epoxide monomers was first investigated with
phthalic anhydride (PA) as a co-monomer due to its high reactivity.136,137 Prior
to use, PA was recrystalised twice from chloroform and dried under vacuum at
50 °C over night. A range of different catalysts were chosen for the reaction (Fig-
ure 4.1), as these have been reported in the literature for ROCOP of other terpene
epoxides.143,146,147 The amine tris(phenolate) ligand was provided by Strachan Mc-
Cormick, and the aluminium amine tris(phenolate) catalyst (cat8) and the iron
amine tris(phenolate) catalyst(cat9) were then prepared according to procedures re-
ported in the literature.174,210 The aluminium salen complex (cat2) and chromium
salen complex (cat12) were purchased from commercial sources and used as ob-
tained. The aluminium salophen complex (cat5) was synthesised according to pro-
cedures reported in the literature.211,212 Bis(triphenylphosphoranylidene)ammonium
chloride (PPNCl) was chosen as a co-catalyst for all reactions.
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Figure 4.1 Catalysts and co-catalyst used for the ROCOP of βelemene epoxides

4.3.1 ROCOP of β-elemene monoepoxide (Emono) and PA

ROCOP in solution
First experiments were conducted by reacting Emono with phthalic anhydride in
solution under anhydrous and oxygen-free conditions (Scheme 4.5, Table 4.1).

O O OO O catalyst
co-catalyst

solvent or neat

O O

O
OO

n

O
O O

n

Scheme 4.5 Polyester formation from Emono and phthalic anhydride

Both the iron amine tris(phenolate) catalyst cat9 and the PPNCl co-catalyst were
used in an amount of 1 mol%, and a slight excess of epoxide to anhydride groups
of 1.1:1 was employed (Table 4.1, entry 1). The reaction was conducted in THF for
48 hours at 65 °C. After this time the 1H NMR spectrum of the unpurified reaction
mixture showed new signals at 7.72-7.39 ppm, indicating polymer formation by the
upfield shift of the aromatic signals of PA (Figure 4.2, purple spectrum). New
signals also appeared between 4 and 5 ppm, assigned to the -COO-CH2 protons
next to the newly formed ester group. The integral of the epoxide signals at 2.67-
2.55 ppm was reduced and conversion was calculated as 37% by comparison of
the integrated epoxide signals with integration of the newly formed ester proton
signals (spectrum and equation see Chapter 7.4). The absence of signals between
3 and 4 ppm suggested that no polyether formation occurred as a side reaction.
After precipitation into cold methanol, the polyester could be obtained as a beige,
powdery solid (Figure 4.3).

The new ester CH2 signals between 4 and 5 ppm overlapped with some of the al-
kene signals, which made it challenging to determine which Emono regioisomer
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reacted. In the 13C{1H} NMR spectrum the absence of the alkene carbon signals at
108.6 ppm and 108.5 ppm suggested that the polymer mainly consists of the regioi-
somer Emono-A. This might be ascribed to the epoxide group of Emono-A being
less sterically hindered and therefore, presumably, more reactive. However, due to
the low signal intensities in the 13C{1H} NMR spectrum, it could be that Emono-B
still reacted in a smaller amount and signals might not have been distinguishable
from the signal noise. The polyester showed two carbon signals arising from the
ester-CH2 group at 71.3 ppm and 67.0 ppm. This could either indicate reaction of
both of the regioisomers, or, more likely, be due to the two different stereoisomers of
Emono-A or signals stemming from the polymer end groups. Potential end groups
arising from opening of the epoxide might be visible at 4.34 ppm and 4.25 ppm in
the 1H spectrum, although definite conclusions if it is an end group or an ester CH2

signal of the polymer backbone could not be drawn.

���������������������������������������	��	��
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O
OO

n

Figure 4.2 1H NMR spectra of phthalic anhydride (blue), Emono (green), the
crude reaction mixture from Table 4.1, entry 1 after 48 h (purple) and the

precipitated polyester from entry 1 (red)
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Figure 4.3 Powdery polyester obtained after purification

The polymer showed a M n of 3630 g/mol and a T g of 60 °C. Successful polyester
formation was also confirmed by IR spectroscopy analysis where the precipitated
polymer showed only one C=O vibration at 1723 cm-1 compared to the two C=O
bands at 1851 cm-1 and 1762 cm-1 for PA. The degradation behaviour was analysed
via TGA and showed onset of degradation at 214 °C and a T deg, 5% temperature
of 226 °C. DOSY NMR spectroscopy confirmed the presence of just one polymer
species (Figure 4.4).
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Figure 4.4 DOSY NMR spectrum of the Emono-PA-polyester from Table 4.1,
entry 1
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Table 4.1 Reaction conditions and polymer properties for the ROCOP of Emono
with phthalic anhydride. 360 mg (1.65 mmol) Emono used. THF (0.5 mL) was

used as a solvent when cat9 was used, and toluene (0.5 mL) was used in
combination with cat2, cat12 and cat5. The co-catalyst PPNCl was added in

equal ratios to the catalyst in all cases

entry ratio
ep:anh

catalyst
(mol%)

T
[°C]

time
[h]

conversion
of PA [%]

M n
[g/mol]

Ð T g
[°C]

1 1.1:1 cat9 (1) 65 48 37 3630 1.11 60

2 1.1:1 cat9 (5) 65 48 73 2760 1.14 58

3 1:1 PPNCl (5) 65 48 15 nd nd nd

4 1:1 cat2 (1) 110 24 3 660 1.14 nd

5 1:1 cat2 (5) 90 5.5 22 680 1.09 nd

6 1:1 cat12 (1) 110 24 31 1170 1.56 nd

7 1:1 cat12 (5) 90 5.5 51 810 1.13 nd

8 1:1 cat5 (5) 90 5.5 43 780 1.13 nd

An increase in catalyst and co-catalyst loading to 5 mol% led to an increase in
conversion to 73% (Table 4.1, entry 2). As Emono contained only 60% Emono-
A, this would suggest that a small amount of Emono-B reacted as well. The
molecular weight was lower than that of the polymer from entry 1 with a M n of
only 2760 g/mol. Presumably, a higher degree of chain initiation took place due to
the higher co-catalyst loading leading to a lower molecular weight. The polyester
showed a similar T g of 58 °C.

When the reaction was conducted with only the co-catalyst PPNCl present in
5 mol%, the conversion dropped to 15% and no solid precipitate could be obtained,
indicating formation of oligomers only (Table 4.1, entry 3). This shows that while
the co-catalyst is essential to initiate ring opening of the epoxide, chain propagation
seems to rely on the presence of a metal catalyst to obtain higher molecular weight
polymers.

Other aluminium- and chromium-based salen and salophen catalysts were also tested
for this ROCOP reaction. These reactions were conducted in toluene, hence higher
reaction temperatures could be employed. With cat2 only oligomer formation could
be achieved irrespective of the catlyst loading (Table 4.1, entries 4 and 5). With a
low conversion of only 3% observed after 24 hours, it is unlikely that a significant
improvement of conversion or molecular weight would occur if reaction times were
prolonged.
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With the chromium analogue, cat12, slightly higher conversions of 31% and 51%
were achieved, however, the molecular weights still remained low with a maximum
M n of 1170 g/mol (Table 4.1, entries 6 and 7).

When the aluminium salophen catalyst, cat5, was used, a conversion of 43% was
observed after 5.5 hours and an oligomer with M n of 780 g/mol obtained (Table
4.1, entry 8). Potentially conducting the reaction with a lower catalyst loading for
a longer time period could lead to an improvement in molecular weight here.

SEC traces were either monomodal or bimodal, which could be due to the presence
of different polymer end groups stemming from different chain initiation processes.
MALDI-TOF MS analysis was therefore carried out on the polyester from entry 1
in an attempt to determine polymer end groups. The obtained spectrum showed a
variety of peaks potentially belonging to different series with different end groups
(Figure 4.5).

Intervals of 368 m/z corresponding to the Emono-PA repeat unit could be observed
for some peaks, but intervals of 370 m/z or 371 m/z were also present. Potentially
these stem from addition of protons during the MS fragmentation. For the signals
at 1139, 1508, 1877 and 3005 m/z (series A) the end groups could be determined
as α,ω-Cl,H. The signals at 2264 and 2628 m/z are expected to fit into this series
A, however, this was not observed. The Cl end group is expected due to opening of
the epoxide by the chloride anion from PPNCl. Termination of the polymer chain
seemed to occur by reaction with protic traces. The peak at 1709 m/z suggested a
structure with an OH and an Emono end group (Figure 4.5, B). Initiation of the
epoxide ring opening could have occured due to traces of water here and the Emono
alkoxide was then quenched with a proton. Water traces could have potentially led
to ring opening of the epoxide group of Emono or to ring opening of PA, and the
formed phthalic acid could have reacted as a bifunctional initiator. Furthermore,
the formed alcohols, which were generated by quenching of the alkoxide with wa-
ter, could then have reacted as chain transfer agents.?? These results suggest that
transesterification took place due to water or proton traces present, stemming from
reagents or solvent, which were not dried thoroughly enough. These transesterifica-
tion reactions could also be a reasons why only low molecular weight polymers were
obtained. Assignment of further peaks was not successful.
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Figure 4.5 MALDI TOF MS spectrum of a Emono-PA-polyester and polymer
structures with end groups determined

ROCOP in neat (solvent free) reaction conditions
ROCOP in solution only led to low molecular weight polymers potentially due to
water traces and transesterification phenomena. We therefore wanted to investigate
if conducting the reaction in neat (solvent free) conditions could improve the polymer
formation. For this, the monomers and catalyst were loaded into vials with stirrer
bars in a glovebox. After sealing with teflon lined caps, the mixtures were then
heated in a heating block.

When conducting the reaction at 65 °C, only low conversions and oligomer form-
ation were observed with cat2, cat12 or cat5 (Table 4.2, entries 1-3). With the
aluminum amine tris(phenolate) catalyst cat8, the conversion could be improved to
48%, however, the M n stayed low at 820 g/mol (Table 4.2, entry 4).
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Table 4.2 Reaction conditions and polymer properties for the neat reaction of
Emono and PA. 110 mg (0.5 mmol) Emono and 75 mg (0.5 mmol) PA used. A

1:1 ratio of catalyst and PPNCl co-catalyst was used

entry ratio
ep:anh

catalyst
(mol%)

T
[°C]

time
[h]

conversion
of PA [%]

M n
[g/mol]

Ð

1 1:1 cat2 (1) 65 48 4 430 1.27

2 1:1 cat12 (1) 65 48 10 750 1.40

3 1:1 cat5 (1) 65 48 4 500 1.28

4 1:1 cat8 (1) 65 48 48 820 1.29

5 1:1 cat9 (1) 65 48 61 7360 1.21

6 1:1 cat9 (5) 65 48 79 2170 1.22

7 1:1 none 65 48 4 230 1.19

Once again, the best results were obtained with cat9. When used at 1 mol% loading,
a conversion of 61% was achieved after 48 hours and the resulting polyester showed
a modest M n of 7360 g/mol (Table 4.2, entry 5). This is twice as high compared to
the polymer obtained from reaction conducted in THF and emhasises the point that
higher molecular weight polymers are obtainable in neat reaction conditions. The
degree of polymerisation is still relatively low with only 20 repeat units, which could
again be attributed to water or proton traces present in the reactants. Potentially,
the bulky nature of Emono could also hinder formation of longer polymer chains
to some extent. The polyester showed a slightly higher T g of 67 °C, which might be
due to the higher molecular weight.

Again, conversion increased with a higher catalyst loading, but the M n dropped
to 2170 g/mol (Table 4.2, entry 6). The control reaction with no catalyst present
showed no formation of polymers (Table 4.2, entry 7).

To see if the molecular weight of the polyesters could be further improved, the neat
reaction was conducted at a higher temperature of 100 °C. With cat2, which only led
to oligomer formation at 65 °C, polymers with higher M n values of 4300 g/mol and
2030 g/mol were achieved for the 1 mol% and 5 mol% catalyst loadings, respectively
(Table 4.3, entries 1 and 2). An greater increase in M n to 5650 g/mol was achieved
with cat12 (Table 4.3, entry 3). The same was also observed for cat5, where a
polyester with M n of 5160 g/mol was obtained with 1 mol% catalyst loading (Table
4.3, entry 5). Although an increase in molecular weight was observed with cat8, the
M n was still low at 1920 g/mol, indicating a low reactivity towards ROCOP using
this catalyst.
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As before, the highest molecular weights could be achieved with 1 mol% of cat9,
leading to formation of a polyester with M n of 6990 g/mol and dispersity of 1.25.
This is in a similar range to the polymer obtained in neat conditions at 65 °C, which
showed a M n of 7360 g/mol (Table 4.2, entry 5). The higher catalyst loading of
5 mol% still led to formation of a polyester with M n of 2790 g/mol (Table 4.3,
entry 9).

Table 4.3 Reaction conditions and polymer properties for the neat reaction of
Emono and PA. 110 mg (0.5 mmol) Emono and 75 mg (0.5 mmol) PA used. A

1:1 ratio of catalyst and PPNCl co-catalyst was used

entry ratio
ep:anh

catalyst
(mol%)

T
[°C]

time
[h]

conversion
of PA [%]

M n
[g/mol]

Ð T g
[°C]

1 1:1 cat2 (1) 100 48 77 4300 1.41 nd

2 1:1 cat2 (5) 100 48 88 2030 1.31 nd

3 1:1 cat12 (1) 100 48 82 5650 1.32 45

4 1:1 cat12 (5) 100 48 92 1370 1.18 nd

5 1:1 cat5 (1) 100 48 85 5160 1.31 43

6 1:1 cat5 (5) 100 48 91 1780 1.25 nd

7 1:1 cat8 (1) 100 48 89 1920 1.21 nd

8 1:1 cat9 (1) 100 48 88 6990 1.25 48

9 1:1 cat9 (5) 100 48 86 2790 1.28 47

10 1:1 PPNCl (5) 100 48 89 2530 1.33 nd

11 1:1 none 100 48 84 450 1.19 nd

12 1:1 cat2 (1) 100 24 83 6090 1.36 nd

13 1:1 cat12 (1) 100 24 74 3560 1.37 nd

14 1:1 cat5 (1) 100 24 79 4450 1.33 nd

15 1:1 cat9 (1) 100 24 83 6150 1.32 nd

Interestingly, even in the presence of only 5 mol% PPNCl co-catalyst, a high con-
version of 89% and a polymer with M n of 2530 g/mol could be observed (Table 4.3,
entry 11). Presumably even without a metal catalyst present, chain propagation can
occur at the higher reaction temperature and the PPN+ cation can act as a catalyst
stabilising the formed alkoxides.

Even with no catalyst present, a high conversion of 84% was calculated via ana-
lysis of signals in the 1H NMR spectrum. Despite the high conversion, SEC ana-
lysis only showed formation of oligomers with a M n of 450 g/mol. Further control
experiments were conducted to investigate this phenomenon and all led to high
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conversions. The 1H NMR spectra showed disappearance of the epoxide signal, ap-
pearance of new aromatic signals and new signals between 4 and 5 ppm. This is
exactly as observed for the products of other reactions with catalyst and suggests
polyester formation. Further analysis via 2D NMR spectroscopy showed the same
signals as for the other polyesters obtained. However, the product was a viscous
liquid, and no solid formation occurred upon precipitation by dropping into meth-
anol. Analysis via ESI-MS+ showed the presence of oligomers with signals corres-
ponding to [Emono-PA+Na]+, [Emono-PA-Emono+Na]+, [Emono-PA-Emono-
PA+Na]+ and [Emono-PA-Emono-PA-Emono+Na]+. This suggests that, at the
high reaction temperatures, water traces can react as an initiator to open the PA
or Emono. Oligomer formation seemed to occur, but due to the lack of catalyst,
formation of higher molecular weight polymers did not follow. As this was not ob-
served at the lower reaction temperature of 65 °C, initiation by water traces must
only be occuring at higher temperatures.

Control reactions were also carried out by heating only neat Emono to 100 °C,
in the absence of PA. No change in 1H NMR signals was observed, ruling out the
formation of polyethers at higher temperatures by initiation with proton or water
traces. Heating of only Emono with cat9 and PPNCl showed the appearance of
new signals with very low intensity in the 1H NMR spectrum at 3.40 and 3.28 ppm.
However, it remains unclear if these stem from opening of the epoxide with the
chloride anion, or from the ligand of the active catalyst species.

Surprisingly, when the reaction times of the ROCOP were shortened to 24 hours,
an increase in molecular weight was observed when cat2 was used, with similar
conversions (Table 4.3, entry 12). For all the other catalysts similar conversions to
the 48 hour reactions and similar or only slightly lower M n values were observed
(Table 4.3, entries 13-15).

Conducting the reaction in neat conditions indeed led to an increase in molecular
weight compared to the reactions carried out in solution, potentially due to a reduc-
tion in water traces stemming from the solvent. However, the obtained polymers still
showed low to moderate molecular weights with dispersites of up to 1.41, suggesting
that water traces and transesterification still play a role in hindering formation of
high molecular weight polymers. Additionally, the steric bulk around Emono could
also contribute to hinder the formation of longer polymer chains. The T g values for
these polymer samples obtained at high reaction temperature showed values between
43 °C and 48 °C.

In general, the obtained results are comparable to literature examples of limonene
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oxide-PA co-polymers. For instance, with cat5 in neat conditions, a limonene oxide-
PA copolyester with M n 5170 g/mol and T g of 38 °C was reported.146 Other reports
using cat9 in solution or neat reported polyesters from limonene oxide and PA with
M n values of up to 16400 g/mol and T g values of up to 141 °C.147

4.3.2 ROCOP of β-elemene bisepoxide (Ebis) and PA

Reactions conducted in solution
After Emono, we also investigated Ebis as a monomer in polyester formation with
PA (Scheme 4.6). Depending on the ratio of Ebis to PA used, either both or just
one of the epoxide groups can participate in the reaction. In the case where two
equivalents of PA are used and both epoxide groups are reactive, formation of a
cross-linked network is expected.
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Ebis-PA-a Ebis-PA-b

Scheme 4.6 Reaction of Ebis with PA leading to a linear or cross-linked
polyester depending on the monomer ratios

First, a ratio of epoxide to anhydride groups of 2.2:1 was investigated with the
intention of opening just one epoxide group and forming a linear polymer. Cat9
was used for investigations in solution as it had provided the most promising results
for ROCOP of Emono. When Ebis was reacted with PA at 65 °C in THF with
1 mol% cat9, a conversion of 36%, in regards to one epoxide group or PA, was
observed after 48 hours (Table 4.4, entry 1). The conversion was calculated by
referencing the spectrum to the alkene signals at 6.00-5.70 ppm and then comparing
the integrals of the newly formed ester signals with the integral of the epoxide signals
(spectrum and equation see Chapter 7.4).

The molecular weight of the precipitated polymer, which was a light brown powder,
was 5100 g/mol with a dispersity of 1.23. As before, analysis of the 1H NMR revealed
a shift of the aromatic protons, a reduction in integrated areas of epoxide signals
and new signals between 4.00 and 4.80 ppm corresponding to the newly formed
ester-CH2 signals (Figure 4.6).
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Figure 4.6 1H NMR spectrum of the Ebis-PA-polyester from Table 4.4, entry 1

Determination of which epoxide group reacted proved to be difficult using 1H NMR
spectroscopy. The 13C{1H} NMR spectrum and the HSQC NMR spectrum showed
the presence of two different epoxide signals in the polymer with one being more
intense than the other (Figure 4.7). The carbon signal at 56.0 ppm, which showed a
higher intensity, corresponds to the more sterically hindered epoxide group. There-
fore it can be presumed that the less sterically hindered epoxide group reacts prefer-
entially in this case, leading to formation of the main isomeric structure Ebis-PA-a
shown in Scheme 4.6. The presence of the signal at 53.2 ppm with lower intensity
suggests that reaction of the more sterically hindered epoxide groups still occurs in
small amounts.
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Figure 4.7 HSQC NMR spectrum showing the epoxide region of the precipitated
polyester from Table 4.4, entry 1

The absence of signals between 3 and 4 ppm in the 1H NMR spectrum ruled out
polyether formation as a side reaction. This was affirmed by DOSY NMR spectro-
scopy where the presence of only one signal traces showed formation of only one
polymer species, the Ebis-PA-polyester (Figure 4.8).

Further analysis of the polyester was carried out and, as for the Emono-PA polyes-
ters, the IR spectrum of the precipitated Ebis-PA polymer only showed one C=O
vibration at 1723 cm-1. TGA showed an onset degradation temperature of 221 °C
and a T deg, 5% of 230 °C. These values are in a similar range to those of the Emono-
PA-polyesters.
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Figure 4.8 DOSY NMR spectrum of the polyester from Table 4.4, entry 1

When the catalyst loading was increased to 5 mol%, the conversion increased to 100%
(Table 4.4, entry 2), meaning all the PA is consumed and half of the epoxide groups
reacted as expected given the monomer ratio applied. As before, with the higher
catalyst loading the M n of the polymer obtained was slightly lower at 4300 g/mol.
This polymer showed a high T g of 108 °C.

Table 4.4 Reaction conditions and polymer properties for the ROCOP of Ebis
with phthalic anhydride. 390 mg (1.65 mmol) Ebis used. THF (0.5 mL) was used
as a solvent unless stated otherwise. A 1:1 ratio of catalyst and co-catalyst PPNCl

was used in all cases. a2-methyl-THF (0.5 mL) used as solvent

entry ratio
ep:anh

catalyst
(mol%)

T
[°C]

time
[h]

conversion
of PA [%]

M n
[g/mol]

Ð T g
[°C]

1 2.2:1 cat9 (1) 65 48 36 5100 1.23 nd

2 2.2:1 cat9 (5) 65 48 100 4300 1.68 108

3 2.2:1 cat9 (0.5) 65 48 37 1130 1.16 nd

4 2.2:1 PPNCl (5) 65 48 42 830 1.17 nd

5 2.2:1 none 65 48 0 nd nd nd

6 2.2:1 cat9 (1) 45 48 24 900 1.11 nd

7a 2.2:1 cat9 (5) 80 48 100 4100 1.43 99

8 1.1:1 cat9 (1) 65 48 19 4000 1.15 nd

9 1.1:1 cat9 (5) 65 48 47 3500 1.35 88

10a 1.1:1 cat9 (1) 80 48 36 5200 1.30 97

11a 1.1:1 cat9 (5) 80 48 56 4790 1.33 69
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A reduction of catalyst loading to 0.5 mol% resulted in a similar yield to the 1 mol%
case, however, the M n was lower at only 1130 g/mol (Table 4.4, entry 3). Once again,
if only PPNCl was used as a catalyst, a high conversion of 42% was observed, but
only oligomer formation occured (entry 4). Without any catalyst present no ring
opening or oligomer formation occurred at this temperature (entry 5).

A reduction in reaction temperature to 45 °C with 1 mol% catalyst loading resulted
in a conversion of 24% (Table 4.4, entry 6). However, SEC analysis revealed a
molecular weight of only 900 g/mol. This result is in agreement with our observations
for the ROCOP of Emono, where higher temperatures favoured higher conversions
and formation of higher molecular weight polymers.

2-Methyl-THF was explored as an alternative solvent to THF, as it not only de-
rivable from renewable resources, but also shows a higher boiling point of 80 °C
enabling the use of higher reaction temperatures. Under these conditions at 80 °C,
full conversion and a polymer with M n of 4100 g/mol were obtained with 5 mol%
cat9 (Table 4.4, entry 7). This is similar to the result obtained in THF from entry 2.
Even though higher molecular weight polymers were not obtained using a slightly
higher reaction temperature, the use of 2-methyl-THF as a more sustainable solvent
was demonstrated with comparable results and could therefore be used as an altern-
ative in the future.

The effect of a change of monomer ratio to a 1.1:1 ratio of epoxide to anhydride
groups was investigated. It was hypothesised this would result in reaction of both
epoxide groups and formation of a cross-linked thermoset polyester. With 1 mol% of
cat9, a conversion of only 19% could be observed after 48 hours (Table 4.4, entry 8).
As the conversion is calculated based on PA or the two epoxide groups, it is similar
to entry 1, where 36% conversion was observed for reaction of one epoxide group.
The M n of the polymer was 4000 g/mol.

With the higher catalyst loading of 5 mol%, a higher conversion of 47% was achieved
and the M n was 3500 g/mol (Table 4.4, entry 9). Again these results are similar
to the 2.2:1 ratio in entry 2 in terms of conversion of epoxide groups and molecular
weight of the polymers obtained. However, with 88 °C the T g of the polymer from
entry 9 is significantly lower compared to the polymer entry 2 which showed a T g

of 108 °C. The reaction was also carried out in 2-methyl-THF at 80 °C with both
1 mol% and 5 mol% catalyst loadings (Table 4.4, entries 10 and 11). Conversions of
36% and 56% were obtained, with polymer M n values of 5200 g/mol and 4790 g/mol.

For all the cases where a 1.1:1 ratio was used, the conversion barely exceeded 50%
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under the conditions tested. This means only 50% of PA reacted and therfore only
one epoxide group of the two epoxides present in Ebis underwent ring opening.
Therefore, these results are comparable with the 2.2:1 ratio reactions where 100%
conversion of PA resulted in reaction of one epoxide group, and further reaction of
the second group was not possible due to the ratio of epoxide to anhydride employed.
The observation that only one epoxide group reacted for the 1.1:1 ratio could poten-
tially be due to the less reactive nature of the more sterically hindered epoxide group
which might not undergo ring opening under these conditions. Another explanation
could be the generally bulky nature of Ebis hindering formation of a cross-linked
network.

The polymers obtained showed T g values between 69 °C and 108 °C. This is slightly
higher compared to limonene dioxide-PA polyesters reported in the literature, which
showed T g values of 53 or 59 °C.147

MALDI TOF-MS was carried out to determine the polymer end groups. The MALDI
spectrum showed various peaks and peak series (Figure 4.9). Intervals of 385 m/z
were observed corresponding to the polymer repeat unit plus a proton. The two
series A and B could be assigned as α,ω-Cl,H end groups and α,ω-OH,H end groups.
Initiation occured either by the chloride anion of PPNCl or by water traces, and
chain termination took place by reaction with proton or water traces.

Other signals could be assigned to a series where initiation by phthalic acid took
place (series C). Presumably reaction of PA with water traces led to anhyride open-
ing and formation of phthalic acid, which then initiated the ring opening of the
epoxide. Series D showed ring opening via the chloride anion and chain termination
by reaction of the Ebis alkoxide derivative with a proton. Other smaller signals
could not be assigned. The presence of different end groups could also explain the
biomodal SEC traces, which were observed for some of the polymer samples. Once
again, the presence of water traces seemed to lead to the presence of multiple initiati-
ors and transesterification processes, and could be the reason for the low molecular
weights and high dispersities obtained.
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Figure 4.9 MALDI TOF-MS spectrum showing the presence of different polymer
end groups

Reactions conducted in neat conditions
The ROCOP reaction was then carried out in neat conditions to see if the molecular
weights could be improved, and a 1:1 ratio of epoxide groups to anhydride groups
was applied in all cases to encourage reaction of both epoxide groups and achieve
thermoset formation.

When reactions were carried out at 65 °C and with 1 mol% cat9 a polyester with a
moderate M n of 9490 g/mol could be obtained (Table 4.5, entry 1). This is double
the M n of the polymer obtained in the solution phase reaction and shows again that
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neat polymerisation enables formation of longer polymer chains. A high dispersity
of 3.21 could be ascribed to water contamination and transesterification processes.
The conversion increased to 40%, but being below 50% shows that only one epoxide
group per Ebis molecule reacted, leading to formation of a mostly linear polymer.
The T g of this polyester was 115 °C and this higher value is ascribed to the higher
molecular weight.

With 5 mol% cat9, the conversion increased to 45%, but the M n decreased to
3750 g/mol (Table 4.5, entry 2). On the other hand, decreasing the catalyst loading
to 0.5 mol% led to an increase of M n to 11290 g/mol with a dispersity of 2.99
(Table 4.5, entry 3). This corresponds to a degree of poymerisation of 29.

Table 4.5 Reaction conditions and polymer properties for the ROCOP of Ebis
with phthalic anhydride in neat conditions. 120 mg (0.5 mmol) Ebis and 150 mg
(1.0 mmol) PA were used. A 1:1 ratio of catalyst and co-catalyst PPNCl was

added in all cases

entry ratio
ep:anh

catalyst
(mol%)

T
[°C]

time
[h]

conversion
of PA [%]

M n
[g/mol]

Ð T g
[°C]

1 1:1 cat9 (1) 65 48 40 9490 3.21 115

2 1:1 cat9 (5) 65 48 45 3750 1.87 85

3 1:1 cat9 (0.5) 65 48 32 11290 2.99 nd

4 1:1 cat8 (1) 65 48 11 970 1.58 nd

5 1:1 cat2 (1) 65 48 8 690 1.29 nd

6 1:1 cat12 (1) 65 48 21 1150 1.68 nd

7 1:1 cat5 (1) 65 48 26 3760 1.51 nd

8 1:1 none 65 48 0 nd nd nd

Other catalysts were tested for the reaction as well, but, as before, the use of cat8,
cat2 or cat12 only yielded low molecular weight polymers with M n up to 1150 g/mol
(Table 4.5, entries 4-6). Only with cat5 was a slightly higher M n of 3760 g/mol ob-
tained (Table 4.5, entry 7). With no catalyst present, no reaction occurred (entry 8).
These results confirm observations for the ROCOP of Emono that cat9 seems to
be favourable for the ROCOP reaction and that a doubling in molecular weight can
be achieved by conducting the reaction in neat conditions compared to in solution.

An increase in reaction temperature to 100 °C was investigated to ascertain if the
second epoxide group could be reacted at higher temperatures. Interestingly, with
both 1 mol% and 5 mol% of cat9, formation of insoluble solids occurred (Table 4.6,
entries 1 and 2). This could indicate successful ROCOP of both epoxide groups
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at these high temperatures and formation of a cross-linked thermoset polyester.
The same could be observed when cat2, cat12 or cat5 were employed as catalysts
(entries 4-6). Only with cat8 formation of a soluble solid with M n of 4030 g/mol
was observed (entry 3). This confirms the previous results that cat8 seems to be
the least active catalyst tested for the ROCOP of β-elemene epoxides.

Table 4.6 Reaction conditions and polymer properties for the ROCOP of Ebis
with phthalic anhydride in neat conditions. 120 mg (0.5 mmol) Ebis and 150 mg
(1.0 mmol) PA were used. A 1:1 ratio of catalyst and co-catalyst PPNCl was

added in all cases

entry ratio
ep:anh

catalyst
(mol%)

T
[°C]

time
[h]

conversion
of PA [%]

M n
[g/mol]

Ð

1 1:1 cat9 (1) 100 48 insoluble insoluble

2 1:1 cat9 (5) 100 48 insoluble insoluble

3 1:1 cat8 (1) 100 48 37 4030 1.80

4 1:1 cat2 (1) 100 48 insoluble insoluble

5 1:1 cat12 (1) 100 48 insoluble insoluble

6 1:1 cat5 (1) 100 48 insoluble insoluble

The IR spectra of these insoluble solids showed the same signals as the soluble poly-
mers, confirming the formation of polyesters. Some of the samples still showed traces
of C=O signals arising from PA, indicating incomplete conversion. The insoluble
polymer from Table 4.5 entry 1 showed a T g of 94 °C. Despite the suggested cross-
linking this value is not higher than the T g values observed for the soluble Ebis-PA
polymers. Formation of insoluble cross-linked solids was also reported previously for
the reaction of limonene dioxide with PA, although these formed at a lower reaction
temperature of 65 °C.147

When the reaction was conducted without any catalyst present, broad signals were
visible in the 1HNMR spectrum of the reaction product. New broad signals appeared
between 4.00 and 5.20 ppm, as well as new signals in the aromatic region. Complete
disappearance of the epoxide signals was observed suggesting polyester formation.
However, SEC analysis revealed a M n of only 860 g/mol. Presumably only low
molecular weight oligomers formed at the high reaction temperature initiated by
water or proton traces, as observed for reaction of Emono and PA without catalyst.
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4.3.3 ROCOP of β-elemene trisepoxide (Etris) and PA

Reaction of Etris with three equivalents of PA was also investigated to test form-
ation of an even higher cross-linked thermoset network (Scheme 4.7). Reaction of
the monosubstituted epoxide is expected to occur more readily compared to the
disubstituted epoxides, due to a lower steric bulk around the epoxide group.
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Scheme 4.7 Reaction of Etris with PA leading to a highly cross-linked polyester
thermoset

The reaction was first carried out in THF at 65 °C for 48 hours. With 1 mol% cat9
oligomer formation with M n of 880 g/mol was observed (Table 4.7, entry 1). Due to
the absence of any alkene signals, calibration of the 1H NMR spectrum to determine
the conversion proved to be challenging. When the alkane signals were integrated as
17 and compared to the integral of the epoxide signals, the conversion of epoxides
could be calculated as 35%.

Table 4.7 Reaction conditions and polymer properties for the ROCOP of Etris
with phthalic anhydride in THF. A 1:1 ratio catalyst and co-catalyst PPNCl was

added in all cases. aReaction was conducted in neat conditions

entry ratio
ep:anh

catalyst
(mol%)

T
[°C]

time
[h]

conversion
of PA [%]

M n
[g/mol]

Ð T g
[°C]

1 1:1 cat9 (1) 65 48 35 880 1.83 nd

2 1:1 cat9 (5) 65 48 100 4970 2.67 127

3a 1:1 cat9 (1) 65 46 insoluble insoluble nd

4a 1:1 cat9 (5) 65 46 insoluble insoluble nd

With a higher catalyst loading of 5 mol%, complete disapperance of the epoxide
signals could be observed in the 1H NMR spectrum (Figure 4.10). When the alkane
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signals were integrated as 17 protons, the ester signals between 3.5 and 4.5 ppm
showed an integral corresponding to 7 protons, as expected. However, the aromatic
signals only accounted for 8 protons, which would mean addition of only two PA
molecules. Potentially a cyclic structure formed by reaction of one PA molecule
with two of the Etris epoxide groups (see Figure 4.11). Another possibility would
be polymerisation of two of the epoxide groups and ring opening of the third ep-
oxide group by water traces or other impurities. Attempts to gain more insight
into the molecular structure via MALDI TOF MS analysis failed due to the in-
ability to form analysable ions. Suprisingly, the M n of the obtained polymer was
4970 g/mol (Table 4.7, entry 2) and therefore higher than that obtained with the
1 mol% catalyst loading. This value is still relatively low and suggests a very low
degree of cross-linking. TGA analysis showed a T deg, 5% of 231 °C, which is similar
to the linear Emono-PA and Ebis-PA polyesters, again suggesting a low degree
of cross-linking. However, the polymer showed a high T g of 127 °C. Analysis via
DOSY NMR spectroscopy showed formation of one polymer species.
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��
�����
��

Figure 4.10 1H NMR spectrum of Etris (top, green) and the obtained
Etris-PA-polyester from entry 2 (bottom, red)
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Figure 4.11 Potential polymer structure containing a cyclic moiety

When the reaction was carried out in neat conditions at 65 °C, insoluble polymers
formed with both 1 mol% and 5 mol% of cat9 (Table 4.7, entries 3 and 4). A higher
reactivity of the monosubstituted epoxide group in addition to the ability of the less
hindered disubstitued epoxide to react seemed to have led to thermoset formation
already at the lower reaction temperature of 65 °C for Etris, as opposed to 100 °C
for insoluble Ebis-PA polymers.

4.4 ROCOP of β-elemene monoepoxide (Emono)

and β-elemene bisepoxide (Ebis) with other an-

hydrides

Test reactions of the β-elemene epoxides with succinic anhydride and maleic anhyd-
ride as co-monomers were also conducted. However, due to the lower reactivity of
these anhydrides, the results obtained were not as promising and no further indepth
study was carried out.

Reaction of Emono with succinic anhyride at 65 °C in THF with 5 mol% cat9 did
not lead to any change in 1H NMR signals suggesting that polymer formation did
not occur. Under neat reaction conditions at 100 °C, new signals in the 1H NMR
spectrum appeared between 3.80 and 4.60 ppm, indicating polyester formation (Fig-
ure 4.12). New signals also appeared between 2.30 and 2.70 ppm which could belong
to the succinic anhydride in the polymer backbone. However, no polymer could be
isolated by precipitation, which is why formation of only oligomers is suspected.
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When maleic anhydride was used as a co-monomer at 100 °C under neat conditions,
the reaction yielded an only partly soluble solid. This suggested some polyester
formation and shows the higher reactivity of maleic anhydride compared to succinic
anhydride. No further analysis of the obtained product was carried out.

0.40.81.21.62.02.42.83.23.64.04.44.85.25.66.06.4
ppm

Figure 4.12 1H NMR spectrum of Emono (top, turquoise) and the crude
reaction mixture from the reaction (neat, 5 mol% cat9, 100 °C, 24 h) of Emono
with succinic anhydride (bottom, red). New potential ester signals on the Emono
backbone in yellow box (3.80-4.60 ppm) and succinic anhydride backbone signals

in orange box (2.30-2.70 ppm)

Similar results were obtained when Ebis was reacted with succinic anhydride in an
epoxide group to anhydride group ratio of 2:1. Under neat reaction conditions at
100 °C new signals in the 1H NMR spectrum suggested polymer formation, but as
no solid polymer could be isolated, oligomer formation was presumed again. With
maleic anhydride in a 1:1 ratio of epoxide groups to anhydride groups, formation of
insoluble solids occured.

While these test reactions suggest that ROCOP of Emono and Ebis might be
possible with succinic anhydride and maleic anhydride under harsher reaction con-
ditions, further work needs to be carried out to optimise the reaction conditions
to be able to isolate formed polymers and further analyse the obtained insoluble
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polymers.

4.5 Cross-linking and post-polymerisation function-

alisation

Both the Emono-PA polyesters and the Ebis-PA polyesters have pendant alkene
groups in their structure which can be utilised for post-polymerisation functional-
isation. We chose to use thiol-ene reactions for these post-polymerisation function-
alisation reactions.

Reaction of an Emono-PA polyester with an excess of 30 equivalents of methyl
thioglycolate per alkene bond was carried in THF. DMPA was used as a radical ini-
tiator and the reaction mixture was irradiated with UV light (365 nm) for 4 hours
at room temperature. Analysis of the product mixture via 1H NMR spectroscopy
revealed a conversion of alkene bonds of 37%. Increasing the methyl thioglycolate
amount to 50 equivalents and leaving the reaction for 19 hours led to an increase in
conversion to 82%. However, in both cases milky solutions formed during precipit-
ation attempts from DCM into cold methanol and no solid polymer was obtained.

Similar results were obtained with the addition of 2-mercaptoethanol under the
same conditions. With 30 equivalents and reaction time of 4 hours, a conversion
of 23% of alkene groups was measured, while, with 50 equivalents for 19 hours, the
conversion was higher at 36%. The lower conversions compared to the addition of
methyl thioglycolate can be attributed to the lower reactivity of 2-mercaptoethanol.
Again, no solid polymer could be obtained by precipitaion.

As expected thiol-ene addition could be used for the addition of functionalised thiols
onto the polyesters. However, further experiments need to be carried out to obtain
a solid polymer sample and to determine the change in properties upon addition of
the functional groups. A decrease in T g would be expected due to the introduction
of flexible side chains.

Cross-linking of the soluble, low M n Emono-PA and Ebis-PA polyesters with multi-
functional thiols was also investigated with the intention of increasing the molecular
weight of these polyesters. First test reactions were carried out in solution using
1,3-propanedithiol or 1,8-octanedithiol as cross-linkers. Both azobisisobutyronitrile
(AIBN) as a thermal photoinitiator and DMPA as a photoinitiator were tested
for the reaction in THF or toluene, and varying ratios of alkene groups to thiol
groups were investigated. While addition of the thiols did occur as observed via
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NMR spectroscopy, the molecular weight did not increase as much as expected. A
mere doubling of the M n values was observed in the best cases, for instance from
3500 g/mol to 7440 g/mol or from 6100 g/mol to 10360 g/mol.

To enhance the reaction between the alkene and the thiol groups, it was decided to
conduct the reactions under neat conditions. Reactions were carried out by mixing
the polyester with the respective thiol (1,6-hexanedithiol, 1,8-octanedithiol, TTMP
or PTMP) and DMPA in acetone. After leaving the acetone to evaporate under a
steam of nitrogen, the mixture was cured under UV light (365 nm) for 2 hours at
room temperature (Scheme 4.8).
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Scheme 4.8 Cross-linking of a Ebis-PA polyester with a multifunctional thiol

This led to enhanced reactivity and cross-linked, insoluble polymers could be ob-
tained with 1,8-octanedithiol, 1,6-hexanedithiol, TTMP or PTMP as cross-linkers.
While the Emono-PA and Ebis-PA polyesters were powdery solids, these insol-
uble cross-linked thermosets were flexible, transparent solids (Figure 4.13). Due to
their cross-linked nature, the polymers showed broad shallow glass transitions in
DSC analysis. T g values ranged between 63 and 108 °C. While higher values would
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have been expected due to the cross-linking, potentially the already rigid polyes-
ter backbone has a greater influence here on the glass transition than the degree
of cross-linking. Future work needs to comprise TGA analysis to determine if the
degradation temperature increased due to the cross-linking.

Figure 4.13 Cross-linked polyester

4.6 Summary

In summary, the use of β-elemene epoxides in ROCOP with phthalic anhydride has
been demonstrated. Reactions under neat conditions at higher temperatures and the
use of cat9 in combination with PPNCl yielded the best results. Linear polyesters
were obtained from Emono and PA with molecular weights of up to 7360 g/mol and
T g values between 43 and 67 °C. Formation of higher molecular weight polymers was
supposedly hindered by contamination with water traces, leading to transesterifica-
tion and presence of multiple initiator species. Repetition of the drying procedures
for reagents and solvents might reduce these effects and further experiments with
should be carried out to confirm this. Furthermore, the bulkiness of the β-elemene
monomer could potentially also hinder formation of longer polymer chains. As
mentioned before, the true molecular weights of these polymers are challenging to
estimate, as the M n values obtained from SEC measurements were obtained by refer-
encing against polystyrene standards. In comparison to the limonene oxide-phthalic
anhydride polyesters reported in the literature, thek obtained Emono polymers
showed lower moelcular weight values and lower T g values.

Ebis was shown to be a versatile monomer with formation of linear polymers with
reaction of only one epoxide group, or formation of insoluble cross-linked polyester
thermosets when both epoxide groups reacted at high temperatures of 100 °C under
neat conditions. T g values of up to 115 °C were observed which are in the same range
as reported for limonene-phthalic anhdyride polymers in the literature. Formation
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of insoluble thermosets from Etris and PA were observed at a lower temperature of
65 °C in neat conditions.

Cross-linking of the low molecular weight polyesters of Emono-PA and Ebis-PA
with multifunctional thiols under neat reaction conditions led to formation of in-
soluble thermoset polymers. Further analysis needs to be carried out via TGA and
DMA to examine the properties of these cross-linked polymers. Potential application
as coatings could be envisioned.

Other research groups are also interested in β-elemene as a renewable monomer
feedstock, and during the preparation of this thesis, the ROCOP of β-elemene ep-
oxides with PA was published by Kleij and co-workers.55 The results reported are
similar to the ones we obtained, with Emono-PA polyesters showing a maximum
molecular weight of 7800 g/mol and T g values between 68 and 79 °C. With reaction
temperatures up to 80 °C, partly soluble polyesters were reported for the reaction
of Ebis and PA, which showed higher T g values of up to 125 °C.55 This highlights
the current interest and drive to utilise novel terpene monomers, such as β-elemene,
in polymer formation.
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5 β-Elemene based non-isocyanate poly-
urethanes (NIPUs)

5.1 Introduction

As outlined in Chapter 1.3.3, the synthesis of non-isocynate polyurethanes (NIPUs)
can be achieved by reaction of cyclic dicarbonates with diamines. Despite the need
for harsh reaction conditions to convert terpene epoxides to 5-membered cyclic car-
bonates, routes to various terpene-derived monocarbonates and dicarbonates have
been described in the literature.72,164,177–179 However, only limonene dicarbonate has
been investigated as a monomer in NIPU formation by Mülhaupt et al.72,183

NIPU formation using limonene dicarbonate was carried out with 1,4-
butanediamine, 1,6-hexanediamine, 1,8-octanediamine and isophorone diamine as
co-monomers under neat reaction conditions (Scheme 5.1). The low reactivity of
both cyclic carbonate groups, due to steric hindrance, demanded higher reaction
temperatures of up to 120 °C. As shown in Table 5.1, the obtained NIPU polymers
were only low molecular weight oligomers and reasons for that were attributed to
viscosity issues and the bulky nature of the limonene dicarbonate monomer.72

O

O
140 °C

O
O

O

O

O

O

CO2 (30 bar)
OH

O

O N
H

O

R

OH
N
H

O

TBAB (6 mol%)

n

H2N
R

NH2

60-120 °C

H2N
NH2

H2N
NH2

NH2

NH2

H2N
NH2

and other tri- and polyfunctional amines

H2N
N

N
N

NH2

N
H2N

N
H

N

N

H2N

NH

NH2

HN
NH2

NH

H2N

NH2

Lupasol FG

NH2

H2N

6

8

88

Priamine 1074

Scheme 5.1 NIPU synthesis from limonene dicarbonate and various amines72
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Table 5.1 Amines used in NIPU synthesis with limonene dicarbonate and
properties of the obtained linear NIPU polymers72

entry amine T g [°C] Tm [°C] M n [g/mol] (Ð)

1 1,4-butanediamine 33 80-90 1100 (1.3)

2 1,6-hexanediamine 38 80-90 1200 (1.5)

3 1,8-octanediamine 62 90-100 1840 (1.3)

4 isophorone diamine 70 90-100 960 (1.2)

Furthermore, NIPU thermoset formation was reported for the reaction of limonene
dicarbonate with a range of different tri- or polyfunctional amines. Stiff and brittle
thermosets with T g values between 55 and 70 °C were obtained.72 The use of high
purity limonene dicarbonate enabled improvement of both the thermal and mech-
anical properties of these NIPU thermosets.183

Previous work in the Davidson group on β-elemene carbonates and
NIPUs

As outlined in Chapter 4, the epoxidation of β-elemene has been studied in our group
and other groups at the University of Bath. These β-elemene epoxides provide an-
other example of terpene epoxides which could be transformed into cyclic carbonates
and then used as monomers for NIPU formation. First investigations in our group
into carbonation reactions of β-elemene epoxides were carried out by Maltby.209

Carbonation of β-elemene bisepoxide (Ebis) was carried out with 6 mol% TBAB
and 50 bar CO2 (Scheme 5.2). At a low temperature of 100 °C a high yield of
84% of β-elemene monocarbonate monoepoxide (ECE) was obtained (Table 5.2,
entry 1). Although both epoxide groups are electronically the same and should
therefore react equally, an increase in temperature was needed for the second, more
sterically hindered, epoxide group to undergo carbonation. At 120 °C the yield
of β-elemene dicarbonate (ECC) increased to 19% after 24 hours and 38% after
65 hours (Table 5.2, entries 2 and 3). At 140 °C, 50% ECC was obtained after
24 hours (Table 5.2, entry 4). However, the high reaction temperature also favoured
side product formation by ring opening of the epoxide and rearrangement to alde-
hyde or alcohol derivatives (ECA and ECO, see Scheme 5.2). While the aldehyde
derivative ECA could be isolated via column chromatography, the alcohol deriv-
ative ECO could not be separated from ECC in the separation attempts carried
out. Yields of ECC shown in Table 5.2 are therefore accounting for both ECC
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and ECO. Analysis via NMR spectroscopy showed that the ECO content in the
mixture can be as high as 58% for reactions conducted at higher temperatures. This
shows that the actual yield for the ECC product is low. Furthermore, the presence
of these alcohol impurities is disadvantageous when considering ECC as a monomer
for NIPU polymer synthesis.
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Scheme 5.2 Carbonation reaction of Ebis using TBAB as a catalyst, leading to
formation of a range of carbonated products209

Table 5.2 Reaction conditions and yields for the carbonation of Ebis. Cyclic
carbonate yields determined via 1H NMR spectroscopy. Other yields are isolated

yields after column chromatography.209

entry T
[°C]

CO2 pressure
[bar]

time
[h]

cyclic carbonate yield
[%]

ECE
[%]

ECC and ECO
[%]

ECA
[%]

1 100 50 24 50 84 5 0

2 120 50 24 57 67 19 2

3 120 50 65 82 7 38 7

4 140 50 24 71 14 50 21

Previous work in our group also showed successful cyclic carbonate formation from
Ebis using an aluminium amine tris(phenolate) complex (cat8) as a catalyst,
PPNCl as co-catalyst and 2-butanone as a solvent.213 As indicated by yields shown
in Table 5.3, the less sterically hindered epoxide reacts more readily with 74% ECE
formed after 6 hours at 85 °C and 30 bar CO2 (Table 5.3, entry 1). The second
epoxide, which is more sterically hindered, is slower to react and conversion into
a cyclic carbonate requires either longer reaction times, higher CO2 pressure or
higher temperature. However, these conditions also promoted rearrangement of
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the epoxide group to aldehyde or alcohol impurities, as mentioned. Up to 25% of
the ECA side product formed when using a high reaction temperature of 130 °C
(Table 5.3, entry 4). Additionally, around 10% of ECO side product was observed
in the unpurified reaction mixture, which mostly remained in the dicarbonate frac-
tion after column chromatography. For the reactions at 85 °C, only trace amounts
of ECO were observed. An increase in catalyst loading from 1 mol% to 2 mol% (at
85 °C, 30 bar, 24 hours) only led to a slight increase of ECC formation to 32%.213

So, although ECC formation was successful, the highest yield obtained was 62%
under high temperature conditions. In comparison with the results from Maltby,
this showed that using the aluminium amine tris(phenolate) catalyst, cat8, enables
formation of β-elemene carbonates at lower CO2 pressures and lower temperatures.

Table 5.3 Reaction conditions and yields for the carbonation of Ebis with
aluminium amine tris(phenolate) cat8 (1 mol%) as a catalyst, PPNCl (3 mol%) as

co-catalyst and 2-butanone as solvent. Yields are isolated yields after column
chromoatography.213

entry T [°C] CO2 pressure [bar] time ECE [%] ECC and ECO [%] ECA [%]

1 85 30 6 h 74 0 0

2 85 30 24 h 68 18 0

3 85 30 5 d 44 47 4

4 130 30 24 h 14 62 25

5 85 60 24 h 62 32 0

β-Elemene trisepoxide (Etris) was also investigated by Maltby in cyclic carbon-
ate formation.209 The additional epoxide group is only monosubstituted and should
therefore react more readily. As shown for Ebis, the less sterically hindered disub-
stituted epoxide group reacts readily and this should therefore provide access to a
β-elemene dicarbonate monoepoxide derivative (ECCE) and potentially β-elemene
triscarbonate (ETC) under harsher reaction conditions (Scheme 5.3). Carbona-
tion of Etris was conducted with 9 mol% TBAB at 100 °C and 50 bar CO2 for
24 hours (Scheme 5.3). A 56% conversion of epoxide groups and 52% conversion
to cyclic carbonate groups was observed via 1H NMR spectroscopy. ECCE was
the main product of the reaction, however, no isolated yield was reported. The
second product obtained was β-elemene monocarbonate bisepoxide (ECEE) con-
sisting mainly of the isomer where the less sterically hindered disubstituted epoxide
has been transformed into a cyclic carbonate. As with carbonation of Ebis, no
aldehyde side products were observed at the lower reaction temperature of 100 °C.
An increase of reaction temperature to 140 °C, in order to achieve reaction of the
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sterically hindered epoxide, yielded a product mixture with 67% conversion to cyclic
carbonate groups. As before, the side product formation also increased. ECCE was
isolated by column chromatography and the other fraction isolated was a mixture
of ETC and a significant quantity of alcohol impurity. Isolated yields were again
not reported.209
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Scheme 5.3 Reaction of Etris with CO2 leading to a variety of carbonated
products. Isolated yields were not reported.209

After reporting the successful synthesis of a range of β-elemene carbonate deriv-
atives, Maltby investigated ECC as a monomer in NIPU synthesis.209 However,
due to the purification issues mentioned above, Maltby used an unpurified reaction
mixture, containing around 47% ECC among aldehyde (ECA) and alcohol (ECO)
side products, for NIPU synthesis. The polymerisation was conducted in neat con-
ditions at 100 °C and different diamines were tested as co-monomers (Figure 5.1).
Solidification occurred with isophorone diamine and 1,8-octanediamine, whereas the
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Croda Priamine and 1,4-butanediamine resulted in viscous liquids. Both samples
from 1,8-octanediamine and 1,4-butanediamine showed complete disappearance of
the cyclic carbonate C=O signal in the IR spectrum. However, GPC analysis of all
the samples revealed low molecular weights between 210 and 1760 g/mol, indicating
addition of only one or two amine molecules occurred. Maltby argued that success-
ful formation of higher molecular weight NIPUs was prevented by the high amount
of impurites in the β-elemene dicarbonate mixture.209

H2N

H2N
NH2

NH2

NH2

NH2

NH2

NH2

1,4-butanediamine

1,8-octanediamine isophorone diamine Croda Priamine

Figure 5.1 Amine co-monomers used by Maltby for the NIPU synthesis with
ECC209

5.2 Synthesis of β-elemene dicarbonate monoepox-

ide (ECCE) as a monomer for NIPU synthesis

As NIPU formation with ECC has already been attempted in our group, this work
focused on synthesising the β-elemene dicarbonate monoepoxide (ECCE) and in-
vestigating its use in NIPU formation. It was anticipated that the terminal, mono-
substituted cyclic carbonate group would be more reactive, due to lower steric
hindrance, compared to ECC with its more hindered cyclic carbonate groups. This
should lead to a higher reactivity and successful generation of NIPUs. Scale up
of the carbonate synthesis was attempted in order to obtain enough monomer to
produce dogbone shaped NIPU samples for tensile testing.

First, β-elemene was expoxidised using mCPBA as an oxidant on a 100 g scale.
Previous work in the Davidson group has shown that Etris is sensitive to the m-
chlorobenzoic acid released during the reaction.207 Potassium carbonate was there-
fore added to the reaction mixture to bind the m-chlorobenzoic acid and facilitate
product formation. 1H NMR spectroscopy of the unpurified reaction mixture showed
a content of 70% Etris and 30% Ebis. Addition of more mCPBA and a longer reac-
tion time did not succeed in driving the reaction to higher conversions. Purification
was carried out via column chromatography, however, Etris could only be obtained
in 39% yield. This result is especially surprising as small scale synthesis and purific-
ation with column chromatography has been used to successfully prepare Etris in
high yields before by Hutchby.207 However, Maltby also reported issues, such as low
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yields, with Etris synthesis.209 The low isolated yield can most likely be explained
by epoxide ring opening and degradation of the epoxide on the silica column or side-
product formation by reaction with m-chlorobenzoic acid which forms during the
reaction and was not neutralised by potassium carbonate. The side product Ebis
was obtained in 27% yield. Due to time restrictions, analysis on other product frac-
tions from column chromatography, potentially containing degradation products,
was not carried out.

Due to issues with Etris purification, the carbonation reaction was carried out using
the unpurified reaction mixture from the epoxidation, after filtation and washing,
comprising of 70% Etris and 30% Ebis. It was hoped that the cyclic carbonate
products would not degrade on the silica column, facilitating purification with higher
yields. The epoxide mixture was reacted with 34 bar CO2 at 100 °C for 22 hours
(Scheme 5.4). These conditions were chosen as similar to those used successfully for
synthesis of ECCE by Maltby.209 1-Methylpyrrolidin-2-one (NMP) was added as
a solvent to increase the reaction volume and enable stirring in the autoclave, and
TBAB was used as a catalyst in an amount of 9 mol%. NMP was chosen as solvent
as it had been previously reported for use in carbonation reactions.214
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O

O

O

OO OO CO2 34 bar

O

O

TBAB 9 mol%

100 °C, 22 h

NMP

26%30  :  70Ebis Etris

ECCE

Scheme 5.4 Synthesis of β-elemene dicarbonate monoepoxide (ECCE) from a
mixture of Ebis and Etris (30:70)
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Successful conversion of epoxide groups into cyclic carbonate groups was confirmed
by the appearance of new signals between 4 and 5 ppm in the 1H NMR spectrum
(Figure 5.2). These signals correspond to the CH and CH2 protons in the cyclic
carbonate ring. Integration of the signals showed 61% conversion of epoxide groups
to cyclic carbonate groups. Only traces of aldehyde or alcohol side products were
detected. After column chromatography of a part of the reaction mixture, the de-
sired ECCE could be obtained as a beige solid in 26% yield. A total of 2.9 g of
pure ECCE was isolated. Product formation was confirmed by mass spectrometry
with a m/z of 363.1414 which corresponds to [M+Na]+ and IR spectroscopy with
the appearance of the carbonyl C=O peak at 1782 cm-1. As expected the monosub-
stitued epoxide and the less sterically hindered disubstituted epoxide group reacted
and formation of the isomer shown in Scheme 5.4 was confirmed by 2D NMR spec-
troscopy (HMBC experiments). ECE, stemming from carbonation of the bisepoxide
derivative, was obtained in 19% yield. Other fractions obtained from the column
chromatography were not further analysed.

0.51.01.52.02.53.03.54.04.55.05.56.06.5
ppm

OO OO

O

30  :  70

O

O

O

O

O

O

O

Figure 5.2 1H NMR spectra of a 30:70 mixture of Ebis:Etris (top) and ECCE
(bottom)
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The low isolated yield of ECCE is a drawback, especially in regards to potentially
upscaling this synthesis for industrial purposes. Furthermore, a very high amount
of solvent had to be used for purification via column chromatography making this
synthesis not sustainable and not viable on a multigram scale. Further purification
of the remaining crude reaction mixture to obtain more ECCE was therefore not
carried out.

In order to make the purification step more sustainable and scaleable, a method de-
veloped by Schimpf et al. was implemented.183 They reported the synthesis of a high
purity limonene dicarbonate by purification and removal of alcohol side products
upon dilution of the unpurified viscous product mixture in ethyl acetate and pre-
cipitation of the product on addition of triethylamine. A further recrystalisation
step from isohexane/ethyl acetate followed. Repetition of the process yielded pure
limonene dicarbonate in 18% yield.183 A smiliar approach was used to test precip-
itation as a purification method, on a 500 mg scale, for the unpurified β-elemene
carbonate mixture. Dissolving the unpurified carbonation product in ethyl acetate
and addition of triethylamine resulted in precipitation of a brown solid. 1H NMR
spectroscopy analysis showed successful removal of carbonate products stemming
from β-elemene bisepoxide as no alkene signals were visible anymore (Figure 5.3,
purple spectrum). In a second purification step, the obtained solid was dissolved in
ethyl acetate and layered with hexane. After standing over night at 4 °C, a beige
solid precipitated. As shown in Figure 5.3 (green spectrum), the obtained beige solid
was the desired ECCE. The 1H NMR spectrum was comparable to the product ob-
tained via column chromatography with only one additional peak in the epoxide
region visible.
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Figure 5.3 1H NMR spectra of the unpurified reaction mixture after carbonation
(purple), after precipitation from EtOAc and NEt3 (blue), after precipitation from

EtOAc/NEt3 and EtOAc/hexane (green), and after purification via column
chromatography (red)

This purification method would provide an alternative requiring a lower solvent
amount compared to the solvent intensive purification via column chromatography.
A combined approach could also be envisioned by using the precipitation method to
remove carbonation products from Ebis and subsequent column chromatography to
achieve purification of ECCE. Scale up of the precipitation method to determine
the yield was not carried out due to time constraints, however, it is likely to be
low as seen in the literature example with limonene.183 Nevertheless, this purifica-
tion method might provide a more viable option and could be employed for future
synthesis.

5.3 NIPU synthesis from ECCE and various diam-

ines

Although problems were encountered with synthesis and purification, a few grams of
pure ECCE could be obtained. Due to the presence of two cyclic carbonate groups
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it can be used as a monomer and NIPU synthesis was therefore investigated on a
small scale.

5.3.1 Model reaction for the opening of cyclic carbonate

groups

Before conducting the polymerisation reaction, the reactivity of the cyclic carbonate
groups of ECCE was explored by reaction with 1-hexylamine in a model reaction.
Two equivalents of 1-hexylamine were added to ECCE and the mixture was heated
to 100 °C for 21 hours (Scheme 5.5). A small amount of condensation formed on top
of the round bottom flask, indicating that some amine could have been evaporated
out of the reaction mixture, inhibiting full conversion of the cyclic carbonate groups.

O

O

O

O

O

O

O

H2N

100 °C
21 h

HO

O

O

OH

O

H
N

O

O
NH

HO

O

O

O

H
N

O

O

OH H
N

2 eq

O

O

O

O

OH

OH
H
N

N
H

O

Scheme 5.5 Potential products for the reaction of ECCE with two equivalents of
1-hexylamine
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IR analysis of the unpurifed reaction mixture showed a new carbonyl peak appearing
at 1693 cm-1 corresponding to the amide C=O (Figure 5.4, signal highlighted red).
However, the cyclic carbonate C=O peak at 1791 cm-1 was still visible, indicating
that full conversion of carbonate groups was not achieved. Furthermore, a slight
reduction of the epoxide integrals in the 1H NMR spectrum could indicate that
some epoxide opening occurred by nucleophilic attack of the amine. However, exact
determination of products present in the reaction mixture proved to be difficult,
due to the presence of a vast number of overlapping signals in the spectrum, making
clear distinctions and assignments impossible.
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Figure 5.4 IR spectrum of the reaction mixture of ECCE and 1-hexylamine (2
equivalents) after 21 hours. Cyclic carbonate C=O signal highlighted yellow, new

amide C=O signal highlighted red

Another two equivalents of 1-hexylamine were added in order to drive the reaction
to full conversion. Heating at 100 °C was continued for another 22 hours and then
unreacted hexylamine was removed in vacuo. The IR spectrum of the product
showed no cyclic carbonate C=O signal, confirming successful opening of both cyclic
carbonate groups. In addition, 1H NMR spectroscopy revealed the disappearance of
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the epoxide signals and integration showed addition of a total of three hexylamine
molecules, indicating that the epoxide also opened by nucleophilic attack of the
amine. Analysis of mass spectrometry data confirmed the opening of both the
carbonate groups as well as the epoxide group, leading to formation of the product
shown in Figure 5.5. This model reaction confirmed that both cyclic carbonate
groups are reactive towards opening with primary amines, suggesting that NIPU
synthesis can be attempted.
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Figure 5.5 Obtained reaction product when reacting ECCE with an excess of 4
equivalents of 1-hexylamine

5.3.2 NIPU synthesis

NIPU synthesis was investigated by reacting ECCE with various diamines in neat
reaction conditions. A 1:1 stoichiometry of cyclic carbonate groups to amine groups
was applied. The polymer synthesis was carried out on a small scale by mixing
ECCE with the diamine monomer in an equimolar ratio in a vial and heating at
100 °C for 24 hours (Scheme 5.6).
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Scheme 5.6 NIPU synthesis by reaction of ECCE with different amines (shown
in the blue box) for 24 hours at 100 °C

Firstly, aliphatic diamines were investigated as co-monomers. The polymerisation
reaction with 1,5-pentanediamine yielded a hard, but brittle, yellow solid (Fig-
ure 5.6). The IR spectrum showed the appearance of a new amide band at 1692 cm-1,
however, the cyclic carbonate C=O band was still clearly visible. This means full
conversion of the cyclic carbonate groups could not be achieved in accordance with
results from our model reaction and suggesting opening of the epoxide and partial
formation of polyamine units as a side reaction. Further analysis was restricted
as the polymer proved to be largely insoluble in common organic solvents such as
chloroform and THF. The fraction that was soluble in chloroform was analysed via
NMR spectroscopy and proved to be unreacted monomer and oligomers. A strong
reduction of epoxide signals of these oligomers in the 1H NMR spectrum indicated,
once again, the opening of the epoxide by amines. The presence of monomers, or
only low molecular weight oligomers, was confirmed by GPC analysis of the soluble
fraction, which only showed a molecular weight of 1490 g/mol (Ð of 1.25). The in-
solubility of the NIPU polymer could be due to formation of high molecular weight
polymers. Formation of cross-linking could be another reason for the encountered
insolubility, however, even with the epoxide opening, the resulting polyurethane-
polyamine polymer should still be largely linear due the amine stoichiometry used.
The obtained NIPU polymer showed a T g of 87 °C (Table 5.4, entry 1) and TGA
showed an onset degradation temperature of 120 °C with 5% mass loss at 235 °C.
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Figure 5.6 NIPU obtained from ECCE and 1,5-pentanediamine

Similar results were achieved with 1,8-octanediamine as a co-monomer, where a
brittle, mostly insoluble, solid was obtained. IR analysis confirmed polyurethane
formation, but cyclic carbonate groups were still present. The T g of this NIPU was
slightly lower at 71 °C (Table 5.4, entry 2). The lower T g could be explained by the
presence of the longer, and therefore more flexible, amine alkyl chain. No melting
temperatures were observed between -40 and 220 °C for the NIPU samples.

As expected, these aliphatic amines were highly reactive and successful NIPU form-
ation was observed. Compared to limonene-based NIPUs reported in the literature
(see Table 5.1)72, the T g values obtained for β-elemene-based NIPUs are higher.
This could be due to potential cross-linking arising from opening of the epoxide
group.

Table 5.4 Diamines used for NIPU synthesis with ECCE and glass transition
temperatures of the obtained NIPUs

entry amine T g [°C]

1 1,5-pentanediamine 87

2 1,8-octanediamine 71

3 Priamine 1074 no polymer formation

4 2,5-bis(aminomethyl)furan 89

5 benzene-1,3-diamine no polymer formation

6 benzene-1,4-diamine no polymer formation

Priamine 1074 is a bio-based diamine derived from fatty acids and was therefore
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tested as a co-monomer to generate a fully bio-based NIPU. However, mixing is-
sues occurred during synthesis resulting in phase separation of a solid, which was
determined to be unreacted ECCE, and a liquid, which was unreacted amine. Due
to the lack of miscibility of the monomers, no polymer formation was observed.

After showing NIPU formation was possible with some aliphatic diamines, aro-
matic diamines were also investigated as co-monomers. 2,5-Bis(aminomethyl)furan
provides another bio-based diamine which can be synthesised from sugar derived
hydroxymethylfurfural (HMF) or furandicarboxylic acid (FDCA). Successful NIPU
formation could be observed with 2,5-bis(aminomethyl)furan resulting in an orange,
brittle solid, which was largely insoluble in common organic solvents. Incomplete
cyclic carbonate conversion (determined by IR spectroscopy) was observed again.
This fully bio-based NIPU showed a T g of 89 °C (Table 5.4, entry 4). This is sim-
ilar to the pentanediamine-based NIPU and higher than the octanediamine-based
NIPU ascribed to the increased polymer backbone rigidity arising from inclusion of
the furan ring.

Two benzene-based aromatic diamines were tested: 1,3-benzenediamine and 1,4-
benzenediamine. Both resulted in formation of black solids. Formation of an amide
group was not detected via IR spectroscopy, hence it can be concluded that no poly-
merisation occurred. These solids were partly soluble in chloroform and completely
soluble in THF. NMR data showed presence of unreacted ECCE and unreacted ben-
zenediamine. As mentioned above, aromatic diamines are very unreactive towards
carbonate opening, so these results are no surprise and confirm the low reactiv-
ity of the amines. Potentially, the use of a catalyst or higher reaction temperatures
could enhance amine reactivity and enable NIPU formation, but this was not further
investigated.

5.4 Summary

In conclusion, the synthesis of β-elemene dicarbonate monoepoxide ECCE
was scaled up and successful NIPU synthesis with 1,5-pentanediamine, 1,8-
octanediamine and 2,5-bis(aminomethyl)furan was demonstrated. Purification is-
sues with column chromatography and low yields were encountered in the carbon-
ate synthesis making it less viable from a sustainable and economical standpoint.
Potentially, purification via precipitation could be used as a tool for upscaling the
synthesis in the future. This needs to be further investigated on a larger scale and
the yields and solvent use of this route need to be compared to the purification
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method via column chromatography. Future work also comprises the use of basic
alumina as a stationary phase for the colum chromatography purification in order
to reduce potential degradation of Etris.

NIPU synthesis was successful with 2,5-bis(aminomethyl)furan and the highly re-
active alkyl amines, 1,5-pentanediamine and 1,8-octanediamine, yielding polymers
with T g values between 71 and 89 °C. Incomplete conversion of cyclic carbonate
groups observed in analysis via IR spectroscopy could indicate additional epoxide
opening and formation of NIPU-polyamine polymers. Reaction of benzene-based
diamines with ECCE was unsuccessful due to their low reactivity and miscibility
issues were encountered with Priamine 1074.

These β-elemene-based NIPUs are only the second example of terpene-based NIPUs
reported, apart from the ones synthesised from limonene by Mülhaupt et al. This
shows the importance of these polymers as generation of more bio-based NIPUs is
aspired to generate polymers with different properties which could replace fossil-
based polyurethanes. While the limonene-based NIPUs were reported to be only
oligomers, the β-elemene NIPUs were mostly insoluble indicating higher molecular
weight polymers and/or formation of cross-linking. Our polymers also show slightly
higher T g values compared to the limonene ones which might be benefitial for in-
dustrial application. Further work needs to be carried out to react ECCE with
tri- or polyfunctional amines to generate NIPU thermosets and comparison of those
polymers with the limonen-based NIPU thermosets.

Future work comprises investigation if opening of the epoxide group took place in
polymer formation by analysis of the products via MALDI MS. Further reactions
could also be carried out by reacting Ebis or Etris directly with different diamines
to see if epoxide opening could lead to formation of polyamines. Although successful
NIPU synthesis from β-elemene was shown, industrial application of these polymers
is assumed to remain limited due their brittle nature. Use of small quantities of
ECCE in NIPU synthesis as a co-monomer in conjuction with other cyclic carbonate
monomers could be investigated in the future. This would potentially allow an
increased bio-based content in NIPUs, while also tailoring the polymer properties
by introducing the bulky ECCE in the polymer backbone.
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6 Conclusions and Outlook

The development of novel bio-based polymers remains crucial for the transition to
a more sustainable material production. While upscaling and economic viability of
terpenes can pose issues, the β-elemene and β-farnesene used in this study are ideal
monomers due to their production on an industrial scale via fermentation. We have
demonstrated the use and versatility of these monomers and their derivatives in
various polymerisation reactions, synthesising a range of terpene-derived polymers
with different properties.

The synthesis of novel β-elemene based polythioether thermosets was demonstrated
via the sustainable, cheap and scalable thiol-ene reaction. Reaction of β-elemene was
carried out with different di-, tri- or tetrafunctional thiols. With 1,6-hexanedithiol
and EDDT, rubbery materials with low T g values, between -49 and -14 °C (DSC),
and low Young’s moduli (0.11-2.37 MPa) were obtained. Further investigations need
to be carried out to determine if these could potentially be used in rubber goods.
With TTMP and PTMP as co-monomers cross-linked thermosets with higher T g

values (-11 to 22 °C) and higher Young’s moduli (2.37-4.49 MPa) were obtained.
All polythioether samples showed high thermal stability with T deg, 5% values of up
to 381 °C.

Polymer properties of the β-elemene-PTMP polymer could be enhanced by post-
curing at 170 °C for 24 hours to complete the curing process. This led to formation
of stiff and hard polymers with a Young’s modulus of 825 MPa, UTS of 39 MPa and
εbreak of 6%. These results are especially impressive when compared to limonene-
PTMP thermosets, where a maximum Young’s modulus of 44 MPa was reported.
Due to their properties, which are similar to currently used epoxy thermosets, these
post-cured β-elemene-PTMP polymers could find potential applications as coatings,
adhesives or sealants. Further work needs to be conducted to confirm this by testing
the coating ability onto different materials, such as metals. Chemical resistance and
barrier properties of these coatings would also need to be evaluated for industrial
application.

Initial degradation studies were conducted in sodium hydroxide solution for the
TTMP and PTMP based polythioethers containing hydrolysable ester bonds. Full
degradation was achieved, and some degradation products, such as a β-elemene
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diacid derivative and 1,1,1-tris(hydroxymethyl)ethane, could be isolated. This offers
the opportunity for recyclability of these polymers. Future work needs to examine
repolymerisation of the acid and alcohol degradation products via polycondensation
reaction, and analysis of the recycled polymers.

β-Farnesene also showed promising results as a monomer in polythioether synthesis,
although the obtained polymers seemed to be somewhat crumbly. By curing with
TTMP and PTMP at room temperature rubbery polymers with low T g values (-
7 to 9 °C) were obtained. Post-curing at high temperatures enabled formation of
higher cross-linked thermosets with higher T g values and higher storage moduli.
Tensile testing would need to be carried out in the future to fully determine the
polymer mechanical properties. A monomer mixture of β-elemene and β-farnesene
in different ratios was found to be an interesting procedure to fine tune the polymer
properties, with values lying between those obtained for polymers from 100% β-
elemene or 100% β-farnesene.

Thiol-ene reaction was also used to introduce methyl ester, alcohol or amine groups
into β-elemene. This enabled the formation of β-elemene di- and trimethyl ester, β-
elemene di- and triol, and β-elemene diamine monomers. Further reaction of these in
polycondensation reactions with different co-monomers provided access to polyesters
and polyamides. The obtained polyesters showed low T g values (-31 to 0 °C) and had
moderate molecular weights or were insoluble solids. Synthesis of β-elemene based
polyamides also yielded insoluble polymers or polymers with moderate molecular
weight. T g values between 33 and 57 °C were observed. Especially regarding the
obtained insoluble polyesters and polyamides, future work needs to be conducted
to assess the mechanical properties of these polymers. While the low to moderate
molecular weight polyesters and polyamides might not be suitable for structural
applications, use in composites or as additives to other polymers might be useful to
increase the bio-based content of those.

Polyesters were also synthesised via ring-opening co-polymerisation of β-elemene
epoxide derivatives and phthalic anhydride. Linear polymers with molecular weight
up to 7360 g/mol were obtained with Emono or with Ebis. Experiments with more
rigorously dried reagents and solvents need to be conducted to see if the synthesis
of higher molecular weight polymers is possible by minimising effects of water im-
purities and transesterification. Insoluble cross-linked polymers were obtained with
Ebis and Etris under neat reaction conditions at high temperatures.

Cross-linking of the low molecular weight polyesters, obtained via ROCOP, with
multifunctional thiols was shown to form thermosets with increased structural sta-
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bility. These need to be subjected to further thermal and mechanical analysis, such
as TGA and DMA, in the future, to establish potential applications. The use of
other anhydride co-monomers also needs to be explored further. Especially succinic
anhydride, which can be obtained from bio-based resources, would provide access to
a fully bio-based polyester.

β-Elemene epoxide derivatives were also investigated in carbonation reactions to
form cyclic dicarbonate monomers. Carbonation of Etris led to formation of
ECCE, which was investigated as a monomer in NIPU synthesis. With 1,5-
pentanediamine, 1,8-octanediamine and 2,5-bis(aminomethyl)furan brittle, insoluble
solids formed. While these might not be suitable for direct industrial use, ECCE
could be used as a co-monomer in conjunction with other cyclic carbonates to in-
crease the bio-derived content in NIPU. Further insight into the polymer structure
is also needed to determine if partial polyamine formation occurred by opening of
the epoxide group.

This work has demonstrated how β-elemene in particular can contribute to the
transition from fossil-derived polymers to renewable ones. Especially the synthes-
ised β-elemene polythioether thermosets, which were subjected to both thermal
and mechanical analysis, provide interesting features due to tuneability and poten-
tial applications as coatings, adhesives or in rubber goods. Further analysis of the
synthesised polymers to assess their full potential for potential industrial applica-
tions has to be conducted. Blending of the synthesised β-elemene monomers with
fossil-based monomers could also be explored in the future as a way to increase the
bio-based content in traditional polymers, while maintaining their bulk properties.

Moving forward the full potential of β-elemene as a monomer and building block
in polymer synthesis should be further investigated. Hydroboration of β-elemene
and subsequent quenching with sodium hydroxide and hydrogen peroxide could be
investigated as an alternative route to synthesise various alcohol monomers. Fur-
thermore, these alcohol monomers, as well as the ones reported in this work, could
be tested as co-initiators for lactide polymerisation. This could lead to formation
of star-shaped PLA if a trifunctional β-elemene alcohol is used as co-initiator. Fu-
ture work should also investigate the possibility of ROP of β-elemene epoxides into
polyethers. Another future route that could lead to interesting β-elemene monomers
is by conducting ozonolysis of β-elemene to generate carboxylic acid functionalised
β-elemene derivatives. These could then serve as monomers in polyester synthesis.
This work has shown some examples of how β-elemene can be used as a monomer
in a variety of polymerisation reactions. However, the vast range of polymers used
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in our daily life and the versatility of β-elemene encourage future investigations into
this terpene as a monomer.
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7 Experimental

7.1 General Information

Synthetic procedures that state use of inert and dry conditions were conducted under
an argon or nitrogen atmosphere using standard Schlenk and Glovebox techniques.

7.1.1 Chemicals

Chemicals and solvents were purchased from Sigma Aldrich/Merck, Fisher Scientific,
Acros, TCI Chemicals or Alfa Aesar, and were used as received, unless stated oth-
erwise. β-Elemene was kindly provided by Isobionics B.V. with a purity of 96%
(containing 1.6% of an elemene isomer, 0.9% valencene and other minor impurities)
or a purity of 93%. β-Farnesene was obtained from Amyris. The fatty acid derived
Priamine 1074 was obtained from Croda.

Phthalic anhydride and succinic anhydride were recrystalised twice from chlo-
roform and dried under vacuum at 50 °C over night. PPNCl was recrystal-
ised twice from dichloromethane and dried under vacuum over night. For RO-
COP of β-elemene epoxides, THF was dried over potassium and distilled prior
to use and toluene was dried over sodium and distilled prior to use. Anhyd-
rous 2-methyl-THF over molecular sieves was purchased from Sigma Alrich and
used as received. For ROCOP, β-elemene monoepoxide and β-elemene bisep-
oxide were distilled via fractional distillation from CaH2. The highly viscous
Etris was dried by dissolution in dry acetonitrile and removal of the aceton-
itile under vacuum (5 times). The amine tris(phenolate) ligand was provided by
Strachan McCormick. The aluminium and iron amine tris(phenolate) catalysts
(cat8 and cat9) were then prepared according to literature procedures.174,210 The
aluminium salophen complex (cat10) was synthesised according to literature pro-
cedures (ligand211, metal complex212). The aluminium salen complex ((R,R)-N,N’ -
bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediaminoaluminum chloride) (cat2)
and chromium salen complex ((R,R)-N,N’ -Bis(3,5-di-tert-butylsalicylidene)-1,2-
cyclohexanediaminochromium chloride) (cat10) were purchased from Sigma Aldrich
and used as obtained.
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7.1.2 Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectra were recorded on a 400 MHz Bruker Avance III or a 500 MHz Bruker
Avance III spectrometer. Spectra were referenced to residual solvent signals.215

The following abbreviations were used for the occurring multiplicities: s = singlet,
d = doublet, t = triplet, q = quartet, m = multiplet, dd = doublet of doublets,
ddd = doublet of doublet of doublets, bs = broad singlet and br = broad signal.
Coupling constants are given in Hertz. All 13C spectra were recorded with 1H
decoupling. Signals labelled with Cq are quaternary carbon atoms. Diffusion ordered
spectroscopy (DOSY) NMR experiments were carried out on a 500 MHz Bruker
Avance III spectrometer. For the experiments the standard Bruker pulse sequence
ledbpgp2s, with d1 of 5 seconds, 64k data points and 16 scans per gradient level.
Ten gradient strengths were used between 2 % and 95 %

7.1.3 Mass Spectrometry (MS)

High resolution mass spectra were recorded as electrospray ionisation mass spectra
(ESI MS) on an electrospray time-of-flight MicroTOF mass spectrometer. Samples
were prepared in HPLC grade acetonitrile, methanol or water. Masses were recorded
in positive or negative mode and are reported as mass to charge ratios (m/z) in
Daltons.

Matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry
(MALDI-TOF) was conducted on a Bruker AutoFlex speed spectrometer using
DCTB (trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile) as
a matrix and sodium trifluoroacetate as an additive.

7.1.4 Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR spectra were recorded on a Perkin Elmer 100 Fourier transform spectrometer
fitted with an ATR accessory, a Thermo Nicolet iS50 fitted with an ATR accessory
or a Bruker ALPHA II FTIR spectrometer. Spectra were recorded with 24 scans
from 400 to 4000 cm-1 with a resolution of 4 cm-1.

7.1.5 Size Exclusion Chromatography (SEC)

SEC measurements were performed using an Agilent 1260 GPC/SEC MDS instru-
ment. SEC was was carried out at 1 mL/min at 35 °C with a THF eluent using two
PLgel 5 µm MIXED-D 300 × 7.5 mm columns. The system was referenced against
polystyrene standards with detection via refractive index response.
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7.1.6 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was performed using an Setaram Setsys Evolu-
tion TGA 16/18 instrument or a TGA Q500 from TA Instruments. TGA measure-
ments were performed under an argon or nitrogen atmosphere from room temper-
ature to 600 °C with a heating rate of 10 °C/min or 20 °C/min. The degradation
temperature T deg, onset is determined according to ASTM E2550 being the onset
temperature at the point in the TGA curve where a deflection is first observed from
the established 100% weight baseline. The degradation temperature T deg, 5% was
determined as the temperature where 5% of the material was degraded.

7.1.7 Differential Scanning Calorimetry (DSC)

DSC analysis was conducted with TA instruments Q20 differential scanning calor-
imeter or a TA Instruments DSC Q2000. All runs were performed under nitrogen
atmosphere with a constant flow rate of 18 mL/min. Polyester samples from RO-
COP and NIPU samples were cooled to -40 °C then heated to 210 °C at a heating
rate of 10 °C/min to remove any thermal history (first heating cycle). This process
was repeated once. The glass transition temperature (T g) was determined from
the second heating cycle. Polyester and polyamide samples from polycondensation
were cooled to -70 °C then heated to 150 °C at a heating rate of 20 °C/min. This
process was repeated once. The T g was determined from the second heating cycle.
For the the obtained polythioethers, samples were cooled to -90 °C or -70 °C and
then heated to 170 or 300 °C with a heating rate of 20 °C/min. This procedure was
repeated twice and the T g was determined on the third heating cycle.

7.1.8 Tensile Testing

Dogbone samples (ASTM D638 Type IV) were obtained from curing the polymers in
a dogbone shaped PTFE mold. Tensile testing was performed on an Instron Univer-
sal Testing Systems 3400 with an extension rate of 30mm/min at room temperature.
Samples were run in penticates, unless stated otherwise. Crosshead displacement
was used to obtain the strain values. Standard deviation was used to calculate the
error between the five specimens.

7.1.9 Dynamic Mechanical Analysis (DMA)

DMA was performed on a Mettler Toledo DMA1 instrument. Samples (dimensions
around 1.27 cm x 6 cm x 0.18 cm to 0.36 cm) were obtained from curing in a PTFE
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mold. The working length was fixed by the distance between the two clamps as
2 cm. The temperature was ramped from -140 °C or -100 °C to 90 °C or 160 °C
(2 °C/min) and a frequency of 1 Hz was applied. The displacement amplitude was
20 µm, i.e. 0.1 % of strain. The glass transition temperature (T g) was assigned as
the peak of the tan δ curve.

7.1.10 Swelling degree and gel content

Samples were weighed dry (initial) and then placed into toluene for 72 hours. After
this time the samples were weighed wet (wet). Samples were then placed in a vacuum
oven at dried under vacuum at 70 °C for 24 to 72 hours. The mass of the samples was
again recorded after drying (dried). Swelling index and gel content were calculated
as follows:

Swelling index =
wet− initial

initial
∗ 100 (7.1)

Gel content =
dried

initial
∗ 100 (7.2)

7.2 Synthesis of polythioethers based on β-elemene

and β-farnesene (Chapter 2)

7.2.1 Model reaction of β-elemene and 1-pentanethiol to de-

termine double bond reactivity

Kinetic investigations to determine the differential reactivity of the different β-
elemene double bonds was carried out using 1-pentanethiol as a model reaction.
In a vial 2,2-dimethoxy-2-phenylacetophenone (DMPA) (13 mg, 0.05 mmol, 1 wt%)
initiator was dissolved in β-elemene (500 mg, 2.45 mmol, 1 eq) under gentle heat-
ing. Three equivalents of 1-pentanethiol (0.91 mL, 764 mg, 7.35 mmol, 3 eq) and
0.1 equivalents of 1,3,5-trimethoxybenzene (41 mg, 0.25 mmol, 0.1 eq) (internal
standard) were added and the vial was placed in a MelodySusie 36W UV curing
chamber (365 nm, 36 W) and irradiated at room temperature. Samples were taken
at different time intervals (0 min, 0.16 min, 0.33 min, 0.5 min, 1 min, 2 min, 5 min,
10 min, 20 min, 30 min, 60 min, 120 min) and analysed with 1H NMR spectroscopy.
The spectra were referenced against the 1,3,5-trimethoxybenzene methoxy signal at
3.76 ppm and the conversion was determined by integration of the respective double
bond signals and comparison to the value at 0 min.
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7.2.2 Kinetic investigations into polythioether formation

from β-elemene and 2,2’-(ethylenedioxy)diethanethiol

Kinetic investigations to determine the differential reactivity of the differ-
ent β-elemene double bonds was carried out for polythioether formation
with dithiol 2,2’-(ethylenedioxy)diethanethiol (EDDT). In a vial diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (TPO) (0.23 g, 1wt%) was dissolved in β-elemene
(1.00 g, 4.8 mmol, 1 eq) under gentle heating. EDDT (1.33 g, 7.3 mmol, 1.5 eq) was
added to make up a monomer mixture with an alkene group:thiol group ratio of 1:1.
The vial was placed in a Formlabs UV curing chamber (405 nm) and irradiated at
room temperature.
For analysis via 1H NMR spectroscopy, samples were taken at different time inter-
vals (0 min, 1 min, 2 min, 5 min, 10 min) and analysed with 1H NMR spectroscopy.
The spectra were calibrated to the -O-CH2- signal at 3.64 ppm and the conversion
was determined by integration of the respective double bond signals and comparison
to the value at 0 min. After 10 minutes samples became insoluble in CDCl3 and no
further analysis could be carried out.
For analysis via IR spectroscopy, samples were taken at different time intervals
(0 min, 2 s, 5 s, 10 s, 20 s, 30 s, 1 min, 2 min, 5 min, 10 min, 30 min, 60 min,
120 min) and analysed with FT-IR spectroscopy. Conversions of the alkene and
thiols groups were calculated by integration of the signals at 3080 cm-1 (alkene),
1650 cm-1 (alkene) and 2560 cm-1 (thiol), and comparison to the integral values at
0 min.

7.2.3 Synthesis of polythioethers from β-elemene and dithiols

In a vial 1wt% (to total monomer amount) of TPO was dissolved in β-elemene under
gentle heating. The corresponding amount of dithiol (1,6-hexanedithiol or 2,2’-
(ethylenedioxy)diethanethiol (EDDT)) was added to make up a monomer mixture
with an alkene group:thiol group ratio of either 1:1 or 3:2. The vial was placed in
a Formlabs UV curing chamber (405 nm) and irradiated at room temperature with
occasionally stirring for 7 minutes until the reaction mixture became more viscous.
The mixture was then poured into dogbone-shaped or rectangular-shaped PTFE
molds and cured for 2 hours at room temperature in the UV chamber. Transparent,
flexible, rubbery solids were obtained as products and these were insoluble. The
obtained samples were subjected to TGA, DSC, DMA, IR spectroscopy and tensile
testing.
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7.2.4 Synthesis of polythioethers from β-elemene and tri- or

tetrathiols with pre-polymer synthesis

For the pre-polymer synthesis, in a vial 1wt% (to total pre-polymer amount) of TPO
was dissolved in β-elemene under gentle heating. In the case of trimethylolpropane
tris(3-mercaptopropionate) (TTMP) 25% of the total amount was added. Acetone
was added dropwise until a clear, homogenous mixture formed. The vial was placed
in the UV curing chamber (405 nm) and irradiated for 1 hour at room temper-
ature with occasional stirring. For pentaerythritol tetrakis(3-mercaptopropionate)
(PTMP) the same procedure was applied, but only 18.5% of the total amount were
used for the pre-polymer synthesis. Subsequently, acetone was removed in vacuo.
The remaining amount of thiol was added to make up the desired 1:1 or 3:2 ra-
tio. The viscous mixture was poured into a dogbone-shaped or rectangular-shaped
PTFE mold and cured for 2 hours at room temperature in the UV chamber. Trans-
parent, slightly flexible solids were obtained as products and these were insoluble.
The obtained samples were subjected to TGA, DSC, DMA, IR spectroscopy and
tensile testing.

7.2.5 Post-curing experiments

For post-polymerisation post-curing experiments, dogbone samples or DMA bar
samples were either placed in the UV curing chamber at 60 °C for 2 hours or in a
pre-heated oven at 70 °C, 120 °C or 170 °C for 18-24 hours. Afterwards samples were
left at room temperature for 24 hour before further testing. Samples were subjected
to TGA, DSC, DMA, IR spectroscopy and tensile testing.

7.2.6 Degradation studies

For degradation experiments, polythioether samples ELE-TTMP-a (2.25 g), ELE-
PTMP-a (2.27 g) and ELE-PTMP-170-b were each placed into 4 M NaOH
(40 mL) and heated to 80 °C. Full degradation with no visible solid polymer re-
maining occurred after 5 hours for ELE-TTMP-a and ELE-PTMP-a, and after
5 days for ELE-PTMP-170-b. The pH was adjusted to 7 by addition of 2 M
HCl. The solution was extracted with ethyl acetate. After removal of the solvent
the degradation products were obtained as viscous orange liquids. In the case of
ELE-TTMP-a the degradation product was a mixture of β-elemene based diacid
and 1,1,1-tris(hydroxymethyl)ethane, obtained in 0.76 g yield (see below). The
β-elemene based diacid was also obtained as the product from degradation of ELE-

214



Chapter 7. Experimental

PTMP-a in 1.19 g yield. Degradation of ELE-PTMP-170 yielded a mixture of
β-elemene diacid and triacid, in 0.65 g yield.
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NMR spectroscopy: 1H NMR (400 MHz, CDCl3): δ =6.53–5.23 (bs, 5H,
H16/H23/H26 ), 4.82 (s, 1H, H9 ), 4.64 (s, 1H, H9 ), 3.73 (s, 6H, H25 ), 2.78-2.73 (m,
4H, H13/H20 ), 2.65-2.62 (m, 4H, H14/H21 ), 2.60-2.38 (m, 4H, H12/H19 ), 1.96-1.92
(m, 1H, H5 ), 1.71 (s, 3H, H8 ), 1.60-1.18 (m, 12H, H1/H2/H3/H6/H11/17/H27 ),
0.96-0.94 (m, 3H, H18 ), 0.87 (s, 3H, H10 ), 0.84-0.82 (s, 3H, H28 ) ppm. 13C{1H}
NMR (100 MHz, CDCl3): δ =177.5 (Cq, C15/C22 ), 177.5 (Cq, C15/C22 ), 147.6
(Cq, C7 ), 147.5 (Cq, C7 ), 113.3 (CH2, C9, 66.6 (CH2, C25 ), 53.1 (CH, C5 ), 53.0
(CH, C5 ), 43.0 (CH2, C11 ), 42.7 (Cq, C24 ), 41.9 (CH, C17 ), 41.9 (CH, C17 ),
38.6 (CH2, C2/C3/C6 ), 38.5 (CH2, C2/C3/C6 ), 38.1 (CH, C1 ), 38.0 (CH, C1 ),
37.8 (CH2, C19 ), 37.7 (CH2, C19 ), 36.7 (Cq, C4 ), 36.7 (Cq, C4 ), 34.9 (CH2,
C14/C21 ), 34.8 (CH2, C14/C21 ), 32.4 (CH2, C2/C3/C6 ), 29.9 (CH2, C2/C3/C6 ),
29.8 (CH2, C2/C3/C6 ), 27.4 (CH2, C13/C20 ), 26.9 (CH2, C13/C20 ), 26.8 (CH2,
C12 ), 26.2 (CH2, C2/C3/C6 ), 23.6 (CH3, C8 ), 23.5 (CH2, C2/C3/C6 ), 23.1 (CH2,
C27 ), 19.3 (CH3, C10 ), 16.2(CH3, C18 ), 16.1 (CH3, C18 ), 7.5 (CH3, C28 ) ppm.
Mass spectrometry: ESI- m/z calculated for C21H35O4S2 [M-H]-: 415.1982, found
415.1946. Infrared spectroscopy: νmax = 3417 (O-H), 3086 (=C-H), 2923 (C-H),
1706 (C=O), 1413 (C-H), 1392 (C-H), 1243 (C-O) cm-1.
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7.2.7 Synthesis of β-elemene monoepoxide (Emono)
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In a round bottom flask a solution of β-elemene (10 g, 49 mmol, 1 eq) in
500 mL CH2Cl2 was cooled to 0 °C in an ice bath. Addition of ≤ 77% meta-
chloroperoxybenzoic acid (12.1 g, 53.9 mmol, 1.1 eq) was carried out portion-wise
over 30 min before allowing the reaction to warm to room temperature. The reac-
tion mixture was stirred at room temperature overnight. The mixture was filtered,
the filtrate washed with a saturated Na2CO3 solution (5 x 500 mL), the organic
phase dried over MgSO4 and concentrated in vacuo to yield the crude product. The
product was purified by column chromatography (diethyl ether:petrol ether 1:6). A
colourless oil was obtained in 52% yield (5.20 g, 23 mmol).

NMR spectroscopy: 1H NMR (400 MHz, CDCl3): δ = 5.97 (dd, J = 17.9,
10.3, 1H, H14 ), 5.81-5.73 (m, 1H, H14 ), 5.01 – 4.58 (m, 4H, H8b/H11a/H15 ),
2.67 – 2.54 (m, 2H, H8a/H11b), 19.5-1.91 (m, 1H, H5 ), 1.85 – 1.10 (m, 13H,
H1/H2/H3/H6/H9/H12 ), 0.99 (s, 3H, H13 ) ppm. 13C{1H} NMR (100 MHz,
CDCl3): δ = 150.5 (CH, C14 ), 150.1 (CH, C14 ), 150.1 (CH, C14 ), 149.4 (CH,
C14 ), 147.5 (Cq, C7b/C10a), 147.5 (Cq, C7b/C10a), 112.3 (CH2, C8b), 112.3 (CH2,
C8b), 110.7 (CH2, C15 ), 110.1 (CH2, C15 ), 110.1 (CH2, C15 ), 109.7 (CH2, C15 ),
108.6 (CH2, C11a), 108.5 (CH2, C11a), 59.5 (Cq, C7a/C10b), 58.7 (Cq, C7a/C10b),
58.1 (Cq, 7a/C10b), 56.2 (CH2, C8a), 53.5 (CH2, C11b), 53.4 (CH, C1 ), 53.4 (CH2,
C11b), 53.3 (CH2, C11b), 52.4 (CH, C5 ), 52.3 (CH, C5 ), 51.5 (CH, C1 ), 45.4 (CH,
C5 ), 45.2 (CH, C5 ), 44.6 (CH3, C12 ), 44.6 (CH3, C12 ), 41.7 (CH2, C2/C3/C6 ),
41.2 (CH2, C2/C3/C6 ), 39.9 (Cq, C4 ), 39.9 (Cq, C4 ), 39.5 (CH2, C2/C3/C6 ), 39.4
(CH2, C2/C3/C6 ), 39.4 (Cq, C4 ), 29.9 (CH2, C2/C3/C6 ), 29.5 (CH2, C2/C3/C6 ),
29.3 (CH2, C2/C3/C6 ), 27.0 (CH2, C2/C3/C6 ), 26.8 (CH2, C2/C3/C6 ), 24.9 (CH3,
C9 ), 24.9 (CH3, C9 ), 23.9 (CH2, C2/C3/C6 ), 23.5 (CH2, C2/C3/C6 ), 21.2 (CH3,
C12 ), 21.1 (CH3, C12 ), 19.9 (CH3, C9/12 ), 18.6 (CH3, C12 ), 18.4 (CH3, C12 ),
17.6 (CH3, C9/12 ), 17.3 (CH3, C9/12 ), 16.7 (CH3, C13 ), 16.7 (CH3, C13 ) ppm.
Mass spectrometry: ESI+ m/z calculated for C15H24ONa [M+Na]+: 243.1719,
found 243.1688. IR spectroscopy: νmax = 3081 (=C-H), 2970 (C-H), 2930 (C-H),
2862 (C-H), 1638 (C=C), 1440 (C-H), 1375 (C-H), 1054 (C-O), 903 (=C-H) cm-1.
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7.2.8 Synthesis of polythioethers from β-elemene monoepox-

ide and TTMP or PTMP

In a vial 1wt% (to total monomer amount) of DMPA was dissolved in β-elemene
monoepoxide under gentle heating. The corresponding amount of TTMP or PTMP
was added to make up a monomer mixture with an alkene group:thiol group ratio
of 1:1. The vial was placed in a UV curing chamber (365 nm, 36 W) and irradiated
for 10-15 seconds until the reaction mixture became more viscous. The mixture was
then poured into rectangular-shaped PTFE molds and cured for 2 hours in the UV
chamber. Transparent, flexible, rubbery solids were obtained as products and these
were insoluble in common organic solvents. The obtained samples were subjected
to TGA, DSC, DMA and IR spectroscopy.

For post-polymerisation post-curing experiments, DMA bar samples were placed in
a pre-heated oven at 160 °C for 24 hours. Afterwards samples were left at room
temperature for 24 hour before further testing. Samples were subjected to TGA,
DSC, DMA and IR spectroscopy.

7.2.9 Model reaction of β-farnesene and 1-pentanethiol to de-

termine double bond reactivity

Kinetic investigations to determine the reactivity of the β-farnesene double bonds
was carried out using 1-pentanethiol. In a vial DMPA (9 mg, 1 wt%) initiator
was dissolved in β-farnsesene (300 mg, 1.47 mmol, 1 eq) under gentle heating. Four
equivalents of 1-pentanethiol (0.73 mL, 611 mg, 5.87 mmol, 4 eq) and 0.1 equivalents
of 1,3,5-trimethoxybenzene (24 mg, 0.14 mmol, 0.1 eq) (internal standard) were
added and the vial was placed in a MelodySusie 36W UV curing chamber (365 nm,
36 W) and irradiated. Samples were taken at different time intervals (0 min, 0.5 min,
1 min, 2 min, 5 min, 10 min, 30 min, 60 min, 120 min, 240 min) and analysed with
1H NMR spectroscopy. The spectra were calibrated to the 1,3,5-trimethoxybenzene
signals and the conversion was determined by integration of the respective double
bond signals and comparison to the value at 0 min.

7.2.10 Polythioether synthesis from β-farnesene

For the pre-polymer synthesis, in a vial 1wt% (to total pre-polymer amount) of
DMPA was dissolved in β-farnesene under gentle heating. In the case of TTMP
30% of the total amount was added. Acetone was added dropwise until a clear, ho-
mogenous mixture formed. The vial was placed in the UV curing chamber (365 nm,
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36 W) and irradiated for 2 hours at room temperature with occasional stirring. For
PTMP the same procedure was applied, but only 25% of the total amount were used
for the pre-polymer synthesis. Subsequently, acetone was removed in vacuo. The
remaining amount of thiol was added to make up the desired 1:1 ratio. The viscous
mixture was poured into a rectangular-shaped PTFE mold and cured for 2 hours at
room temperature in the UV chamber. Transparent, flexible, slightly crumbly solids
were obtained as products and these were insoluble in common organic solvents.
The obtained samples were subjected to TGA, DSC, DMA, IR spectroscopy and
tensile testing.

For post-polymerisation post-curing experiments, dogbone or DMA bar samples
were placed in a pre-heated oven at 160 °C for 24 hours. Afterwards samples were
left at room temperature for 24 hour before further testing. Samples were subjected
to TGA, DSC, DMA and IR spectroscopy.

7.2.11 Polythioether synthesis from β-elemene and β-

farnesene

For the pre-polymer synthesis, in a vial 1wt% (to total pre-polymer amount) of
DMPA was dissolved in a mixture of β-elemene and β-farnesene (75:25, 50:50 or
25:75 by weight). In the case of TTMP 30% of the total amount was added for the
75:25 mixture, 27.5% TTMP for the 50:50 mixture and 25% of TTMP for the 25:75
mixture. Acetone was added dropwise until a clear, homogenous mixture formed.
The vial was placed in the UV curing chamber (365 nm, 36 W) and irradiated
for 2 hours at room temperature with occasional stirring. Subsequently, acetone
was removed in vacuo. The remaining amount of thiol was added to make up the
desired 1:1 ratio. The viscous mixture was cured in the vial for 4 minutes until the
mixture became more viscous. It was then poured into a rectangular-shaped PTFE
mold and cured for 2 hours at room temperature in the UV chamber. Transparent,
flexible, slightly crumbly solids were obtained as products and these were insoluble
in common organic solvents. The obtained samples were subjected to TGA, DSC,
DMA and IR spectroscopy.

For post-polymerisation post-curing experiments, DMA bar samples were placed in
a pre-heated oven at 160 °C for 24 hours. Afterwards samples were left at room
temperature for 24 hour before further testing. Samples were subjected to TGA,
DSC, DMA and IR spectroscopy.
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7.3 Monomer synthesis via thiol-ene reaction

and formation of polyesters and polyamides

(Chapter 3)

7.3.1 Synthesis of β-elemene diester (EDE)
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In a vial 2,2-dimethoxy-2-phenylacetophenone (DMPA) (0.12 g, 1wt%) was dissolved
in β-elemene (5 g, 24.4 mmol, 1 eq) under slight heating. Methyl thioglycolate
(4.38 mL, 5.19 g, 48.8 mmol, 2 eq) was added, the vial was placed in a MelodySusie
36W UV curing chamber and was irradiated with UV light (365 nm, 36 W) for 2
hours at room temperature while stirring. The reaction mixture was purified via
column chromatography using a petroleum ether/ethyl acetate (9:1) as eluent. The
product was obtained in 63% yield (6.34 g, 15.3 mmol) as a colourless liquid.

NMR spectroscopy: 1H NMR (400 MHz, CDCl3): δ = 5.74-5.61 (m, 1H, H23 ),
4.99-4.94 (m, 2H, H24 ), 4.81-4.80 (m, 1H, H8 ), 4.64-4.63 (m, 1H, H8 ), 3.71 (s,
6H, H16/H21/H30 ), 3.71 (s, 6H, H16/H21/H30 ), 3.20 (s, 4H, H13/H19/H28 ), 3.18
(s, 4H, H16/H21/H30 ), 2.75-2.43 (m, 4H, H12/H18/H27 ), 1.95-1.91 (m, 1H, H5 ),
1.70 (s, 3H, H9 ), 1.65-1.10 (m, 10H, H1/H2/H3/H6/H10/H17/H25 ), 0.96 (d, J =
6.0 Hz, 3H, H11/H26 ), 0.95 (d, J = 6.0 Hz, 3H, H11/H26 ), 0.87 (s, 3H, H22 )
ppm. 13C{1H} NMR (100 MHz, CDCl3): δ = 171.1 (Cq, C14/C20/C29 ), 150.0
(CH, C23 ), 147.4 (Cq, C7 ), 113.3 (CH2, C8 ), 111.7 (CH2, C24 ), 53.2 (CH, C5 ),
53.1 (CH, C5 ), 52.4 (CH3, C16/C21/C30 ), 42.6 (CH2, C17 ), 42.1 (CH, C10/C25 ),
42.0 (CH, C10/C25 ), 38.6 (CH2, C2/C3/C6 ), 38.5 (CH2, C2/C3/C6 ), 38.2 (CH2,
C12/C28 ), 37.8 (CH, C1 ), 37.7 (CH, C1 ), 36.7 (Cq, C4 ), 36.6 (Cq, C4 ), 34.0 (CH2,
C13/C19/C28 ), 33.7 (CH2, C13/C19/C28 ), 32.2 (CH2, C2/C3/C6 ), 30.1 (CH2,
C2/C3/C6 ), 27.6 (CH2, C18 ), 26.0 (CH2, C2/C3/C6 ), 23.7 (CH2, C2/C3/C6 ), 23.5
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(CH3, C9 ), 19.1 (CH3, C22 ), 16.1 (CH3, C11/C26 ), 16.0 (CH3, C11/C26 ) ppm.
Mass spectrometry: ESI+ m/z calculated for C21H36O4S2Na [M+Na]+: 439.1953,
found 439.1970. Infrared spectroscopy: νmax = 3080 (=C-H), 2925 (C-H), 2857
(C-H), 1731 (C=O), 1635 (=C-H), 1434 (C-H), 1272 (C-O), 1131 (C-O) cm-1.

7.3.2 Synthesis of β-elemene triester (ETE)
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In a vial DMPA (0.28 g, 2wt%) was dissolved in β-elemene (5 g, 24.4 mmol, 1 eq)
under slight heating. Methyl thioglycolate (7.65 mL, 9.09 g, 85.6 mmol, 3.5 eq) was
added, the vial was placed in a MelodySusie UV curing chamber and was irradiated
with UV light (365 nm, 36 W) for 5.5 hours at room temperature while stirring.
The reaction mixture was purified via column chromatography using a petroleum
ether/ethyl acetate (8.5:1.5 to more polar) as eluent. The product was obtained in
78% yield (10.11 g, 19.2 mmol) as a colourless viscous liquid.

NMR spectroscopy: 1H NMR (400 MHz, CDCl3): δ = 3.73-3.71
(m, 9H, H12/H18/H23 ), 3.24-3.13 (m, 6H, H10/H16/H21 ), 2.84-2.14
(m, 6H, H9/H15/H20 ), 1.99-1.88 (m, 1H, H5 ), 1.64-1.06 (m, 11H,
H1/H2/H3/H6/H7/H13/H19 ), 1.04 (dd, J = 6.6, 1.9 Hz, 3H, H8 ), 0.95 (t,
J = 7.1 Hz, 3H, H14 ), 0.90-0.85 (m, 3H, H8/H24 ) ppm. 13C{1H} NMR (100
MHz, CDCl3): δ = 171.2 (Cq, C11/C17/C22 ), 171.1 (Cq, C11/C17/C22 ), 171.0
(Cq, C11/C17/C22 ), 52.5 (CH3, C12/C18/C23 ), 52.4 (CH3, C12/C18/C23 ), 49.6
(CH, C7 ), 49.5 (CH, C7 ), 46.7 (CH, C7 ), 46.6 (CH, C7 ), 42.4 (CH, C7/C13 ),
42.2 (CH, C13 ), 42.1 (CH, C13 ), 41.9 (CH, C13 ), 41.8 (CH2, C19 ), 41.7 (CH2,
C19 ), 40.9 (CH2, C9 ), 38.8 (CH2, C2/C3/C6 ), 38.8 (CH2, C2/C3/C6 ), 38.7
(CH2, C2/C3/C6 ), 38.6 (CH2, C2/C3/C6 ), 38.3 (CH2, C15 ), 38.1 (CH2, C15 ),
38.0 (CH2, C15 ), 38.0 (CH, C1 ), 37.9 (CH, C1 ), 37.9 (CH, C1 ), 37.8 (CH, C1 ),
37.3 (Cq, C4 ), 37.3 (Cq, C4 ), 37.2 (Cq, C4 ), 37.2 (Cq, C4 ), 36.8 (CH2, C9 ), 34.0
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(CH2, C10/C16/C21 ), 33.9 (CH2, C10/C16/C21 ), 33.8 (CH2, C10/C16/C21 ),
33.6 (CH2, C10/C16/C21 ), 33.6 (CH2, C10/C16/C21 ), 31.3 (CH, C5 ), 31.3
(CH, C5 ), 30.9 (CH, C5 ), 30.9 (CH, C5 ), 27.4 (CH2, C20 ), 27.3 (CH2, C20 ),
26.5 (CH2, C2/C3/C6 ), 26.2 (CH2, C2/C3/C6 ), 26.1 (CH2, C2/C3/C6 ), 25.9
(CH2, C2/C3/C6 ), 24.4 (CH2, C2/C3/C6 ), 24.0 (CH2, C2/C3/C6 ), 23.6 (CH2,
C2/C3/C6 ), 23.6 (CH2, C2/C3/C6 ), 20.9 (CH3, C2/C3/C6 ), 20.8 (CH3, C8 ), 20.0
(CH3, C8 ), 19.9 (CH3, C8 ), 16.3 (CH3, C24 ), 15.9 (CH3, C14 ), 15.8 (CH3, C14 )
ppm. Mass spectrometry: ESI+ m/z calculated for C24H42O6S3Na [M+Na]+:
545.2036, found 545.2036. Infrared spectroscopy: νmax = 2927 (C-H), 2858
(C-H), 1730 (C=O), 1434 (C-H), 1272 (C-O), 1129 (C-O) cm-1.

7.3.3 Synthesis of β-elemene diol (EDO)
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In a vial DMPA (0.09 g, 1wt%) was dissolved in β-elemene (5 g, 24.4 mmol, 1 eq)
under slight heating. 2-Mercaptoethanol (3.43 mL, 3.82 g, 48.8 mmol, 2 eq) was
added, the vial was placed in a MelodySusie UV curing chamber and was irradiated
with UV light (365 nm, 36 W) for 3 hours at room temperature while stirring.
The reaction mixture was purified via column chromatography using a petroleum
ether/ethyl acetate (2:1) as eluent. The product was obtained in 64% yield (5.63 g,
15.6 mmol) as a yellow viscous liquid.

NMR spectroscopy: 1H NMR (400 MHz, CDCl3): δ = 5.75-5.62 (m, 1H, H23 ),
4.99-4.94 (m, 2H, H24 ), 4.83-4.82 (m, 1H, H9 ), 4.64 (d, J = 1.7 Hz, 1H, H9 ), 3.70
(t, J = 6.5 Hz, 4H, H14/H19/H28 ), 2.73-2.67 (m, 4H, H13/H18/H27 ), 2.63-2.33
(m, 4H, H12/H17/H26 ), 2.19 (s, 2H, H15/H20/H29 ), 1.95-1.89 (m, 1H, H5 ), 1.70
(s, 3H, H8 ), 1.64-1.08 (m, 10H, H1/H2/H3/H6/H10/H16/H24 ), 0.97 (d, J = 6.8
Hz, 3H, H11/H25 ), 0.97 (d, J = 6.8 Hz, 3H, H11/H25 ), 0.87 (s, 3H, H21 ) ppm.
13C{1H} NMR (100 MHz, CDCl3): δ = 149.9 (CH, C22 ), 147.5 (Cq, C7 ), 147.5
(Cq, C7 ), 113.3 (CH2, C9 ), 111.4 (CH2, C23 ), 60.4 (CH2, C14/C19/C28 ), 60.3
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(CH2, C14/C19/C28 ), 53.3 (CH, C5 ), 53.2 (CH, C5 ), 43.4 (CH2, C16 ), 42.2 (CH,
C10 ), 42.1 (CH, C10 ), 38.7 (CH2, C2/C3/C6 ), 38.6 (CH2, C2/C3/C6 ), 38.4 (CH,
C1 ), 38.4 (CH, C1 ), 37.3 (CH2, C12C26 ), 37.3 (CH2, C12/C26 ), 36.7 (Cq, C4 ),
36.7 (Cq, C4 ), 36.0 (CH2, C13/C18/C27 ), 35.4 (CH2, C13/C18/C27 ), 32.3 (CH2,
C2/C3/C6 ), 30.1 (CH2, C2/C3/C6 ), 26.4 (CH2, C17 ), 26.1 (CH2, C2/C3/C6 ),
23.7 (CH2, C2/C3/C6 ), 23.5 (CH3, C8 ), 19.2 (CH3, C21 ), 16.2 (CH3, C11 ), 16.1
(CH3, C11 ) ppm. Mass spectrometry: ESI+ m/z calculated for C19H36O2S2Na
[M+Na]+:383.2049, found 383.2072. Infrared spectroscopy: νmax = 3344 (O-H),
3074 (=C-H), 2921 (C-H), 2858 (C-H), 1635 (=C-H), 1438 (C-H), 1379 (C-H), 1043
(C-O), 1007 (C-O) cm-1.

7.3.4 Synthesis of β-elemene triol (ETO)
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In a vial DMPA (0.23 g, 2wt%) was dissolved in β-elemene (5 g, 24.4 mmol, 1 eq)
under slight heating. 2-Mercaptoethanol (6.00 mL, 6.69 g, 85.6 mmol, 3.5 eq) was
added, the vial was placed in a MelodySusie UV curing chamber and was irradiated
with UV light (365 nm, 36 W) for 14 hours at room temperature while stirring.
The reaction mixture was purified via column chromatography using a petroleum
ether/ethyl acetate (1:1 to more polar) as eluent. The product was obtained in 62%
yield (6.67 g, 15.2 mmol) as a yellow viscous liquid.

NMR spectroscopy: 1H NMR (400 MHz, CDCl3): δ = 3.91-3.68
(m, 6H, H11/H17/H22 ), 2.88-2.35 (m, 12H, H9/H10/H15/H16/H20/H21 ),
2.39 (s, 3H, H12/H18/H23 ), 1.97-1.87 (m, 1H, H5 ), 1.6-1.09 (m, 11H,
H1/H2/H3/H6/H7/H13/H19 ), 1.05 (dd, J = 6.8, 1.8 Hz, 3H, H8 ), 0.95 (dt, J =
6.3, 1.5 Hz, 3H, H14 ), 0.90-0.85 (m, 3H, H8/H24 ) ppm. 13C{1H} NMR (100 MHz,
CDCl3): δ = 60.8 (CH2, C11/C17/C22 ), 60.7 (CH2, C11/C17/C22 ), 60.6 (CH2,
C11/C17/C22 ), 60.6 (CH2, C11/C17/C22 ), 60.4 (CH2, C11/C17/C22 ), 49.6 (CH,
C7 ), 49.5 (CH, C7 ), 46.0 (CH, C7 ), 45.9 (CH, C7 ), 42.8 (CH2, C19 ), 42.5 (CH2,
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C19 ), 42.4 (CH, C13 ), 42.3 (CH, C13 ), 42.1 (CH, C13 ), 41.9 (CH, C13 ), 40.5 (CH2,
C9 ), 38.9 (CH2, C2/C3/C6 ), 38.8 (CH2, C2/C3/C6 ), 38.7 (CH2, C2/C3/C6 ), 38.5
(CH, C1 ), 38.5 (CH, C1 ), 37.5 (CH2, C15 ), 37.3 (CH2, C15 ), 37.3 (CH2, C15 ), 37.2
(Cq, C4 ), 37.1(CH2, C15 ), 36.1 (CH2, C10/C16/C21 ), 36.0 (CH2, C10/C16/C21 ),
35.9 (CH2, C10/C16/C21 ), 35.5 (CH2, C10/C16/C21 ), 35.4 (CH2, C10/C16/C21 ),
32.1 (CH, C5 ), 31.7 (CH, C5 ), 26.5 (CH2, C20 ), 26.4 (CH2, C20 ), 26.3 (CH2, C20 ),
26.1 (CH2, C20 ), 26.1 (CH2, C20 ), 24.1 (CH2, C2/C3/C6 ), 24.0 (CH2, C2/C3/C6 ),
23.7 (CH2, C2/C3/C6 ), 21.0 (CH3, C8 ), 20.5 (CH3, C8 ), 20.1 (CH3, C8 ), 16.5
(CH3, C24 ), 16.4 (CH3, C24 ), 16.3 (CH3, C14 ), 16.0 (CH3, C14 ) ppm. Mass
spectrometry: ESI+ m/z calculated for C21H42O3S3Na [M+Na]+:461.2188, found
461.2233. Infrared spectroscopy: νmax = 3344 (O-H), 2920 (C-H), 2865 (C-H),
1438 (C-H), 1378 (C-H), 1042 (C-O), 1006 (C-O) cm-1.

7.3.5 Synthesis of β-elemene monoester monool (EEO)
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In a vial 2,2-dimethoxy-2-phenylacetophenone (DMPA) (0.07 g, 1wt%) was dissolved
in β-elemene (5 g, 24.4 mmol, 1 eq) under slight heating. Methyl thioglycolate
(2.18 mL, 2.60 g, 24.4 mmol, 1 eq) was added, the vial was placed in a MelodySusie
UV curing chamber and was irradiated with UV light (365 nm, 36 W) for 2 hours
at room temperature while stirring. The reaction mixture was purified via column
chromatography using a petroleum ether/ethyl acetate (20:1) as eluent. The ob-
tained β-elemene monoester (4.00 g, 12.9 mmol, 1 eq) was then placed in a vial and
DMPA (0.05 g, 1wt%) was added under slight heating. 2-Mercaptoethanol (0.99 mL,
1.11 g, 14.2 mmol, 1.1 eq) was added, the vial was placed in a MelodySusie 36W
UV curing chamber and was irradiated with UV light (365 nm) for 2 hours at room
temperature while stirring. The reaction mixture was purified via column chroma-
tography using a petroleum ether/ethyl acetate (3:1) as eluent. The product was
obtained in 43% yield overall (3.54 g, 9.10 mmol) as a colourless liquid.
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NMR spectroscopy: 1H NMR (400 MHz, CDCl3): δ = 5.75-5.62 (m, 1H, H22 ),
4.99-4.94 (m, 2H, H23 ), 4.81-4.80 (m, 1H, H8 ), 4.64-4.63 (m, 1H, H8 ), 3.71
(s, 3H, H15 ), 3.71 (s, 3H, H15 ), 3.69 (t, J = 6.0 Hz, 2H, H19/H28 ), 3.18 (s,
2H, H13 ), 3.17 (s, 2H, H13 ), 2.75-2.41 (m, 6H, H12/H18/H17/H27/H26 ), 2.14
(s, 1H, H20/H29 ), 1.95-1.88 (m, 1H, H5 ), 1.70 (s, 3H, H9 ), 1.65-1.09 (m, 10H,
H1/H2/H3/H6/H10/H16/H24 ), 0.96 (dd, J = 6.9, 1.9 Hz, 3H, H11/H25 ), 0.87
(s, 3H, H21 ) ppm. 13C{1H} NMR (100 MHz, CDCl3): δ = 171.1 (Cq, C14 ),
147.5 (Cq, C7 ), 147.4 (Cq, C7 ), 113.2 (CH2, C8 ), 111.6 (CH2, C23 ), 60.4 (CH2,
C19/C28 ), 53.2 (CH, C5 ), 53.1 (CH, C5 ), 52.4 (CH3, C15 ), 43.4 (CH2, C16 ),
42.1 (CH, C10/C24 ), 42.0 (CH, C10/C24 ), 38.6 (CH2, C2/C3/C6 ), 38.5 (CH2,
C2/C3/C6 ), 38.2 (CH2, C12 ), 37.8 (CH, C1 ), 37.7 (CH, C1 ), 36.7 (Cq, C4 ), 36.6
(Cq, C4 ), 35.4 (CH2, C18 ), 34.0 (CH2, C13 ), 32.2 (CH2, C2/C3/C6 ), 30.0 (CH2,
C2/C3/C6 ), 26.4 (CH2, C17 ), 26.0 (CH2, C2/C3/C6 ), 23.7 (CH2, C2/C3/C6 ), 23.5
(CH3, C9 ), 19.1 (CH3, C21 ), 16.1 (CH3, C11/C25 ), 16.0 (CH3, C11/C25 ) ppm.
Mass spectrometry: ESI+ m/z calculated for C20H36O3S2 [M]+: 389.2190, found
389.2179. Infrared spectroscopy: νmax = 3434 (O-H), 3071 (=C-H), 2923 (C-H),
2858 (C-H), 1732 (C=O), 1635 (=C-H), 1435 (C-H), 1380 (C-H), 1275 (C-O), 1132
(C-O) cm-1.

7.3.6 Synthesis of β-elemene diamine (EDA)
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In a vial DMPA (0.53 g, 5wt%) was dissolved in β-elemene (3 g, 14.7 mmol, 1 eq)
under slight heating. Cysteamine hydrochloride (7.51 g, 66.0 mmol, 4.5 eq) and eth-
anol (15 mL) were added, the vial was placed in a MelodySusie UV curing chamber
and was irradiated with UV light (365 nm, 36 W) for 20 hours at room temper-
ature while stirring. The ethanol was removed in vacuo, DCM was added and the
mixture was washed with saturated Na2CO3 solution until the pH of the washing
solution becomes alkaline (pH 10). The mixture was washed with water, dried over
MgSO4 and the solvent removed under vacuum. The obtained mixture was purified
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via column chromatography using silica which was basified before use by washing
with a solution of methanol with 1% NEt3. The chromatography was carried out
using a solvent gradient starting with pure methanol and increasing the polarity to
methanol with 16% NEt3. The product was obatined as a viscous yellow oil in 28%
yield (1.46 g, 4.1 mmol).

NMR spectroscopy: 1H NMR (400 MHz, MeOD): δ = 4.84 (s, 1H, H9 ), 4.81 (s,
4H, H15/H20 ), 4.68 (s, 1H, H9 ), 2.84 (t, J = 7.1 Hz, 4H, H14/H19 ), 2.67-2.61 (m,
4H, H13/H18 ), 2.61-2.38 (m, 4H, H12/H17 ), 2.03-1.97 (m, 1H, H5 ), 1.74 (s, 3H,
H8 ), 1.64-1.22 (m, 10H, H1/H2/H3/H6/H10/H16 ), 0.99 (d, J = 6.8 Hz, 3H, H11 ),
0.92 (s, 3H, H21 ) ppm. 13C{1H} NMR (100 MHz, MeOD): δ = 149.0 (Cq, C7 ),
148.9 (Cq, C7 ), 113.6 (CH2, C9 ), 54.5 (CH, C5 ), 54.4 (CH, C5 ), 44.7 (CH2, C16 ),
43.4 (CH, C10 ), 43.4 (CH, C10 ), 41.4 (CH2, C14/C19 ), 39.7 (CH2, C2/C3/C6 ),
39.6 (CH2, C2/C3/C6 ), 39.5 (CH, C1 ), 39.5 (CH, C1 ), 38.1 (CH2, C12 ), 38.1 (CH2,
C12 ), 37.7 (Cq, C4 ), 37.6 (Cq, C4 ), 35.5 (CH2, C13/C18 ), 34.9 (CH2, C13/C18 ),
33.5 (CH2, C2/C3/C6 ), 31.3 (CH2, C2/C3/C6 ), 27.2 (CH2, C2/C3/C6 ), 27.0 (CH2,
C2/C3/C6 ), 24.8 (CH2, C2/C3/C6 ), 23.8 (CH3, C8 ), 19.7 (CH3, C21 ), 16.5 (CH3,
C11 ), 16.4 (CH3, C11 ) ppm. Mass spectrometry: ESI+ m/z calculated for
C19H39N2S2 [M+H]+:359.2554, found 359.2677. Infrared spectroscopy: νmax =
3341 (N-H), 3074 (=C-H), 2920 (C-H), 2865 (C-H), 1633 (=C-H), 1568 (N-H), 1463
(C-H), 1375 (C-H), 1314 (C-N) cm-1.

7.3.7 Polyester synthesis

A high throughput parallel reactor which was custom-made by the mechanical work-
shop at the University of Bath was used for the polycondensation reactions.216 It
is designed as a metal heating block which can hold 25 HPLC vials (4 mL) with a
metal top and an outlet for vaccum/N2. In a general reaction procedure, both the
ester and the alcohol monomers were added to a vial along with a stirrer bar. The
desired amount of catlyst was added, the vials placed in the reactor and the reactor
closed. The system was purged with nitrogen by three vacuum/nitrogen cycles. In
the first stage, the reactor was heated under nitrogen to the desired temperature
and for the desired time (oligomerisation stage). In the second stage, vaccum (1-
5 mbar) was applied, the temperature was increased and the reaction continued for
the desired amount of time (vacuum polycondensation stage). When the reaction
was finished, the reactor was left to cool under nitrogen before retrieving the sample
vials.

NMR spectroscopy, SEC analysis and IR spectroscopy was carried out on the crude
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samples. Purification was carried out by dissolving the samples in DCM and pre-
cipitating into cold methanol. The viscous liquids deposited on the bottom of the
beaker. DSC analysis was carried out on the purified samples where possible.

7.3.8 Polyester from EDE and 1,6-hexandiol
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NMR spectroscopy: 1H NMR (400 MHz, CDCl3): δ = 4.81 (s, 1H, H8 ), 4.64
(s, 1H, H8 ), 4.11 (t, J = 6.3 Hz, 4H, H20/H25 ), 3.19 (s, 2H, H13/H18 ), 3.17
(s, 2H, H13/H18 ), 3.17 (s, 2H, H13/H18 ), 2.75-2.44 (m, 4H, H12/H17 ), 2.35-2.32
(m, 4H, H21/H24 ), 1.95-1.89 (m, 1H, H5 ), 1.70 (s, 3H, H9 ), 1.67-1.13 (m, 18H,
H1/H2/H3/H6/H11/H15/H21/H22/H23/H24 ), 0.97 (d, J = 6.8 Hz, 3H, H16 ),
0.97 (d, J = 6.8 Hz, 3H, H16 ), 0.88 (s, 3H, H10 ) ppm. 13C{1H} NMR (100 MHz,
CDCl3): δ = 170.7 (Cq, C14/C19 ), 147.5 (Cq, C7 ), 147.4 (Cq, C7 ), 113.3 (CH2,
C8 ), 65.2 (CH2, C20/C25 ), 53.3 (CH, C5 ), 53.2 (CH, C5 ), 42.6 (CH2, C11 ), 42.2
(CH, C15 ), 42.1 (CH, C15 ), 38.6 (CH2, C2/C3/C6 ), 38.5 (CH2, C2/C3/C6 ), 38.2
(CH2, C17 ), 37.8 (CH, C1 ), 37.8 (CH, C1 ), 36.7 (Cq, C4 ), 36.7 (Cq, C4 ), 34.3 (CH2,
C18 ), 33.9 (CH2, C13 ), 32.3 (CH2, C2/C3/C6 ), 30.1 (CH2, C2/C3/C6 ), 28.6 (CH2,
C21/C24 ), 27.6 (CH2, C12,) 26.0 (CH2, C2/C3/C6 ), 25.6 (CH2, C22/C23 ), 23.7
(CH2, C2/C3/C6 ), 23.6 (CH3, C9 ), 19.1 (CH3, C10 ), 16.2 (CH3, C16 ), 16.1 (CH3,
C16 ) ppm. Infrared spectroscopy: νmax = 3076 (=C-H), 2927 (C-H), 2858 (C-
H), 1725 (C=O), 1636 (=C-H), 1454 (C-H), 1381 (C-H), 1268 (C-O), 1127 (C-O)
cm-1.
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7.3.9 Polyester from EDE and 1,10-decanediol
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NMR spectroscopy: 1H NMR (400 MHz, CDCl3): δ = 4.82 (s, 1H, H8 ),
4.64 (s, 1H, H8 ), 4.11 (t, J = 6.4 Hz, 4H, H20/H29 ), 3.19 (s, 2H, H13/H18 ),
3.21-3.17 (m, 4H, H13/H18 ), 2.75-2.44 (m, 4H, H12/H17 ), 2.35-2.32 (m, 4H,
H21/H24 ), 1.95-1.89 (m, 1H, H5 ), 1.70 (s, 3H, H9 ), 1.67-1.13 (m, 26H,
H1/H2/H3/H6/H11/H15/H21/H22/H23/H24/H25/H26/H27/H28 ), 0.97 (s, 3H,
H16 ), 0.96 (s, 3H, H16 ), 0.88 (s, 3H, H10 ) ppm. 13C{1H} NMR (100 MHz, CDCl3):
δ = 170.8 (Cq, C14/C19 ), 147.5 (Cq, C7 ), 147.4 (Cq, C7 ), 113.3 (CH2, C8 ), 65.6
(CH2, C20/C29 ), 53.3 (CH, C5 ), 53.2 (CH, C5 ), 42.5 (CH2, C11 ), 42.1 (CH, C15 ),
42.1 (CH, C15 ), 38.6 (CH2, C2/C3/C6 ), 38.5 (CH2, C2/C3/C6 ), 38.2 (CH2, C17 ),
37.8 (CH, C1 ), 37.7 (CH, C1 ), 36.7 (Cq, C4 ), 36.7 (Cq, C4 ), 34.3 (CH2, C18 ),
33.7 (CH2, C13 ), 32.2 (CH2, C2/C3/C6 ), 30.0 (CH2, C2/C3/C6 ), 29.6 (CH2,
C21/C28 ), 29.4 (CH2, C22/C27 ), 28.7 (CH2, C23/C26 ), 27.6 (CH2, C12,), 25.9
(CH2, C24/C25 ), 23.7 (CH2, C2/C3/C6 ), 23.6 (CH3, C9 ), 19.1 (CH3, C10 ), 16.2
(CH3, C16 ), 16.1 (CH3, C16 ) ppm. Infrared spectroscopy: νmax = 3076 (=C-H),
2924 (C-H), 2854 (C-H), 1727 (C=O), 1635 (=C-H), 1456 (C-H), 1381 (C-H), 1268
(C-O), 1128 (C-O) cm-1.

7.3.10 Polyester from EDE and 1,5-pentanediol
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NMR spectroscopy: 1H NMR (500 MHz, CDCl3): δ = 4.82 (s, 1H, H8 ), 4.64
(s, 1H, H8 ), 4.19 (t, J = 7.3 Hz, 4H, H20/H24 ), 2.73-2.68 (m, 4H, H13/H18 ),
2.67-2.37 (m, 4H, H12/H17 ), 2.37-2.30 (m, 4H, H21/H23 ), 1.95-1.89 (m, 1H, H5 ),
1.70 (s, 3H, H9 ), 1.67-1.13 (m, 12H, H1/H2/H3/H6/H11/H15/H22 ), 0.97 (s, 3H,
H16 ), 0.96 (s, 3H, H16 ), 0.88 (s, 3H, H10 ) ppm. 13C{1H} NMR (125 MHz, CDCl3):
δ = 173.2 (Cq, C14/C19 ), 147.5 (Cq, C7 ), 147.4 (Cq, C7 ), 113.3 (CH2, C8 ), 63.4
(CH2, C20/C24 ), 53.3 (CH, C5 ), 53.1 (CH, C5 ), 43.3 (CH2, C11 ), 42.1 (CH, C15 ),
42.1 (CH, C15 ), 38.6 (CH2, C2/C3/C6 ), 38.5 (CH2, C2/C3/C6 ), 38.3 (CH, C1 ),
38.3 (CH, C1 ), 38.0 (CH2, C17 ), 37.9 (CH2, C17 ), 36.7 (Cq, C4 ), 36.7 (Cq, C4 ),
33.9 (CH2, C21/C23 ), 32.2 (CH2, C2/C3/C6 ), 31.2 (CH2, C13/C18 ), 30.7 (CH2,
C13/C18 ), 30.0 (CH2, C2/C3/C6 ), 27.1 (CH2, C12,) 26.0 (CH2, C2/C3/C6 ), 24.4
(CH2, C22 ), 23.7 (CH2, C2/C3/C6 ), 23.6 (CH3, C9 ), 19.1 (CH3, C10 ), 16.1 (CH3,
C16 ) ppm. Infrared spectroscopy: νmax = 3074 (=C-H), 2925 (C-H), 2859 (C-
H), 1726 (C=O), 1635 (=C-H), 1436 (C-H), 1380 (C-H), 1268 (C-O), 1127 (C-O)
cm-1.

7.3.11 Polyester from EDE and ethylene glycol
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NMR spectroscopy: 1H NMR (400 MHz, CDCl3): δ = 4.82 (s, 1H, H8 ), 4.65
(s, 1H, H8 ), 4.34 (s, 4H, H20/H21 ), 3.22-3.19 (m, 4H, H13/H18 ), 2.78-2.44 (m,
4H, H12/H17 ), 1.95-1.90 (m, 1H, H5 ), 1.71 (s, 3H, H9 ), 1.63-1.13 (m, 10H,
H1/H2/H3/H6/H11/H15 ), 0.97 (d, J = 6.8 Hz, 3H, H16 ), 0.96 (d, J = 6.8 Hz,
3H, H16 ), 0.88 (s, 3H, H10 ) ppm. 13C{1H} NMR (100 MHz, CDCl3): δ = 170.4
(Cq, C14/C19 ), 147.4 (Cq, C7 ), 113.3 (CH2, C8 ), 62.9 (CH2, C20/C21 ), 53.3 (CH,
C5 ), 53.2 (CH, C5 ), 42.6 (CH2, C11 ), 42.1 (CH, C15 ), 42.1 (CH, C15 ), 38.6 (CH2,
C2/C3/C6 ), 38.5 (CH2, C2/C3/C6 ), 38.3 (CH2, C17 ), 37.8 (CH, C1 ), 37.7 (CH,
C1 ), 36.7 (Cq, C4 ), 36.7 (Cq, C4 ), 34.1 (CH2, C13/C18 ), 33.3 (CH2, C13/C18 ),
32.2 (CH2, C2/C3/C6 ), 30.1 (CH2, C2/C3/C6 ), 27.6 (CH2, C12 ), 23.6 (CH3, C9 ),
19.1 (CH3, C10 ), 16.1 (CH3, C16 ) ppm. Infrared spectroscopy: νmax = 3076
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(=C-H), 2924 (C-H), 2857 (C-H), 1730 (C=O), 1635 (=C-H), 1437 (C-H), 1380
(C-H), 1264 (C-O), 1125 (C-O) cm-1.

7.3.12 Polyester from EDO and dimethyl adipate
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NMR spectroscopy: 1H NMR (400 MHz, CDCl3): δ = 4.82 (s, 1H, H8 ), 4.64
(s, 1H, H8 ), 4.21 (t, J = 7.0 Hz, 4H, H14/H19 ), 2.72 (t, J = 7.2 Hz, 4H,
H13/H18 ), 2.70 (t, J = 7.2 Hz, 4H, H13/H18 ), 2.67-2.37 (m, 4H, H12/H17 ),
2.35-2.32 (m, 4H, H21/H24 ), 1.99-1.90 (m, 1H, H5 ), 1.71 (s, 3H, H9 ), 1.68-1.17
(m, 14H, H1/H2/H3/H6/H11/H15/H22/H23 ), 0.97 (d, J = 6.8 Hz, 3H, H16 ), 0.97
(d, J = 6.8 Hz, 3H, H16 ), 0.88 (s, 3H, H10 ) ppm. 13C{1H} NMR (100 MHz,
CDCl3): δ = 173.2 (Cq, C20/C25 ), 147.6 (Cq, C7 ), 147.5 (Cq, C7 ), 113.3 (CH2,
C8 ), 63.5 (CH2, C14/C19 ), 53.3 (CH, C5 ), 53.2 (CH, C5 ), 43.3 (CH2, C11 ), 42.2
(CH, C15 ), 38.7 (CH2, C2/C3/C6 ), 38.6 (CH2, C2/C3/C6 ), 38.4 (CH, C1 ), 38.3
(CH, C1 ), 38.0 (CH2, C17 ), 36.7 (Cq, C4 ), 36.7 (Cq, C4 ), 33.9 (CH2, C21/C24 ),
32.3 (CH2, C2/C3/C6 ), 31.2 (CH2, C13/C18 ), 30.7 (CH2, C13/C18 ), 30.1 (CH2,
C2/C3/C6 ), 27.1 (CH2, C12,) 26.1 (CH2, C2/C3/C6 ), 24.4 (CH2, C22/C23 ), 23.7
(CH2, C2/C3/C6 ), 23.5 (CH3, C9 ), 19.2 (CH3, C10 ), 16.2 (CH3, C16 ) ppm. Mass
spectrometry: ESI+ m/z calculated for C19H36O2S2Na [M+Na]+:383.2049, found
383.2072. Infrared spectroscopy: νmax = 3075 (=C-H), 2923 (C-H), 2859 (C-H),
1732 (C=O), 1635 (=C-H), 1451 (C-H), 1381 (C-H), 1161 (C-O), 1064 (C-O) cm-1.
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7.3.13 Polyester from EDE and EDO
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NMR spectroscopy: 1H NMR (400 MHz, CDCl3): δ = 4.82 (s, 2H, H8 ), 4.64 (s,
2H, H8 ), 4.24 (t, J = 7.1 Hz, 4H, H20/H26 ), 3.21 (s, 2H, H15/H18 ), 3.19 (s, 2H,
H15/H18 ), 2.75-2.38 (m, 12H, H14/H17/H21/H22/H24/H25 ), 1.95-1.89 (m, 2H,
H5 ), 1.70 (s, 6H, H9 ), 1.64-1.13 (m, 24H, H1/H2/H3/H6/H11/H13/H23 ), 0.97 (s,
6H, H12 ), 0.96 (s, 6H, H12 ), 0.87 (s, 6H, H10 ) ppm. 13C{1H} NMR (100 MHz,
CDCl3): δ = 170.4 (Cq, C16/C19 ), 147.5 (Cq, C7 ), 147.5 (Cq, C7 ), 147.4 (Cq,
C7 ), 147.4 (Cq, C7 ), 113.3 (CH2, C8 ), 113.3 (CH2, C8 ), 64.3 (CH2, C20/C26 ),
53.3 (CH, C5 ), 53.1 (CH, C5 ), 43.3 (CH2, C13/C23 ), 42.5 (CH2, C13/C23 ), 42.1
(CH, C11 ), 42.1 (CH, C11 ), 42.0 (CH, C11 ), 38.6 (CH2, C2/C3/C6 ), 38.6 (CH2,
C2/C3/C6 ), 38.5 (CH2, C2/C3/C6 ), 38.3 (CH, C1 ), 38.3 (CH, C1 ), 38.0 (CH2,
C17/C24 ), 37.9 (CH2, C17/C24 ), 37.7 (CH, C1 ), 37.7 (CH, C1 ), 36.7 (Cq, C4 ),
34.1 (CH2, C15/C18 ), 33.7 (CH2, C15/C18 ), 32.2 (CH2, C2/C3/C6 ), 31.0 (CH2,
C21/C25 ), 30.5 (CH2, C21/C25 ), 30.0 (CH2, C2/C3/C6 ), 27.6 (CH2, C14/C22 ),
27.1 (CH2, C14/C22 ), 26.0 (CH2, C2/C3/C6 ), 26.0 (CH2, C2/C3/C6 ), 23.7 (CH2,
C2/C3/C6 ), 23.6 (CH3, C9 ), 19.1 (CH3, C10 ), 19.1 (CH3, C10 ), 16.1 (CH3, C12 )
ppm. Infrared spectroscopy: νmax = 3071 (=C-H), 2983 (C-H), 2857 (C-H), 1731
(C=O), 1635 (=C-H), 1444 (C-H), 1378 (C-H), 1285 (C-O), 1127 (C-O) cm-1.
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7.3.14 Polyester from EEO
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NMR spectroscopy: 1H NMR (500 MHz, CDCl3): δ = 4.82 (s, 1H, H8 ), 4.64
(s, 1H, H8 ), 4.25 (t, J = 6.8 Hz, 2H, H14 ), 3.19 (s, 2H, H18 ), 2.74 (t, J = 6.6
Hz, 2H, H13 ), 2.72-2.32 (m, 4H, H12/H17 ), 1.95-1.89 (m, 1H, H5 ), 1.70 (s, 3H,
H9 ), 1.64-1.14 (m, 10H, H1/H2/H3/H6/H11/H15 ), 0.98 (s, 3H, H16 ), 0.97 (s, 3H,
H16 ), 0.88 (s, 3H, H10 ) ppm. 13C{1H} NMR (125 MHz, CDCl3): δ = 170.4 (Cq,
C19 ), 147.5 (Cq, C7 ), 147.4 (Cq, C7 ), 113.3 (CH2, C8 ), 64.3 (CH2, C14 ), 53.3 (CH,
C5 ), 53.1 (CH, C5 ), 43.3 (CH2, C11 ), 42.1 (CH, C15 ), 42.0 (CH, C15 ), 38.7 (CH2,
C2/C3/C6 ), 38.6 (CH2, C2/C3/C6 ), 38.2 (CH2, C17 ) 37.8 (CH, C1 ), 37.7 (CH,
C1 ), 36.7 (Cq, C4 ), 36.7 (Cq, C4 ), 34.2 (CH2, C18 ), 32.2 (CH2, C2/C3/C6 ), 30.6
(CH2, C13 ), 30.0 (CH2, C2/C3/C6 ), 27.1 (CH2, C12,) 26.0 (CH2, C2/C3/C6 ), 23.7
(CH2, C2/C3/C6 ), 23.6 (CH3, C9 ), 19.2 (CH3, C10 ), 16.2 (CH3, C16 ) ppm. In-
frared spectroscopy: νmax = 3074 (=C-H), 2922 (C-H), 2856 (C-H), 1730 (C=O),
1635 (=C-H), 1443 (C-H), 1378 (C-H), 1265 (C-O), 1126 (C-O) cm-1.

7.3.15 Polyamide synthesis

In a general reaction procedure, both the ester and the amine monomers were added
to a vial along with a stirrer bar. The desired amount of catalyst was added, the
vials placed in the reactor and the reactor was closed. The system was purged with
nitrogen by three vacuum/nitrogen cycles. In the first stage, the reactor was heated
under nitrogen to the desired temperature and for the desired time (oligomerisation
stage). In the second stage, vaccum (1-5 mbar) was applied, the temperature was
increased and the reaction continued for the desired amount of time (vacuum poly-
condensation stage). When the reaction was finished, the reactor was left to cool
under nitrogen before retrieving the sample vials. NMR spectroscopy, SEC analysis,
IR spectroscopy and DSC analysis was carried out on the crude samples.
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7.3.16 Polyamide from EDE and 1,6-hexanediamine
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NMR spectroscopy: 1H NMR (400 MHz, CDCl3): δ = 6.94 (s, 2H, H20/H27 ),
4.82 (s, 1H, H8 ), 4.63 (s, 1H, H8 ), 3.27 (m, 4H, H21/H26 ), 3.21 (s, 4H, H13/H18 ),
3.19 (s, 4H, H13/H18 ), 2.61-2.37 (m, 4H, H12/H17 ), 1.90 (m, 1H, H5 ), 1.69 (s,
3H, H9 ), 1.61-1.15 (m, 18H, H1/H2/H3/H6/H11/H22/H23/H24/H25 ), 0.99 (s, 3H,
H16 ), 0.96 (s, 3H, H16 ), 0.86 (s, 3H, H10 ) ppm. 13C{1H} NMR (100 MHz, CDCl3):
δ = 168.9 (Cq, C14/C19 ), 147.3 (Cq, C7 ), 147.2 (Cq, C7 ), 113.48 (CH2, C8 ), 53.3
(CH, C5 ), 53.2 (CH, C5 ), 42.8 (CH2, C11 ), 42.1 (CH, C15 ), 42.1 (CH, C15 ), 39.6
(CH2, C21/C26 ), 38.8 (CH2, C17 ), 38.7 (CH2, C17 ), 38.6 (CH2, C2/C3/C6 ), 38.5
(CH2, C2/C3/C6 ), 37.9 (CH, C1 ), 37.8 (CH, C1 ), 36.8 (CH2, C13/C18 ), 36.7 (Cq,
C4 ), 36.7 (Cq, C4 ), 36.5 (CH2, C13/C18 ), 32.1 (CH2, C2/C3/C6 ), 29.9 (CH2,
C2/C3/C6 ), 29.6 (CH2, C22/C25 ), 28.2 (CH2, C12 ), 26.5 (CH2, C23/C24 ), 26.0
(CH2, C2/C3/C6 ), 23.7 (CH2, C2/C3/C6 ), 23.5 (CH3, C9 ), 19.1 (CH3, C10 ), 16.2
(CH3, C16 ) ppm. Infrared spectroscopy: νmax = 3283 (N-H), 3076 (=C-H), 2926
(C-H), 2856 (C-H), 1639 (C=O), 1530 (N-H), 1436 (C-H), 1377 (C-H) cm-1.

7.3.17 Polyamide from EDE and 1,10-decanediamine
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NMR spectroscopy: 1H NMR (400 MHz, CDCl3): δ = 6.91 (s,
2H, H20/H31 ), 4.82 (s, 1H, H8 ), 4.63 (s, 1H, H8 ), 3.26 (m, 4H,
H21/H30 ), 3.19 (s, 4H, H13/H18 ), 3.18 (s, 4H, H13/H18 ), 2.61-2.36 (m,
4H, H12/H17 ), 1.90 (m, 1H, H5 ), 1.69 (s, 3H, H9 ), 1.64-1.15 (m, 26H,
H1/H2/H3/H6/H11/H22/H23/H24/H25/H26/H27/H28/H29 ), 0.97 (s, 3H, H16 ),
0.96 (s, 3H, H16 ), 0.86 (s, 3H, H10 ) ppm. 13C{1H} NMR (100 MHz, CDCl3): δ =
168.7 (Cq, C14/C19 ), 147.3 (Cq, C7 ), 147.2 (Cq, C7 ), 113.5 (CH2, C8 ), 53.3 (CH,
C5 ), 53.2 (CH, C5 ), 42.8 (CH2, C11 ), 42.1 (CH, C15 ), 42.1 (CH, C15 ), 39.6 (CH2,
C21/C30 ), 38.7 (CH2, C17 ), 38.6 (CH2, C2/C3/C6 ), 38.5 (CH2, C2/C3/C6 ), 37.9
(CH, C1 ), 37.8 (CH, C1 ), 36.8 (CH2, C13/C18 ), 36.7 (Cq, C4 ), 36.7 (Cq, C4 ),
36.5 (CH2, C13/C18 ), 32.1 (CH2, C2/C3/C6 ), 29.9 (CH2, C2/C3/C6 ), 29.7 (CH2,
C22/C29 ), 29.6 (CH2, C23/C28 ), 29.4 (CH2, C24/C26 ), 28.2 (CH2, C12 ), 27.0
(CH2, C25 ), 26.0 (CH2, C2/C3/C6 ), 23.7 (CH2, C2/C3/C6 ), 23.5 (CH3, C9 ), 19.1
(CH3, C10 ), 16.2 (CH3, C16 ) ppm. Infrared spectroscopy: νmax = 3283 (N-H),
3077 (=C-H), 2922 (C-H), 2852 (C-H), 1639 (C=O), 1544 (N-H), 1436 (C-H), 1375
(C-H) cm-1.

7.3.18 Polyamide from EDA and EDE
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NMR spectroscopy: 1H NMR (400 MHz, CDCl3): δ = 7.25 (bs, 2H, H20/H28 ),
4.81 (s, 2H, H8 ), 4.63 (s, 2H, H8 ), 4.62(s, 2H, H8 ), 3.46 (m, 4H, H16/H19 ), 3.20
(s, 4H, H22/H26 ), 3.19 (s, 4H, H22/H26 ), 3.18 (s, 4H, H22/H26 ), 2.67-2.34 (m,
12H, H14/H15/H17/H18/H23/H25 ), 1.98-1.87 (m, 1H, H5 ), 1.70 (s, 3H, H9 ), 1.69
(s, 3H, H9 ), 1.64-1.12 (m, 20H, H1/H2/H3/H6/H11/H13/H24 ), 0.97 (s, 3H, H12 ),
0.96 (s, 3H, H12 ), 0.87 (s, 3H, H10 ), 0.86 (s, 3H, H10 ) ppm. 13C{1H} NMR
(100 MHz, CDCl3): δ = 168.7 (Cq, C21/C27 ), 147.4 (Cq, C7 ), 147.3 (Cq, C7 ),
147.2 (Cq, C7 ), 147.1 (Cq, C7 ), 113.3 (CH2, C8 ), 113.2 (CH2, C8 ), 53.1 (CH,
C5 ), 53.0 (CH, C5 ), 43.0 (CH2, C13/C24 ), 42.6 (CH2, C13/C24 ), 42.4 (CH2,
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C13/C24 ), 42.0 (CH, C11 ), 42.0 (CH, C11 ), 41.9 (CH, C11 ), 38.6 (CH2, C17/C25 ),
38.5 (CH2, C16/C19 ), 38.4 (CH2, C2/C3/C6 ), 38.3 (CH2, C2/C3/C6 ), 38.1 (CH,
C1 ), 38.0 (CH, C1 ), 37.7 (CH, C1 ), 37.1 (CH2, C17/C25 ), 36.7 (CH2, C22/C26 ),
36.6 (Cq, C4 ), 36.5 (Cq, C4 ), 36.5 (Cq, C4 ), 36.3 (CH2, C22/C26 ), 33.8 (CH2,
C22/C26 ), 33.5 (CH2, C22/C26 ), 32.3 (CH2, C15/C19 ), 32.1 (CH2, C2/C3/C6 ),
31.9 (CH2, C2/C3/C6 ), 31.8 (CH2, C15/C19 ), 29.9 (CH2, C2/C3/C6 ), 29.8 (CH2,
C2/C3/C6 ), 27.9 (CH2, C14/C23 ), 26.3 (CH2, C14/C23 ), 26.3 (CH2, C14/C23 ),
25.9 (CH2, C2/C3/C6 ), 25.8 (CH2, C2/C3/C6 ), 23.6 (CH2, C2/C3/C6 ), 23.4 (CH3,
C9 ), 23.3 (CH3, C9 ), 19.0 (CH3, C10 ), 18.9 (CH3, C10 ), 16.0 (CH3, C12 ) ppm. In-
frared spectroscopy: νmax = 3289 (N-H), 3070 (=C-H), 2920 (C-H), 2855 (C-H),
1643 (C=O), 1519 (N-H), 1436 (C-H), 1379 (C-H) cm-1.

7.3.19 Polyamide from EDE and 2.5-bis(aminomethyl)furan

S

S
N
H

O

O

n

O

N
H

Insoluble, brown solid
Infrared spectroscopy: νmax = 3289 (N-H), 3068 (=C-H), 2923 (C-H), 2856 (C-
H), 1650 (C=O), 1516 (N-H), 1434 (C-H), 1380 (C-H), 1191 (C-O), 1147 (C-O)
cm-1.
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7.4 Synthesis of β-elemene epoxides and polyester

formation by co-polymerisation with cyclic an-

hydrides (Chapter 4)

7.4.1 Synthesis of β-elemene bisepoxide (Ebis)
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A solution of β-elemene (4.09 g, 20 mmol, 1 eq) in DCM (200 mL) was cooled to 0 °C
in an ice bath, and ≤ 77% meta-chloroperoxybenzoic acid (8.96 g, 40 mmol, 2 eq)
was added portion-wise over 30 min before allowing the reaction mixture to warm to
room temperature. The reaction mixture was stirred at room temperature overnight.
The mixture was filtered. The filtrate was washed with a saturated Na2CO3 solution
(5 x 200 mL), the organic phase dried over MgSO4 and concentrated in vacuo to yield
the crude product. The mixture was purified by column chromatography (diethyl
ether:petrol ether 1:3) and the product obtained as a colourless oil in 66% yield
(3.15 g, 13.3 mmol).

NMR spectroscopy: 1H NMR (400 MHz, CDCl3): δ = 5.89 (ddd, J = 17.9, 10.3,
5.8 Hz, 1H, H14 ), 5.72 (ddd, J = 17.1, 10.7, 3.5 Hz, 1H, H14 ), 4.97-4.89 (m, 2H,
H15 ), 2.65 – 2.36 (m, 4H, H8/H11 ), 1.82 – 1.20 (m, 10H, H1/H2/H3/H5/H6/H9 ),
1.18 (s, 3H, H12 ), 1.07 (s, 3H, H13 ), 1.05 (s, 3H, H13 ), 1.04-0.98 (m, 1H, H5 )
ppm. 13C{1H} NMR (100 MHz, CDCl3): δ = 150.3 (CH, C14 ), 150.1 (CH, C14 ),
149.1 (CH, C14 ), 148.9 (CH, C14 ), 110.8 (CH2, C15 ), 110.7 (CH2, C15 ), 109.8
(CH2, C15 ), 109.8 (CH2, C15 ), 59.3 (Cq, C10 ), 59.3 (Cq, C10 ), 59.2 (Cq, C10 ),
58.6 (Cq, C7/C10 ), 58.4 (Cq, C7/C10 ), 57.9 (Cq, C7 ), 56.2 (CH2, C8 ), 56.0 (CH2,
C8 ), 53.5 (CH2, C11 ), 53.3 (CH2, C11 ), 53.3 (CH2, C11 ), 53.0 (CH, C5 ), 52.9
(CH2, C11 ), 52.7 (CH, C5 ), 50.9 (CH, C5 ), 50.7 (CH, C5 ), 44.1 (CH, C1 ), 44.0
(CH, C1 ), 44.0 (CH, C1 ), 43.3 (CH, C1 ), 41.1 (CH2, C2/C3/C6 ), 41.1 (CH2,
C2/C3/C6 ), 40.6 (CH2, C2/C3/C6 ), 40.5 (CH2, C2/C3/C6 ), 39.9 (Cq, C4 ), 39.3
(Cq, C4 ), 39.3 (Cq, C4 ), 26.4 (CH2, C2/C3/C6 ), 25.9 (CH2, C2/C3/C6 ), 25.9
(CH2, C2/C3/C6 ), 25.9 (CH2, C2/C3/C6 ), 23.9 (CH2, C2/C3/C6 ), 23.5 (CH2,
C2/C3/C6 ), 23.4 (CH2, C2/C3/C6 ), 23.1 (CH2, C2/C3/C6 ), 22.8 (CH3, C9 ), 22.3

235



Chapter 7. Experimental

(CH3, C9 ), 19.9 (CH3, C9 ), 19.8 (CH3, C9 ), 19.2 (CH3, C12 ), 18.4 (CH3, C12 ), 18.4
(CH3, C12 ), 18.3 (CH3, C12 ), 17.4 (CH3, C13 ), 17.4 (CH3, C13 ), 17.2 (CH3, C13 ),
17.0 (CH3, C13 ) ppm. Mass spectrometry: ESI+ m/z calculated for C15H24O2Na
[M+Na]+:259.1674, found 259.1692. Infrared spectroscopy: νmax = 3081 (=C-
H), 3038 (=C-H), 2974 (C-H), 2933 (C-H), 2866 (C-H), 1637 (C=C), 1443 (C-H),
1379 (C-H), 1068 (C-O), 902 (=C-H) cm-1.

7.4.2 Synthesis of β-elemene trisepoxide (Etris)
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A solution of β-elemene (4.00g, 19.6 mmol, 1 eq) in DCM (250 mL) was cooled to
0 °C in an ice bath, and ≤ 77% meta-chloroperoxybenzoic acid (13.15 g, 58.7 mmol,
3.5 eq) was added portion-wise over 30 min before allowing the reaction mixture to
warm to room temperature. The reaction mixture was stirred at room temperat-
ure overnight. The mixture was filtered. The filtrate was washed with a saturated
Na2CO3 solution (5 x 200 mL), the organic phase dried over MgSO4 and concen-
trated in vacuo to yield the crude product. The mixture was purified by column
chromatography (diethyl ether:petrol ether 3:2) and the product obtained as a col-
ourless viscous oil in 27% yield (1.32 g, 5.3 mmol).

NMR spectroscopy: 1H NMR (400 MHz, CDCl3): δ = 2.94 – 2.51 (m, 7H,
H8/H11/H14/H15 ), 1.90-1.79 (m, 1H, H2/3/H6 ), 1.68-1.57 (m, 1H, H2/3/H6 ),
1.47 – 1.07 (m, 12H, H1/H2/H3/H5/H6/H9/H12 ), 0.92 (s, 3H, H13 ), 0.91
(s, 3H, H13 ), 0.79 (s, 3H, H13 ), 0.77 (s, 3H, H13 ) ppm. 13C{1H} NMR
(100 MHz, CDCl3): δ = 60.1 (CH, C14 ) , 60.0 (CH, C14 ), 59.4 (CH, C14 ),
59.3 (CH, C14 ), 59.3 (CH, C14 ), 59.3 (CH, C14 ), 59.2 (CH, C14 ), 58.1 (Cq,
C7/C10 ), 58.0 (Cq, C7/C10 ), 57.4 (Cq, C7/C10 ), 57.3 (Cq, C7/C10 ), 56.5 (CH2,
C8/C11/C15 ), 56.4 (CH2, C8/C11/C15 ), 55.5 (CH2, C8/C11/C15 ), 55.3 (CH2,
C8/C11/C15 ), 53.9 (CH, C1/C5 ), 53.7 (CH2, C8/C11/C15 ), 53.6 (CH, C1/C5 ),
53.5 (CH2, C8/C11/C15 ), 52.8 (CH2, C8/C11/C15 ), 52.6 (CH2, C8/C11/C15 ),
50.5 (CH, C1/C5 ), 50.1 (CH, C1/C5 ), 44.4 (CH2, C8/C11/C15 ), 44.3 (CH2,
C8/C11/C15 ), 44.1 (CH2, C8/C11/C15 ), 44.1 (CH2, C8/C11/C15 ), 43.7 (CH,
C1/C5 ), 43.1 (CH, C1/C5 ), 43.1 (CH, C1/C5 ), 42.3 (CH2, C8/C11/C15 ), 37.4
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(CH2, C2/C3/C6 ), 37.3 (CH2, C2/C3/C6 ), 37.2 (CH2, C2/C3/C6 ), 36.6 (CHq,
C4 ), 36.5 (CHq, C4 ), 36.4 (CHq, C4 ), 36.4 (CHq, C4 ), 36.2 (CHq, C4 ), 36.2 (CHq,
C4 ), 35.1 (CH2, C2/C3/C6 ), 34.9 (CH2, C2/C3/C6 ), 26.9 (CH2, C2/C3/C6 ),
26.4 (CH2, C2/C3/C6 ), 26.4 (CH2, C2/C3/C6 ), 25.9 (CH2, C2/C3/C6 ), 22.9
(CH2, C2/C3/C6 ), 22.9 (CH2, C2/C3/C6 ), 22.8 (CH2, C2/C3/C6 ), 22.6 (CH2,
C2/C3/C6 ), 22.6 (CH2, C2/C3/C6 ), 20.3 (CH3, C9/C12 ), 20.1 (CH3, C9/C12 ),
19.5 (CH3, C9/C12 ), 19.4 (CH3, C9/C12 ), 19.3 (CH3, C9/C12 ), 18.6 (CH3,
C9/C12 ), 18.5 (CH3, C9/C12 ), 18.4 (CH3, C9/C12 ), 18.3 (CH3, C9/C12 ), 15.2
(CH3, C13 ), 15.1 (CH3, C13 ), 13.8 (CH3, C13 ), 13.1 (CH3, C13 ), 13.1 (CH3,
C13 ) ppm. Mass spectrometry: ESI+ m/z calculated for C15H24O3Na [M+Na]+:
275.1623, found 257.1779. Infrared spectroscopy: νmax = 3042 (=C-H), 3038
(=C-H), 2974 (C-H), 2933 (C-H), 2867 (C-H), 1442 (C-H), 1373 (C-H), 1067 (C-O),
1046 (C-O), 901 (=C-H) cm-1.

7.4.3 General reaction conditions for the ROCOP of β-

elemene epoxides with phthalic anhydride in solution

In a Schlenk tube under argon atmosphere the β-elemene epoxide (Emono, Ebis
or Etris) (1.65 mmol), phthalic anhydride, metal catalyst (cat2, cat5, cat8, cat9
or cat10) and co-catalyst (PPNCl) were placed in the desired ratios. Dry solvent
(0.5 mL), THF or 2-methyl THF in the case of cat8 and cat9, or toluene in the case
of cat2, cat5 and cat10, was added. The mixture was heated in an oil bath at the
desired temperature for the desired amount of time. The solvent was then removed
in vacuo. The remaining solid was dissolved in a minimum amount of DCM and the
solution was added dropwise into ice-cold methanol. The precipitate was filtered off
and washed with methanol. The obtained solid was dried in vacuo.

7.4.4 ROCOP of β-elemene epoxides with phthalic anhydride

in neat reaction conditions

In the glovebox, β-elemene epoxide (Emono, Ebis or Etris) (0.5 mmol), phthalic
anhydride, metal catalyst and PPNCl, were placed in a vial with stirrer bar. The
vial was sealed with a teflon lined lid and taken out of the glove box. The vial was
placed in a metal heating block and heated at the desired temperature for the desired
amount of time. The obtained product was dissolved in a minimum amount of DCM
and the solution was added dropwise into ice-cold methanol. The precipitate was
filtered off and washed with methanol. The obtained solid was dried in vacuo.
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For the ROCOP of Emono and phthalic anhydride the conversion was calculated
via 1H NMR spectroscopy by integration of the alkene signal at 5.70-6.00 ppm as 1
(see spectrum below). After integration of the alkene and ester signals at 5.00-4.00
ppm (AE) and the remaining epoxide signal at 2.50 ppm (E) the conversion was
calculated with following equation:

conversion =
AE − 4

(AE − 4) + E
∗ 100 (7.3)

Alternatively the conversion was calculated by comparison of the integrals of the
phenylic protons of the phthalic anhydride monomer (Pmono) and the ones in the
polymer backbone (PPol) with:

conversion =
PPol

PPol + Pmono
∗ 100 (7.4)
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For the ROCOP of Ebis and phthalic anhydride with an epoxide:anhydride ra-
tio of 2.2:1, the conversion in regards to one epoxide group was calculated via 1H
NMR spectroscopy (see spectrum below). The alkene signal at 5.70-6.00 ppm was
integrated as 1. After integration of the ester signals at 4.88-4.50 ppm (ES) and
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the remaining epoxide signal at 2.50 ppm (E) the conversion was calculated with
following equation:

conversion =
ES

ES + (E − 2)
∗ 100 (7.5)

For the ROCOP of Ebis and phthalic anhydride with a 1.1:1 epoxide:anhydride
ratio the conversion was calculated via 1H NMR spectroscopy by integration of the
alkene signal at 5.70-6.00 ppm as 1. After integration of the ester signals at 4.88-4.50
ppm (ES) and the remaining epoxide signal at 2.50 ppm (E) the conversion was
calculated with following equation:

conversion =
ES

ES + E
∗ 100 (7.6)

Alternatively the conversion was calculated by comparison of the integrals of the
phenylic protons of the phthalic anhydride monomer (Pmono) and the ones in the
polymer backbone (PPol) with:

conversion =
PPol

PPol + Pmono
∗ 100 (7.7)
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7.4.5 Polyester from Emono and PA
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NMR spectroscopy: 1H NMR (500 MHz, CDCl3): δ = 7.76-7.54 (m, 2H,
H18/H21 ), 7.51-7.39 (m, 2H, H19/H20 ), 5.77 (t, 1H, J = 10.7 Hz, H11 ), 4.89-
4.24 (m, 6H, H8/H12/H14 ), 2.33 (m, 1H, H1 ), 1.98 (m, 1H, H5 ), 1.68-1.19 (m,
12H, H2/H3/H6/H9/H15 ), 0.97 (s, 3H, H10 ) ppm. 13C{1H} NMR (125 MHz,
CDCl3): δ = 167.1 (Cq, C16/C23 ), 166.6 (Cq, C16/C23 ), 150.2 (CH, C11 ), 149.9
(CH, C11 ), 147.7 (Cq, C7 ), 147.5 (Cq, C7 ), 133.9 (Cq, C17/C22 ), 132.1 (Cq,
C17/C22 ), 131.3 (CH, C19/C20 ), 130.7 (CH, C19/C20 ), 128.9 (CH, C18/C21 ),
128.9 (CH, C18/C21 ), 112.4 (CH2, C8 ), 110.3 (CH2, C12 ), 110.1 (CH2, C12 ), 86.7
(Cq, C13 ), 86.6 (Cq, C13 ), 86.5 (Cq, C13 ), 86.2 (Cq, C13 ), 71.3 (CH2, C14 ), 67.0
(CH2, C14 ), 52.7 (CH, C5 ), 52.4 (CH, C5 ), 43.6 (CH, C1 ), 39.8 (Cq, C4 ), 39.7
(CH2, C2/C3/C6 ), 39.6 (CH2, C2/C3/C6 ), 28.6 (CH2, C2/C3/C6 ), 28.3 (CH2,
C2/C3/C6 ), 27.9 (CH2, C2/C3/C6 ), 27.6 (CH2), 25.1 (CH3, C9 ), 24.9 (CH3,
C9 ), 24.8 (CH3, C9 ), 22.8 (CH2, C2/C3/C6 ), 22.4 (CH2, C2/C3/C6 ), 22.1 (CH2,
C2/C3/C6 ), 21.8 (CH2, C2/C3/C6 ), 21.3 (CH3, C15 ), 19.0 (CH3, C15 ), 18.7
(CH3,C15 ), 16.7 (CH3, C10 ), 16.6 (CH3, C10 ) ppm. Infrared spectroscopy:
νmax = 3090 (=C-H), 2947 (C-H), 1723 (C=O), 1637 (C=C), 1579 (C=C), 1471
(C-H), 1379 (C-H), 1262 (C-O), 1123 (C-O), 1066 (C-O) cm-1. 39.8 (Cq, C4 ),
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7.4.6 Soluble polyester from Ebis and PA
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NMR spectroscopy: 1H NMR (500 MHz, CDCl3): δ = 7.69-7.61 (m, 2H,
H18/H21 ), 7.47-7.41 (m, 2H, H19/H20 ), 5.91 (t, 1H, J = 15.8 Hz, H11 ), 5.77-
5.71 (m, 1H, H11 ), 4.98-4.91 (m, 2H, H12 ), 4.88-4.19 (m, 2H, H14 ), 2.61-2.35 (m,
2H, H8 ), 2.33-2.17 (m, 1H, H1 ), 1.94-1.18 (m, 12H, H2/H3/H5/H6/H9/H15 ), 1.09-
1.07 (m, 4H, H5/H10 ) ppm. 13C{1H} NMR (125 MHz, CDCl3): δ = 166.9 (Cq,
C16/C23 ), 166.6 (Cq, C16/C23 ), 150.1 (CH, C11 ), 148.9 (CH, C11 ), 133.9 (Cq,
C17/C22 ), 132.0 (Cq, C17/C22 ), 131.4 (CH, C19/C20 ), 130.7 (CH, C19/C20 ),
128.9 (CH, C18/C21 ), 110.9 (CH2, C12 ), 109.9 (CH2, C12 ), 86.3 (Cq, C13 ), 71.6
(CH2, C14 ), 66.9 (CH2, C14 ), 58.6 (Cq, C7 ), 57.9 (Cq, C7 ), 56.0 (CH2, C8 ),
53.2 (CH2, C8 ), 52.9 (CH, C5 ), 51.3 (CH, C5 ), 43.3 (CH, C1 ), 43.1 (CH, C1 ), 41.4
(CH2, C2/C3/C6 ), 40.8 (CH2, C2/C3/C6 ), 39.8(Cq, C4 ), 39.3 (Cq, C4 ), 24.8 (CH2,
C2/C3/C6 ), 24.5 (CH2, C2/C3/C6 ), 24.3 (CH2, C2/C3/C6 ), 22.6 (CH3, C9 ), 22.1
(CH2, C2/C3/C6 ), 21.8 (CH2, C2/C3/C6 ), 20.1 (CH3, C9 ), 19.0 (CH3, C15 ), 18.8
(CH3, C15 ), 18.6 (CH3, C15 ), 17.5 (CH3, C10 ), 17.3 (CH3, C10 ), 17.2 (CH3, C10 )
ppm. Infrared spectroscopy: νmax = 3090 (=C-H), 2978 (C-H), 2944 (C-H), 1723
(C=O), 1637 (C=C), 1446 (C-H), 1381 (C-H), 1262 (C-O), 1122 (C-O), 1066 (C-O))
cm-1.
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7.4.7 Polyester from Etris and PA

1122

33 44
55

66

77

1313

1010
1111

O

88

1414
1515

99

O 1616

O

1717

1818

1919

1919

1818

1717

1616

OO

n

O

O
1616

1717
O

1717

1818

1919

1919

1818

1616

O

m

1212

O
1616

1717

O

1717

1818

1919 1919

1818

1616

O

o

NMR spectroscopy: 1H NMR (500 MHz, CDCl3): δ = 7.86-7.32 (m,
8H, H18/H19 ), 5.07-3.45 (m, 7H, H9/H11/H12/H14 ), 1.97-0.77 (m, 17H,
H1/H2/H3/H5/H6/H8/H10/H15 ) ppm. 13C{1H} NMR (125 MHz, CDCl3): δ =
167.1 (Cq, C16 ), 131.2 (CH, C19 ), 129.0 (CH, C18 ), 84.5 (CH, C11 ), 75.3 (CH2,
C9/C12/C14 ), 71.3 (CH2, C9/C12/C14 ), 65.5 (CH2, C9/C12/C14 ), 49.5 (CH,
C1/C5 ), 45.2 (CH, C1/C5 ), 37.1 (CH2, C2/C3/C6 ), 34.6 (CH2, C2/C3/C6 ), 25.0
(CH2, C2/C3/C6 ), 21.9 (CH2, C2/C3/C6 ), 21.4 (CH3, C8/C10/C15 ), 20.1 (CH3,
C8/C10/C15 ), 17.6 (CH3, C8/C10/C15 ), 14.0 (CH3, C8/C10/C15 ) ppm. Other
carbon signals were not identifiable due to a high signal to noise ratio and further
more distinct assignment of signals was not possible due to poor quality of the
13C{1H} and 2D NMR spectra. Infrared spectroscopy: νmax = 3090 (=C-H),
2941 (C-H), 1721 (C=O), 1446 (C-H), 1376 (C-H), 1264 (C-O), 1121 (C-O), 1068
(C-O)) cm-1.

7.4.8 Post-polymerisation functionalisation of polyesters via

thiol-ene addition

In a vial, the Emono-PA polyester (1 eq), DMPA (1 eq) and either 2-
mercaptoethanol or methyl thioglycolate (30 eq or 50 eq) were placed. THF was
added, the solution was degassed by bubbling argon through and the solution was
then placed under UV light (365 nm) at room temperature for 4 to 19 hours. After-
wards the solvent was removed in vacuo. Precipitation was attempted by dissolution
in DCM and precipitation into methanol, but only led to formation of milky solutions
and no solid precipitate.

242



Chapter 7. Experimental

7.4.9 Cross-linking of polyesters with multifunctional thiols

in neat conditions

In a vial, the Emono-PA polyester or Ebis-PA polyester were placed along with
DMPA (5wt%) and either 1,6-hexanedithiol, 1,8-octanedithiol, TTMP or PTMP
(1:1 ratio of alkene:thiol groups). Acetone was added to form a homogenous solution
and mix the reactants. The acetone was then removed by evaporation under a stream
of nitrogen. The vial was placed in a UV curing chamber (365 nm) and cured for 2
hours at room temperature. Hard, insoluble solids formed.

7.5 Synthesis of β-elemene dicarbonate epoxide and

NIPU formation (Chapter 5)

7.5.1 β-elemene trisepoxide (Etris) synthesis on large scale

β-Elemene (100 g, 0.49 mol, 1 eq), K2CO3 (236 g, 1.71 mol, 3.5 eq) and DCM
(3.5 L) were placed in a 5L round bottom flask with overhead stirrer. The flask
was cooled in an ice bath and ≤ 77% mCPBA (455 g, 2.70 mol, 5.5 eq) was added
portionwise over an hour. The reaction was stirred at room temperature over night.
The solution was filtered and the filtrate washed with saturated Na2CO3 solution.
The organic phase was dried over MgSO4 and the solvent removed in vacuo. The
unpurified reaction product contained 70% β-elemene trisepoxide (Etris) and 30%
β-elemene bisepoxide (Ebis) per NMR spectroscopy analysis. Column chromato-
graphy was carried out using 12 g (average molecular weight 247.55 g/mol, 48 mmol)
of the unpurified reaction mixture and hexane/ethyl acetate was used as eluent. β-
Elemene trisepoxide (Etris) was obtained as a viscous, clear oil in 39% yield (4.8 g,
18.9 mmol).
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7.5.2 β-elemene dicarbonate monoepoxide (ECCE)
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A mixture of β-elemene trisepoxide (Etris) and β-elemene bisepoxide (Ebis) (70:30
ratio, 8 g, 32 mmol, 1 eq), TBAB (0.94 g, 2.9 mmol, 9 mol%) and 1-methylpyrrolidin-
2-one (NMP) (40 mL) were placed in a 100 mL autoclave. The reactor was flushed
with 14 bar CO2 six times and then pressurised with 34 bar CO2. The reactor
was closed and heated to 100 °C for 22 hours. After depressurising, 200 mL ethyl
acetate was added, the solution was washed with brine and the organic phase dried
over MgSO4. The reaction mixture was purified by column chromatography using
hexane/ethyl acetate as eluent. The desired product was obtained as a beige-white
solid in 26% yield (2.9 g, 8.5 mmol).

NMR spectroscopy: 1H NMR (400 MHz, CDCl3): δ = 4.88 (dd, J = 7.1, 24.2 Hz,
1H, H11 ), 4.43 (t, J = 8.7 Hz, 1H, H12 ), 4.33-4.31 (m, 1H, H15 ), 4.30-4.25 (m, 1H,
H12 ), 4.09-4.06 (m, 1H, H15 ), 2.79 (t, J = 4.5 Hz, 1H, H8 ), 2.62 (t, J = 4.5 Hz, 1H,
H8 ), 1.90-1.60 (m, 4H, H1, H2/H3/H6 ), 1.53-1.22 (m, 4H, H5, H2/H3/H6 ), 1.49 (d,
J = 2.4 Hz, 3H, H16 ), 1.27 (s, 3H, H9 ), 0.92 (d, J = 3.2 Hz, 3H, H10 ) ppm. 13C{1H}
NMR (100 MHz, CDCl3): δ = 154.7 (Cq, C13/C17 ), 154.6 (Cq, C13/C17 ), 85.1
(Cq, C14 ), 80.1 (CH, C11 ), 73.4 (CH2, C15 ), 73.0 (CH2, C15 ), 64.8 (CH2, C12 ),
56.9 (Cq, C7 ), 59.8 (Cq, C7 ), 54.7 (CH2, C8 ), 54.5 (CH2, C8 ), 47.2 (CH, C5 ),
47.0 (CH, C5 ), 45.0 (CH, C1 ), 44.9 (CH, C1 ), 38.7 (Cq, C4 ), 30.8 (CH2, C3 ), 24.3
(CH2, C2/C6 ), 24.1 (CH2, C2/C6 ), 22.8 (CH3, C16 ), 22.5 (CH3, C16 ), 20.8 (CH3,
C9 ), 20.7 (CH2, C2/C6 ), 20.6 (CH3, C9 ), 20.4 (CH2, C2/C6 ), 15.2 (CH3, C10 ),
15.1 (CH3, C10 ) ppm. Mass spectrometry: ESI+ m/z calculated for C17H24O7Na
[M+Na]+: 363.1419, found 363.1414. Infrared spectroscopy: νmax = 2940 (C-H),
1782 (C=O), 1485 (C-H), 1392 (C-H), 1054 (C-O) cm-1.

7.5.3 Model reaction of ECCE with 1-hexylamine

β-Elemene dicarbonate monoepoxide (ECCE) (151 mg, 0.44 mmol, 1 eq) was placed
in a round bottom flask fitted with a condenser. The set up was placed under argon
and 1-hexylamine (89 mg, 0.12 mL, 0.88 mmol, 2 eq) was added. The reaction was
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heated to 100 °C for 21 hours. A sample was taken for analysis via IR spectroscopy
and NMR spectroscopy. Another 2 equivalents of 1-hexylamine were added and the
reaction was continued by heating at 100 °C for 22 hours. Excess 1-hexylamine was
removed under vacuum. The product obtained was a very viscous, sticky, orange
liquid.
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NMR spectroscopy: 1H NMR (400 MHz, CDCl3): δ = 5.14-4.60 (m,
6H, H9/H11/H20/H23/H32/H35 ), 4.45 (t, J = 10.9 Hz, 1H, H21 ), 4.13-
3.90 (m, 2H, H33 ), 3.88-3.82 (m, 1H, H19 ), 3.75 (d, J = 11.5 Hz,
1H, H21 ), 3.44-3.40 (m, 1H, H10 ), 3.20-3.03 (m, 5H, H24/H36/H10 ), 2.65
(t, J = 7.1 Hz, 2H, H12 ), 2.31-2.10 (m, 1H, H5 ), 1.80-1.53 (m, 4H,
H1/H2/H3/H6 ), 1.51-1.40 (m, 7H, H13/H25/H37/H2/H3/H6 ), 1.36-1.20 (m,
20H, H14/H15/H16/H26/H27/H28/H38/H39/H40/H2/H3/H6 ), 1.16-0.98 (m, 9H,
H8/H18/H31 ), 0.86-0.84 (m, 9H, H17/H29/H41 ) ppm. 13C{1H} NMR (100 MHz,
CDCl3): δ = 157.4 (Cq, C22/C34 ), 157.0 (Cq, C22/C34 ), 86.0 (CH, C19 ), 85.4
(Cq, C7 ), 85.3 (Cq, C7 ), 73.6 (Cq, C30 ), 70.5 (CH2, C33 ), 70.4 (CH2, C33 ), 67.2
(CH2, C10 ), 65.6 (CH2, C21 ), 45.5 (CH, C5 ), 44.6 (CH, C1 ), 43.5 (Cq, C4 ), 42.2
(CH2, C12 ), 41.3 (CH2, C24/C36 ), 70.5 (CH2, C33 ), 34.4 (CH2, C3 ), 33.5 (CH2,
C13 ), 31.8 (CH2, C14 ), 31.5 (CH2, C26/C38 ), 29.9 (CH2, C25/C37 ), 26.6 (CH2,
C15 ), 26.5 (CH2, C27/C39 ), 26.4 (CH2, C27/C39 ), 22.7 (CH2, C16 ), 22.6 (CH2,
C28/C40 ), 22.2 (CH3, C18 ), 21.5 (CH3, C31 ), 20.5 (CH2, C2 ), 20.1 (CH3, C8 ), 20.1
(CH3, C31 ), 14.1 (CH3, C17 ), 14.1 (CH3, C29/C41 ) ppm. Mass spectrometry:
ESI+ m/z calculated for C35H69O7N3 [M]+: 644.5208, found 644.5222. Infrared
spectroscopy: νmax = 3314 (O-H, N-H), 2926 (C-H), 2857 (C-H), 1693 (C=O),
1536 (N-H), 1464 (C-H), 1377 (C-H), 1249 (C-N), 1142 (C-N), 1043 (C-O) cm-1.
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7.5.4 NIPU synthesis

β-Elemene dicarbonate monoepoxide (ECCE) (150 mg, 0.44 mmol, 1 eq) and the re-
spective amine (1,5-pentanediamine, 1,8-octanediamine, 2,5-bis(aminomethyl)furan,
benzene-1,3-diamine, benzene-1,4-diamine or Croda Priamine 1074) were added to
a vial in a 1:1 molar ratio. The vial was placed in a heating block and heated
to 100 °C for 24 hours. The formation of hard, brittle, orange, mostly insoluble
solids was observed in the case of 1,5-pentanediamine, 1,8-octanediamine and 2,5-
bis(aminomethyl)furan. No polymer formation was observed when using benzene-
1,3-diamine, benzene-1,4-diamine or Croda Priamine 1074 as a co-monomer.
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8 Appendix

8.1 Swelling indices and gel contents of polythioeth-

ers

Table 8.1 Swelling indices and gel contents of polythioethers

polymer Swelling index [%] Gel content [%]

ELE-HEX-a 95.8 94.7

ELE-EDDT-a 207.6 77.3

ELE-EDDT-b 418.6 74.7

ELE-TTMP-a 51.5 97.4

ELE-TTMP-b 85.8 94.7

ELE-PTMP-a 31.6 86.5

ELE-PTMP-b 58.3 92.9

ELE-EDDT-170 263.5 81.0

ELE-TTMP-170 55.0 99.8

ELE-PTMP-170-b 7.9 100

ELE-PTMP-RT 17.9 96.6

ELE-PTMP-70 19.1 96.8

ELE-PTMP-120 20.0 99.9

ELE-PTMP-170 6.1 100

Emono-TTMP 123.0 87.2

Emono-TTMP-160 53.3 98.4

Emono-PTMP 63.4 96.3

Emono-PTMP-160 3.7 99.8

FARN-TTMP 66.6 93.7

FARN-PTMP 28.4 95.1

ELE75-FARN 42.4 95.7

ELE50-FARN 46.7 94.8

ELE25-FARN 50.2 94.5
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8.2 Exemplary TGA traces of some polythioethers
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Figure 8.1 TGA trace of ELE-EDDT-a
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Figure 8.2 TGA trace of ELE-PTMP-a
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Figure 8.3 TGA trace of ELE-PTMP-170
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