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Abstract

The present work focuses on minimising the usage of toxic chemicals by integration of the
biobased monomers, derived from fatty acid esters, to photopolymerization processes,
which are known to be nature friendly. Internal double bond present in the oleic acid was
converted to more reactive (meth)acrylate or epoxy group. Biobased starting materials,
functionalized by different pendant groups, were used for photopolymerizing formulations
to design of new polymeric structures by using ultraviolet light emitting diode (UV-LED)
(395 nm) via free radical polymerization or cationic polymerization.

New (meth)acrylates (2,3 and 4) consisting of two isomers, methyl 9-
((meth)acryloyloxy)-10-hydroxyoctadecanoate / methyl 9-hydroxy-10-
((meth)acryloyloxy)octadecanoate (2 and 3) and methyl 9-(1H-imidazol-1-yl)-10-
(methacryloyloxy)octadecanoate / methyl 9-(methacryloyloxy)-10-(1H-imidazol-1-
yl)octadecanoate (4), modified from oleic acid mix, and ionic liquid monomers (1a and 1b)
bearing long alkyl chain were polymerized photochemically. New (meth)acrylates are
based on vegetable oil, and ionic liquids (ILs) have nonvolatile behaviour. Therefore, both
monomer types have green approach. Photoinitiated polymerization of new
(meth)acrylates and ionic liquids was investigated in the presence of ethyl (2,4,6-
trimethylbenzoyl) phenylphosphinate (Irgacure® TPO-L) or di(4-
methoxybenzoyl)diethylgermane (Ivocerin®) as photoinitiator (Pl). Additionally, the results
were discussed in comparison with those obtained from commercial 1,6-hexanediol
di(meth)acrylate (5 and 6) for deeper investigation of biobased monomer’s potential to
substitute petroleum derived materials with renewable resources for possible coating
applications. Kinetic study shows that methyl 9-(1H-imidazol-1-yl)-10-
(methacryloyloxy)octadecanoate / methyl 9-(methacryloyloxy)-10-(1H-imidazol-1-
yl)octadecanoate (4) and ionic liquids (1a and 1b) have quantitative conversion after
irradiation process which is important for practical applications. On the other hand, heat
generation occurs in a longer time during the polymerization of biobased systems or ILs.
The poly(meth)acrylates modified from (meth)acrylated fatty acid methyl ester monomers
generally show a low glass transition temperature because of the presence of long
aliphatic chain in the polymer structure. However, poly(meth)acrylates containing aromatic
group have higher glass transition temperature. Therefore, new 4-(4-
methacryloyloxyphenyl)-butan-2-one (7) was synthesized which can be a promising

candidate for the green techniques, such as light induced polymerization. Photokinetic
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investigation of the new monomer, 4-(4-methacryloyloxyphenyl)-butan-2-one (7), was
discussed using Irgacure® TPO-L or Ivocerin® as photoinitiator. The reactivity of that
monomer was compared to commercial 2-phenoxyethyl methacrylate (8) and phenyl
methacrylate (9) basis of the differences on monomer structures. The photopolymer of 4-
(4-methacryloyloxyphenyl)-butan-2-one (7) might be an interesting candidate for the
coating application with the properties of quantitative conversion and high molecular
weight. It also shows higher glass transition temperature.

In addition to the linear systems based on renewable materials, new crosslinked polymers
were also designed in this thesis. Therefore, isomer mixture consisting of ethane-1,2-diyl
bis(9-methacryloyloxy-10-hydroxy octadecanoate), ethane-1,2-diyl 9-hydroxy-10-
methacryloyloxy-9’-methacryloyloxy10’-hydroxy octadecanoate and ethane-1,2-diyl bis(9-
hydroxy-10-methacryloyloxy octadecanoate) (10) was synthesized by derivation of the
oleic acid which has not been previously described in the literature. Crosslinked material
based on this biobased monomer was produced by photoinitiated free radical
polymerization using Irgacure® TPO-L or lvocerin® as photoinitiator. Furthermore,
material properties were diversified by copolymerization of 10 with 4-(4-
methacryloyloxyphenyl)-butan-2-one (7) or methyl 9-(1H-imidazol-1-yl)-10-
(methacryloyloxy)octadecanoate / methyl 9-(methacryloyloxy)-10-(1H-imidazol-1-
yl)octadecanoate (4). In addition to this, influence of comonomer with different chemical
structure on the network system was investigated by analysis of thermo-mechanical
properties, crosslink density and molecular weight between two crosslink junctions. An
increase in the glass transition temperature caused by copolymerization of biobased
monomer 10 with the excess amount of 4-(4-methacryloyloxyphenyl)-butan-2-one (7) was
confirmed by both techniques, differential scanning calorimetry (DSC) and dynamic
mechanical analysis (DMA). On the other hand, crosslink density decreased as a result of
copolymerization reactions due to the reduction in the mean functionality of the system.
Furthermore, surface characterization has been tested by contact angle measurements
using solvents with different polarity.

This work also contributes to the limited data reported about cationic photopolymerization
of the epoxidized vegetable oils in the literature in contrast to the widely investigation of
thermal curing of the biorenewable epoxy monomers. In addition to the 9,10-epoxystearic
acid methyl ester (11), a new monomer of bis-(9,10-epoxystearic acid) 1,2-ethanediyl ester
(12) has been synthesized from oleic acid. These two biobased epoxies have been

polymerized via cationic photoinitiated polymerization in the presence of bis(t-butyl)-
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iodonium-tetrakis(perfluoro-t-butoxy)aluminate ([Al(O-t-C4F9)4]") and isopropylthioxanthone
(ITX) as photinitiating system. Polymerization kinetic of 9,10-epoxystearic acid methyl
ester (11) and bis-(9,10-epoxystearic acid) 1,2-ethanediyl ester (12) was investigated and
compared with the kinetic of commercial monomers being 3,4-
epoxycyclohexylmethyl-3’,4’-epoxycyclohexane carboxylate (13), 1,4-butanediol diglycidyl
ether (14), and diglycidylether of bisphenol-A (15). Both biobased epoxies (11 and 12)
showed higher conversion than cycloaliphatic epoxy (13), and lower reactivity than 1,4-
butanediol diglycidyl ether (14). Additional network systems were designed by
copolymerization of bis-(9,10-epoxystearic acid) 1,2-ethanediyl ester (12) and
diglycidylether of bisphenol-A (15) in different molar ratios (1:1; 1:5; 1:9). It addresses that,
final conversion is dependent on polymerization rate as well as physical processes such
as vitrification during polymerization. Moreover, low glass transition temperature of
homopolymer derived from bis-(9,10-epoxystearic acid) 1,2-ethanediyl ester (12) was
successfully increased by copolymerization with diglycidylether bisphenol-A (15). On the
other hand, the surface produced from bis-(9,10-epoxystearic acid) 1,2-ethanediyl ester
(12) shows hydrophobic character. Higher concentration of biobased diepoxy (12) in the
copolymerizing mixture decreases surface free energy. Network systems were also
investigated according to the rubber elasticity theory. Crosslinked polymer derived from the
mixture of bis-(9,10-epoxystearic acid) 1,2-ethanediyl ester (12) and diglycidylether of

bisphenol-A (15) (molar ratio=1:5) exhibits almost ideal polymer network.
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Kurzfassung

Die vorliegende Arbeit konzentriert sich auf die Minimierung des Einsatzes von giftigen
Chemikalien durch die Integration von biobasierten Monomeren, die aus Fettsaureestern
gewonnen werden, in Photopolymerisationsprozessen, die als naturfreundlich bekannt
sind. Die in der Olsaure vorhandene interne Doppelbindung wurde in eine reaktivere
(Meth)acrylat- oder Epoxidgruppe umgewandelt. Biobasierte Ausgangsmaterialien,
funktionalisiert durch verschiedene Seitengruppen, wurden flr photopolymerisierende
Formulierungen verwendet, um neue polymere Strukturen unter Verwendung einer
ultravioletten lichtemittierenden Diode (UV-LED) (395 nm) uber freie radikalische
Polymerisation oder kationische Polymerisation zu entwickeln.

Neue (Meth)acrylate, Methyl-9-((meth)acryloyloxy)-10-hydroxyoctadecanoat / Methyl-9-
hydroxy-10-((meth)acryloyloxy)octadecanoat (2 und 3) und Methyl-9-(methacryloyloxy)-10-
(1TH-imidazol-1yl)octadecanoat / Methyl-9-(1H-imidazol-1yl)-10-
(methacryloyloxy)octadecanoat (4), modifiziert aus einem Olsduregemisch und ionischen
flissigen Monomeren mit eine langen Alkylkette wurden photochemisch polymerisiert. Die
neuen (Meth)acrylate basieren auf Pflanzendl. Die ionischen Flussigkeiten (ILs) haben ein
nichtflichtiges Verhalten. Daher haben beide Monomertypen einen grinen Ansatz.
Photoinitilerte Polymerisationen von neuen (Meth)acrylaten und ionischen FlUssigkeiten
wurden in Gegenwart von Ethyl-(2,4,6-trimethylbenzoyl)phenylphosphinat (lrgacure®
TPO-L) oder Di(4-methoxybenzoyl)diethylgerman (Ivocerin®) als Photoinitiator untersucht.
Zusatzlich wurden die Ergebnisse im Vergleich mit denen von kommerziellem 1,6-
hexandiol di(meth)acrylat (5 und 6) diskutiert, um das Potenzial von biobasierten
Monomeren zur Substitution von erddlbasierten Materialien durch erneuerbare
Ressourcen fur mdgliche Beschichtungsanwendungen genauer zu untersuchen. Die
kinetische Studie zeigt, dass Methyl-9-(1H-imidazol-1yl)-10-
(methacryloyloxy)octadecanoat / Methyl-9-(methacryloyloxy)-10-(1H-
imidazol-1yl)octadecanoat (4) und die ionischen Flussigkeiten (1a und 1b) eine
quantitative Umsetzung nach dem Bestrahlungsprozess aufweisen, was fur praktische
Anwendungen wichtig ist. Andererseits erfolgt die Warmeentwicklung bei der
Polymerisation von biobasierten Systemen oder ILs in einem langeren Zeitraum.

Die aus Fettsauren hergestelltem modifizierten Poly(meth)acrylate zeigen im Allgemeinen
eine niedrige Glastbergangstemperatur aufgrund der Anwesenheit einer langen

aliphatischen Kette in der Polymerstruktur. Poly(meth)acrylate, die eine aromatische



XXXI

Gruppe enthalten, haben jedoch eine hohere Glasubergangstemperatur. Daher wurde das
neue 4-(4-Methacryloyloxyphenyl)-butan-2-on (7) synthetisiert, das ein vielversprechender
Kandidat fur die grinen Techniken, wie zum Beispiel die lichtinduzierte Polymerisation,
sein kann. Die photokinetische Untersuchung des neuen Monomers, 4-(4-
Methacryloyloxyphenyl)-butan-2-on (7), wurde unter Verwendung von Irgacure® TPO-L
oder Ivocerin® als Photoinitiator diskutiert. Die Reaktivitdt dieses Monomers wurde mit
kommerziellem 2-Phenoxyethylmethacrylat (8) und Phenylmethacrylat (9) aufgrund der
Unterschiede in der Monomerstruktur verglichen. Das Photopolymer von 4-(4-
Methacryloyloxyphenyl)-butan-2-on (7) koénnte ein interessanter Kandidat und eine
Alternative zu den herkdmmlichen Monomeren fir die Beschichtungsanwendung sein
aufgrund der quantitativen Umsetzung des Monomeren und des hohen Molekulargewichts
sowie einer hoheren Glasubergangstemperatur des resultieren den Photopolymeren.

Neben den linearen Systemen auf Basis nachwachsender Rohstoffe wurden in dieser
Arbeit auch neue vernetzte Polymere entwickelt. So wurde ein Ethan-1,2-diyl bis(9-
methacryloyloxy-10-hydroxy octadecanoate), Ethane-1,2-diyl 9-hydroxy-10-
methacryloyloxy-9’-methacryloyloxy10’-hydroxy octadecanoat und Ethane-1,2-diyl bis(9-
hydroxy-10-methacryloyloxy octadecanoat) (10) Monomer mit zwei funktionellen Gruppen
durch weitere Derivatisierung der Olsdure synthetisiert, das bisher in der Literatur nicht
beschrieben wurde. Ein vernetztes Material Auf Basis dieses biobasierten Monomers
wurde durch photoinitiierte, radikalische Polymerisation unter Verwendung von Irgacure®
TPO-L oder Ivocerin® als Photoinitiator hergestellt. Daruber hinaus wurden die
Materialeigenschaften durch Copolymerisation des 10 mit 4-(4-Methacryloyloxyphenyl)-
butan-2-on (7) oder Methyl-9-(1H-imidazol-1yl)-10-(methacryloyloxy)-octadecanoat /
Methyl-9-(methacryloyloxy)-10-(1H-imidazol-1yl)-octadecanoat (4) variiert. Dartber hinaus
wurde der Einfluss von Comonomeren mit unterschiedlicher chemischer Struktur auf das
Netzwerksystem durch Analyse der mechanischen Eigenschaften, der
Glasubergangstemperaturen, der Vernetzungsdichte und des Molekulargewichts zwischen
zwei Vernetzungsstellen untersucht. Eine Erhdhung der Glastubergangstemperatur durch
die Copolymerisation von 10 mit einem Uberschuss von 4-(4-Methacryloyloxyphenyl)-
butan-2-on (7) wurde durch DSC und DMA bestatigt. Andererseits verringerte sich die
Vernetzungsdichte aufgrund der Verringerung der mittleren Funktionalitat des Systems.
Darlber hinaus wurde die Oberflachencharakterisierung durch Kontaktwinkelmessungen

unter Verwendung von Losungsmitteln mit unterschiedlicher Polaritat getestet.
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Diese Arbeit tragt auch zur Erweiterung der in der Literatur Uber die kationische
Photopolymerisation der epoxidierten Pflanzendle berichteten Erkenntnisse bei, die, im
Gegensatz zu den weit verbreiteten Untersuchungen zur thermischen Hartung der
biobasierten Epoxidmonomere nur begrenzt verfugbar sind. Zusatzlich zum 9,10-
Epoxystearinsauremethylester (11) wurde ein neues Monomer Bis-(9,10-
epoxystearinsaure)-1,2-ethandiylester (12) auf der Basis von Olsdure synthetisiert. Diese
beiden biobasierten Epoxide wurden durch kationische photoinitiierte Polymerisation in
Gegenwart von Bis(t-butyl)-iodonium-tetrakis(perfluor-t-butoxy)aluminat ([Al(O-t-C4F9)4]-)
und Isopropylthioxanthon (ITX) als photostimulierendes System polymerisiert. Die
Polymerisationskinetik von 9,10-Epoxystearinsauremethylester (11) und Bis-(9,10-
epoxystearinsaure)-1,2-ethandiylester (12) wurde untersucht und mit der Kinetik der
kommerziellen Monomere 3,4-Epoxycyclohexylmethyl-3',4'-epoxycyclohexancarboxylat
(13), 1,4-Butandioldiglycidylether (14) und Diglycidylether von Bisphenol-A (15) verglichen.
Beide biobasierten Epoxide (11 und 12) zeigten eine hdhere Umwandlung als das
cycloaliphatische Epoxid (13) und eine geringere als 1,4-Butandioldiglycidylether (14).
Weitere Netzwerksysteme wurden durch Copolymerisation von Bis-(9,10-
epoxystearinsaure)-1,2-ethandiylester (12) und Diglycidylether von Bisphenol-A (15) in
verschiedenen molaren Verhaltnissen (1:1; 1:5; 1:9) hergestellt. Es wird angesprochen,
dass der endgultige Umsatz sowohl von der Polymerisationsgeschwindigkeit als auch von
physikalischen Prozessen wie der Verglasung wahrend der Polymerisation abhangig ist.
Daruber hinaus wurde die niedrige Glasubergangstemperatur des Homopolymers aus Bis-
(9,10-epoxystearinsaure)-1,2-ethandiylester (12) durch Copolymerisation mit
Diglycidylether von Bisphenol-A (15) erfolgreich erhéht. Andererseits zeigt die aus Bis-
(9,10-epoxystearinsaure) 1,2-ethan-diylester (12) hergestellte Oberflache einen
hydrophoben Charakter. Eine hohere Konzentration des biobasierten difunktionellen
Epoxids (12) in der Copolymerisationsmischung verringert die freie Oberflachenenergie.
Die Netzwerksysteme wurden auch unter Einsatz der Gummielastizitatstheorie untersucht.
Das vernetzte Polymer, das aus der Mischung von Bis-(9,10-epoxystearinsaure) 1,2-
ethan-diylester (12) und Diglycidylether von Bisphenol-A (15) (Molverhaltnis=1:5)

hergestellt wurde, zeigt ein nahezu ideales Polymernetzwerk.
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1. Introduction

1.1. General Aspects

There has been a growing interest in the research conducted to ensure that the standards
of chemical processes and production of chemicals meet the requirements of the green
chemistry in the past decade. It is due to both depletion of the fossil reserves and an
increase in environmental awareness. The basis of the technologies for manufacturing
polymeric materials has been focused on systems activated by light. Designing polymeric
materials derived by photopolymerization is a highly effective and widespread technique,
and it is still developing rapidly [1-2]. The photopolymerizing formulations are usually
prepared from petroleum derived materials. However, there has been an increasing
demand in alteration of renewable feedstocks because of the environmental concerns
[3-5]. Vegetable oils are promising candidates to replace petroleum based products with
sustainable sources because they are environmental friendly, inexpensive and abundant.
Additionally, they bear functional groups such as hydroxy, epoxy, carboxyl and C=C, which
enable to increase reactivity by functionalization.

Chemists have integrated photochemical strategies on different chemical syntheses in
consideration of the self-generated reactions in nature [6-8]. Thus, light is one of the
reagent that is employed in the area of chemistry in various techniques [1,8-9].
Photochemistry is a technique that works on the basis of the interaction of light with light
sensitive chemicals in chemistry, biology and materials science. Photochemical technique
has been presented as environmentally friendly due to the properties of low-energy
requirement, volatile organic compound (VOC) free formulations and room temperature
operation [10-13]. Moreover, employment of light to initiate the reaction highlights one type
of energy efficient method that addresses to one principle of green chemistry.

In principal, light supplies activation energy, which is required for various reactions. Light
sensitive molecule is excited by absorption of light and initiates the photochemical
reaction. Reactive species are produced as a result of a photochemical reaction in the
excited state of the molecule after the absorption of light, which efficiently initiates the
polymerization reaction [1].

Photoinduced polymerization has been widely used in polymer chemistry. In principle,
polymerization is induced by a light source. Photopolymerization processes have been met
growth interest in different conventional applications in coatings, inks, adhesives, and
microelectronics [14]. Furthermore, this technique has been effectively applied in dentistry,

3D printings, laser printing images, as well as bioapplications such as drug delivery
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systems, tissue engineering and implants [14-16]. Since its benefits over to the

conventional polymerization technique have been explored, photopolymerization has also
been widely used for synthetic polymer chemistry. Liquid or viscous monomers are
chemically converted to the solid polymers after initiation of the photopolymerization with
light-sensitive initiator. Polymer networks are produced by linkage of the growing chains
bearing different functional groups. Network systems exhibit improvements in both
thermal and mechanical properties, which play a key role in applications as a material or
coating. Polymer networks show high hardness, shock resistance and low solubility or
swelling capacity which depend on the degree of crosslinking [17-19]. Three dimensional
structures are designed from the monomers or prepolymers containing at least two
functional groups. Crosslinked polymers are insoluble in organic solvents which enables
the resistance to various surfaces from chemical and/or mechanical wear. Moreover,
properties of the coated surfaces can be controlled by network density for the desired
applications [20]. Although these involve mechanical properties which mostly present a
greater hardness and therefore higher tensile strength, this may also cause a highly brittle
crosslinked films [21]. High degree of brittleness of the final material is generally avoided in
order to cause a break and loss in the adhesive strength.

Photoinitiators, which have an absorption in UV region, have been widely preferred in
coating applications [22, 23]. These compounds, that belong to the Norrish type | class
[24], form initiating radicals after photolytic cleavage and initiate the polymerization
reaction. UV-LED technologies display characteristic features such as low energy
consumption, low heat generation, long life-times, easy to manage and compact. LEDs
supply almost monochromatic light with a narrow bandwidth. On the other hand, mercury
(Hg) lamps are harmful for operator because of the presence of UV rays and ozone
release. Hg lamps have a wide emission spectrum, which leads the partially absorption of
the generated light by initiator. It causes a reduction in the efficiency of the system [25].
Absorption can be shifted into the visible range (Vis) by photosensitization. A two-
components photoinitiator system is often employed where photosensitizer is excited by
absorption of light. Since the energy absorbed by photosensitizer is not adequate, bonds
can not be broken directly [26]. Initiating species are produced as a result of electron
transfer between sensitizer and initiator.

The main advantage of LED sources delivers light in the narrow wavelength range which
allows targeted selection of photoinitiators for desired region. Thus, total energy-costs can

be reduced and process improved.
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The light has been used in different polymerization mechanisms involving ionic, radical

and step-growth polymerization. Conventional radical, anionic and/or cationic
polymerization processes are highly practical and convenient to form polymeric structures
with high molecular weights and broad molecular weight distributions. From industrial
aspect, radical and cationic polymerization initiated by light are commonly used
techniques. There are still rapid development of these techniques in terms of designing
new types of photoinitiator systems, synthesis of biobased starting materials, and new light

source technologies [25-28].

1.2 Motivation of the Thesis

This work focuses on modification of biobased materials to substitute for conventional
monomers in photopolymerizing systems, which are formulated for different coating
applications.

The motivation of this thesis is to display further alternatives for the modification of the
vegetable oil, which improve the reactivity for polymerization reaction. In particular,
(meth)acrylate or epoxy groups can be polymerized radically or cationically. Utilization of
the biobased monomers derived from renewable resources into synthetic polymer
chemistry have been adapted in photoinitiated polymerization.

A critical aspect of this work deals with the challenge to present the new possibilities for
modification of unsaturated fatty acid esters where (meth)acrylate or epoxy groups are to
be introduced. Different functionalization methods have been described for oleic acid as a
model material in the literature. In this work, bis-(9,10-epoxystearic acid) 1,2-ethanediyl
ester (12) and the isomer mixture of ethane-1,2-diyl bis(9-methacryloyloxy-10-hydroxy
octadecanoate), ethane-1,2-diyl 9-hydroxy-10-methacryloyloxy-9’-methacryloyloxy10’-
hydroxy octadecanoate and ethane-1,2-diyl bis(9-hydroxy-10-methacryloyloxy
octadecanoate) (10) were derived from the oleic acid and transferred to the network
structure by photochemically.

The aim of this work is to characterize the final properties of the models, derived from
biobased starting materials, in order to investigate the comparability of the properties of
the materials made from commercial and biobased monomers. In the course of this, new
monomers have been synthesized and photochemical properties of the systems
investigated by using 395 nm light source. A comparison of the polymerization rate, the
curing time and final conversion of the polymerizable group have been studied by using
different photoinitiators and concentration, which are Irgacure® TPO-L 1 wt %, Irgacure®

TPO-L 3 wt %, Ivocerin® 1 wt % for free radical polymerization.
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The materials produced by cationic polymerization of epoxide monomers show generally

lower volumetric shrinkage and also improved adhesion properties to the surface in
comparison with the photopolymers obtained via free radical route [28-30]. Newly
developed bis-(9,10-epoxystearic acid) 1,2-ethanediyl ester monomer (12) was cured via
cationic route in the presence of bis(t-butyl)-iodonium-tetrakis(perfluoro-t-butoxy)aluminate
([AI(O-t-C4F9)4])) and isopropylthioxanthone (ITX) as photinitiating system. Final material
properties have been varied by incorporation of the comonomer with more rigid structure
into the network structure and analyzed by different techniques.

Even if there are some researches of light induced cationic polymerization of epoxy
monomers functionalized from renewable resources such as epoxidized castor oil,
trisepoxy phloroglucinol, diglycidylether of vanillyl alcohol, epoxidized soybean oil and
limonene dioxide in the literature [27, 31-33], the data are still limited in contrast to the
reports about thermal polymerization of the biobased epoxy monomers. This work also
focuses on the photoinitiated curing of the epoxy monomers via cationic route. In the
course of this, polymer networks from the epoxy monomers bearing different pendant

groups have been developed and deeply investigated in this work.
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2. Fundamentals and State of the Art

2.1 Photoinitiated Polymerization

Depending on the way of the radical generation, free radical polymerization can be
initiated by photochemically, thermally, chemical redox initiators, voltage and mechanical
force [34]. Light beam is used to trigger the reaction in chemical materials such as
polymers, oligomers or monomers, to produce a new formed materials, in the principle of
light induced polymerization. The polymerization initiated by light with the proper
wavelength is called photoinitiated polymerization where polymer are formed from

monomers/oligomers (Scheme 1).

0

Photoinitiator

Scheme 1: General illustration of the photopolymerization process.

It has nature friendly benefits in comparison with conventional thermal polymerization
technique with the properties of low energy consumption, solvent free formulation, fast
curing, and room temperature operation [35-38]. Therefore, this method is called
environmental friendly. The interest of this technique has been gradually increased by
extension of the application areas such as coating manufacturing, varnishes, laser
imaging, inks, stereolithography, 3D printing, adhesive and dental composites for more
than 40 years [2,12, 39-43]. Photopolymerization also satisfies the expectations in the
biomedical applications. For instance, immobilisation of the enzymes requires the low
temperature operation, which is one of the benefits offered by photoinitiated
polymerization. Moreover, less side reactions take place in the photoinitiated
polymerization of the monomer bearing monofunctional group compared to the thermal
polymerization of the monomer that may be accompanied by a higher amount of side
reactions [44-47]. Methacrylate and acrylate monomers are generally preferred starting
materials to generate crosslinked or linear polymer via photoinitiated free radical
polymerization. The formulation to obtain the photopolymer generally comprises monomer,
photoinitiator or photoinitiating system (PIS) and other additives depending on the

application areas. Besides the other factors which affect the efficiency of the
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photopolymerization, photoinitiator plays a key role in the formulation, which directs

polymerization rate, surface properties such as hardness, transparency or tack-free index,
etc [43-44]. Furthermore, compatibility of the emission spectrum of the radiation with the
absorption region of the photoinitiator/PIS and number of available incident photons, lo, are
significant parameters as well. The spectral parameters such as molar extinction
coefficients (¢) and ground state spectra of the photoinitiator/PS/PIS have a decisive
impact on the polymerization efficiency [12,46] because of the direct relation between

polymerization rate and the light absorption.

2.1.1 Photoinitiated Free Radical Polymerization

The key component of the polymerization formulation is the light sensitive photoinitiator,
which decomposes by light into free radical species. Free radicals formed in the initiation
step add to the double bond in the monomer molecules to grow the polymer chain
(Scheme 2). Photoinitiated polymerization is generally mentioned as a chain growing
reaction initiated by light. Formation of the radicals from the photoinitiator by exposure light
is necessary for the initiation step of the polymerization. Though the polymerization rate
can be altered by changing the photoinitiator type or concentration, free radical

polymerization generally proceeds fast.

Pl PI* Monomer Growing Chain

Scheme 2: General presentation of photoinitiated free radical polymerization.

On the other hand, photopolymerization involves complicated chemical and physical
processes, which convert the liquid photopolymerizing mixture to the solid photopolymer
after short irradiation time and the final material properties such as glass transition
temperature, mechanical strength and deformation etc. are evolved with the conversion
degree in this curing time. For this reason, it is really important to study the final material
properties of the polymer obtained after irradiation [48-50]. Kinetic study of the
photopolymerization provides the information about conversion degree, rate of
polymerization and helps to link these information obtained with the changes on the

physical properties of the resulting photopolymer depending on the irradiation.
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Photopolymerization kinetic has been widely investigated to get further information [51-55].

Photokinetic investigation was done through the calculation of the polymerization rate and
conversion degree of the monomers from the data obtained by differential scanning
calorimetry using light (Photo-DSC) in this work.

Free radical polymerization is formulated with the monomer bearing double bond which
forms the covalent bond. Functionality of the monomer influences the formation of network
structure as well as degree of crosslinking. Higher number of the polymerizable groups in
the monomer structure results in a crosslinked polymer with higher crosslink density after
photopolymerization [56]. Photoinitiated polymerization proceeds with the same steps of
the typical free radical polymerization pathway of initiation, propagation, and termination as
described below [57]:

2.1.1.1 Initiation

Generation of the radicals by photodecomposition of the photoinitiator is the first step of
the photopolymerization to initiate the reaction. The reactive species formed by light
absorption of the photoinitiator attack to the region with high electron density, which is the
carbon-carbon double bond of the monomer. The initiation step includes two main steps as
described in (2.1) and (2.2): the generation of the radicals from PI followed by the addition
of the radical to the monomer to form the primary radicals [58]. Emission spectrum of the
light source should overlap with the specific wavelength range of the photoinitiator to
convert into the radical species [59-60]. Radicals from photoinitiators are generated by
photochemical cleavage of aldehydes or ketones, which is called Norrish-type reactions.

Radical photoinitiators can be considered into two main classes of: type | and type Il Pls.
k
Photodecomposition: PI i 2R - (2.1)
e ki
Initiation: R+-+4+M — RM - (2.2)

Type | Photoinitiators :

Type | photoinitiators (Pl) form radicals through a-cleavage of the C-C bond and it is
referred to Norrish Type | reaction. Aromatic carbonyl compounds are known to undergo
into a homolytic C-C bond-cleavage under UV irradiation. Type | Pls have generally high
reactivity and quantum yield for dissociation. They have a wide range of structural
diversity. Benzoin, benzil, a-hydroxy ketones, oxime ester, sulfonyl ketone, thiobenzoate,

bisacylgermane and bisacylphosphane oxide etc. are some of the type | Pls.
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Irgacure® TPO-L ((ethyl (2,4,6-trimethylbenzoyl) phenylphosphinate) and Ivocerin® (di(4-

methoxybenzoyl)diethylgermane) are Norrish type | photoinitiotors, which were used in this
work.

Acylgermanes such as di(4-methoxybenzoyl)diethylgermane are reported as highly
reactive Pls under visible light, which produce benzoyl and metal centered reactive
species. It was already reported that di(4-methoxybenzoyl)diethylgermane (lvocerin®) is
highly efficient which undergoes primarily a-cleavage reaction [60-62]. It is mainly used in
dental and composite applications. Primary germyl and benzoyl radicals are produced as a
result of excitation of Ivocerin®.

Irgacure® TPO-L is fast and efficient photoinitiator, which gives benzoyl and phosphinyl
radicals that initiate the polymerization reaction of formulations comprising acrylates,
unsaturated polyesters and styrene [63-64].

The generation of radicals (R-) during this type of reactions shows first-order kinetics since

only one species is involved in the photo-cleavage step ((2.3) and (2.4)).

kq
*P.I _"Rl . +R2 . (23)
dR]_ L dRz L
= =R. =k, - *PI

Type |l Photoinitiators:

Type Il Pls produce initiating radicals in combination with coinitiatator (COI). Initiation of
the photoinitiated radical polymerization can be carried out by -H abstraction or electron
transfer. In contrast to Norrish type | Pls, type Il Pls form radicals through a bimolecular
process. The initiation step of the polymerization is generally slower for bimolecular
system in comparison with the system initiated by Type | Pls due to the bimolecular
reaction. They need a co-initiator to produce radicals because of their low excitation

energy [61].

k
*P[ +CO—1-5R, »+R, o (2.5)

de ‘_dRz *
dt  dt

=R;=k; *PI-CO —1 (2.6)
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Radicals (R-) can be formed as a result of the reaction of the Pls and co-initiator (CO-/) as

shown in (2.5). It is the second-order kinetic because two species of radicals ((R:-) and
(R:°)) formed in the initiation step via hydrogen abstraction or e- transfer (2.6) [42].

The interaction of the Pl excited by light with the co-initiator may occur through two
different pathways.

Hydrogen Abstraction: Co-initiator donates a suitable hydrogen from it's functional group
(carbonyl group) to the PI that is in the excited state after the absorption of UV light and it

leads the radical formation as defined in (2.7) and (2.8).

h
pI - 3(pr}s @7)
ISC
3[PI*+ R — H - PIH ¢ +R ¢ Hydrogen abstraction (2.8)

Electron Transfer: is the another possibility to generate initiating species. In the case of
amine as a co-initator, an electron is transferred to type Il Pl when it is in the triplet state
after excitation which leads to generation of the radicals (2.9) [37]. This species may be a
radical as well as cations or anions.

Benzophenone, camphorquinone and thioxanthone are the typical examples of type I
photoinitiators. Thioxanthones and its derivatives are the most common used type Il Pls
since they have high quantum efficiency [37]. Amines, thiols, phosphorous compounds,
and silanes are a few examples of co-initiators used for the type Il PIS, whereby the

highest efficiency for hydrogen donation is shown in tertiary amines.

3[PIT* + R — Pl o~/*+ R o*/-

Electron transfer (2.9)
R e

2.1.1.2 Propagation

The next step after initiation is the propagation where the functional groups of the
monomer are consumed by addition to the radical site at the growing chain (2.10). After
the activation of the radicals in the initiation step, double bond in the monomer structure
will be activated and lead to generation of growing radical chain by further addition of the
monomers to the active part of the chain [58-60]. In this step, the monomer concentration

reduces by combination of the monomer to the polymer chain, leading to the growth of the
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polymer chain (2.11). The growing polymer chain generally involves a radical end group.

The double bonds are consumed in the propagation process [65-68].

kp
R—M,s+M->M, (2.10)
d[M]
_T=RP =kp-[M]-[M o] (2.11)

2.1.1.3 Termination

Termination can occur as a result of the reaction of two radicals and dead polymer forms.
The polymerization reaction can be terminated by two possible pathways: either
combination or disproportionation. One dead polymer chain can be produced by the
reaction of the two radical polymer chains as shown in (2.12). On the other hand, chain
growth of the polymer chain can be terminated through disproportionation reaction (2.13)
by abstraction of a hydrogen atom from the other polymer chain resulting in one dead
polymer chain and one polymer chain bearing double bond [68-70]. Rate of termination is
expressed as defined in (2.14). Oxygen in the reaction environment can react with radical
and inhibit the polymerization. It is highly reactive to the excited state and initiating

radicals. For this reason, oxygen causes a decrease in the polymerization rate [22, 71-72].

kec

M,  +Mp, ._'; n+m (2.12)
kta

M, ¢ +M,, »— P, + B, (2.13)

R, = 2k, * [M o]? (2.14)

In some cases, rate of polymerization can be controlled by the diffusion of the species in
the reaction system in case of an increase of the viscosity in the medium during irradiation.
It causes a reduction in the movement of the large polymer chains and mobility of the
active polymer chains is hindered [73-75]. It results in a decrease in the termination rate of
the reactive polymer chains. In this case, diffusion-controlled termination takes place for
the polymerization reaction. It is called Trommsdorff effect or auto acceleration [76]. When
the viscosity of the reaction medium gets too high, diffusion of the small molecules is

limited as well, that leads to a reduction in the propagation rate and limits the conversion.
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2.1.2 Photoinitiated Cationic Polymerization

Epoxide or oxirane monomers can undergo cationic ring opening polymerization initiated
by light [2, 38, 42, 77-84]. The absence of the stable cationic photoinitiator restricted the
development of the cationic photopolymerization before 1970s. Aryldiazonium salts were
shown as a possible compound to induce the cationic polymerization reaction of the
epoxide compounds by Schlessinger et al but they did not have the thermal stability [85].
Crivello and co-workers discovered the onium salts (diaryliodonium or triphenylsulfonium)
activated by UV-irradiation in the late 1970s and application areas of the cationic
photopolymerization has been expanded such as inks, coating or adhesives efc since this
discovery [86-90]. These compounds are highly photosensitive and thermally stable. In
addition to this, cationic photopolymerization of epoxy monomers has attracted a wide
range of industrial areas from aerospace to electronic applications by providing
multifunctionality to the surfaces such as scratch resistance, antistatic coating, high
abrasion resistance, and chemical stability [91-92].

It has other decisive plusses such as low volume shrinkage, dark post-reaction and
adhesion to the surface compared to the free radical polymerization [30,92]. Cationic
polymerization formulations of epoxide monomers are categorized by less-toxic compared
to the free radical formulations containing (meth)acrylate monomers. Therefore, it may be
an alternative to the systems containing (meth)acrylate monomer used in radical
polymerizations. However, the cationic ring opening polymerization is sensitive to the
moisture and water even if oxygen does not effect the polymerization. Water or other
species bearing hydroxy group, as a transfer agent, may change the polymerization rate
and degree of polymerization [93-94]. Polymerization rate of the cationic polymerization is

generally slower than that of free radical polymerization [37,95].

2.1.2.1 Onium Salts

Photoacid generation from the onium salt by UV radiation to initiate the cationic
polymerization was first investigated by Crivello in 1978 [85-86]. Onium salts (iodonium or
sulfonium) can be classified as most commonly applied cationic photoinitiators [96]. They
correspond to the requirements of the photopolymerization formulations with the properties
of thermal stability and nonreactivity to the monomer in the system at room temperature
[90].

The light absorbing part of the cationic photoinitiator is the cation in its structure, and it
defines not only the absorption capacity but also photochemistry of the initiator.

Accordingly, typical UV-absorption is governed by nature of cation in the structure. The
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anion moiety plays a role to control the acidity of the photogenerated acid during

photolysis which is related with the initiation efficiency. Anion also affects the
polymerization kinetic due to its role on the characterization of the propagating ionic
species [90,97-98]. The counter ion nature plays a significant role in the polymerization
reaction since it may react with the active cationic centre causing a decrease in the
polymerization rate or inhibition of the polymerization reaction [90].

Although some photoinitiators show high efficiency, they have a limitation in the absorption
wavelength region up to 300 nm to be activated. (BFs, PFs, AsFe,SbFe) [99]. It was
deeply studied and presented that derivatization of the aromatic ring by incorporation of
the chromophoric group shifts the absorption wavelength to the broaden spectral range
[47,86-91,100-103]. Alternatively, this limitation can be overcome by indirect paths which
are electron transfer, energy transfer or oxidation of free radicals to activate the IS
(initiating system).

An electron transfer occurs from the excited photosensitizer to onium salt in
photosensitization mechanism. Onium salt decomposes by electron transfer and initiate
the polymerization. Another indirect way to initiate the cationic polymerization is charge
transfer mechanism which radical cations with aromatic structure are generated as a result
of intermolecular electron transfer between an electron acceptor (onium salt, such as
pyridinium ) and an electron donor. In free radical promoted mechanism, oxidation of the
free radicals by onium salt produces active species which can basically trigger the cationic
polymerization [104-106].

In this work, system was operated by onium salt in combination with sensitizer, which
leads to the cation formation to initiate cationic polymerization. Aluminate [Al(O-t-C4Fg)4]-
was selected as a counter ion of the iodonium salt due to its efficiency reported previously
[107-108]. It is a promising alternative to hexafluorophosphate with the properties of well

solubility in the many photopolymerizing mixture as well as free of HF release.

2.1.2.2 Initiation

Reactive Brgnsted acid is formed as a result of excitation of the onium salt by irradiation
and initiates the reaction [90,99,109]. It is shown photolysis of an onium salt (ArnY*MtXn")
where Ar,Y* is cationic part (such as diaryliodonium, Y= 1, S...) and MtX, is counterion
(SbFe, PFe or BFe¢).

Ary_ YV MtX; + Ar'} H donor

hv
+ - + -
Ar,Y*MtX; - [Ar, Y *MtX;] *—>{ Ar Y+ AP X HMtX,,
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HMtX, + M - H — M*MtX,,

2.1.2.3 Propagation
Monomers add to the macromolecular chains leading to the growing chain and polymer
formation [90,99,109].

H— (M,)*MtX; + M > H — (M), M*MtX;

2.1.2.4 Termination
Recombination does not occur in termination step of the cationic polymerization.
Occlusion, reaction with impurities such as water or transfer reactions (with counter ion or

cyclization) can terminate the polymerization as described below:

Occlusion
H— (M), M*MtX,; - occlusion

Reaction with compound involving -OH group (or _impurities)

H—- M) M*MtX, + ROH » H— (M),MOR + H* MtX

Reaction with counter ion

H— (M),M*MtX; > H — (M), MX + MtX,,_,

Reaction with monomer

H— (M),M*MtX; + M » (M),,,, + HM*MtX;

Chain transfer

H—- M) M*tMtX; > (M)p41 + HEMtX;,

2.2 Polymer Network Formation
Besides the common reaction steps of crosslinking and linear polymerization,

multifunctional monomers bearing two or more functional groups show different
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phenomena from the monofunctional monomers in polymerization reaction. The presence

of more than one functional group in the monomer structure gives a three dimensional
network system as a result of polymerization in contrast to the linear polymerization of
monomer with one polymerizable group. Firstly, multifunctional monomers react with the
growing radical chain which leads to radical polymer units containing functional group
moieties. As the reaction can continue by the addition of the other monomer molecule to
the growing polymer chain, intramolecular cyclization or intermolecular crosslinking can
also occur in propagation step. The reaction between two functional groups on the different
polymer molecules is called intermolecular crosslinking (Scheme 3). Intramolecular
cyclization occurs when the radical part of the growing chain reacts with the pendant
functional group on the same polymer chain. As a result of cyclization reaction, microgel
formation occurs, which leads to structurally inhomogeneity in the network and a delay in

the gel point due to the unreacted functional group trapping in the microgel regions [110].

@ functional pendant group /-\_/ +\—‘
o
* radical site g
Scheme 3: Representation of intramolecular cyclization and intermolecular crosslinking .

Formation of the polymer networks inhibits the mobility of the polymer chains and growing
macromelcules can mainly diffuse each other by segmental diffusion or propagation.

When the crosslinking density of the network system increases, segmental diffusion is
limited and termination is dominated by reaction diffusion [110-111]. Therefore, termination
rate constant decreases by diffusion limitations which causes autoacceleration or
Trommsdorff effect that is generally the case for radical crosslinking polymerization of
multifunctional monomers. Limited conversion of polymerizing group can be caused due to

both topological or vitrification effects [110-111].
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3. Materials and Methods

This chapter briefly discloses the experimental conditions used in this thesis. The
conditions explained in this subchapter were previously published or submitted [64,112,
113, 114].

3.1 Chemicals

3.1.1 Solvents

The following solvents used in synthetic procedures and purification processes are
commercially available: Acetone (C3HeO), t-butyl methylether ((CH3)sCOCH?3), diethyl ether
(Et20), dichloromethane, (CH2Cl2), methanol (MeOH), rotidry methanol, n-hexane (n-
Hex), ethyl acetate (EtOAc), tetrahydrofuran (THF) (C4HsO), 1,4-dioxan were bought from
Carl Roth. Deuterated solvents were purchased from ARMAR AG.

3.1.2 Reagents

Oleic acid (abcr, tech., 90 %), oleic acid (VWR, tech., 81 %), ethylene glycol (Carl Roth,
=299 %), formic acid (Sigma Aldrich, 295%), sulfuric acid (H2S04), hydrochloric acid (HCI),
methacrylic acid (250 ppm MEHQ as inhibitor, Sigma Aldrich, 99.9 %), acrylic acid
(200 ppm MEHQ as inhibitor, Sigma Aldrich, 99.9 %), diazobicyclo[2.2.2]octane (DABCO,
Alfa Aesar, 98 %), hydrogen peroxide solution (50 %, Sigma Aldrich), imidazole (Carl Roth,
=299 %), methacrylic anhydride (2,000 ppm topanol A as inhibitor, Sigma Aldrich, 94 %), 4-
N,N-dimethyl amino pyridine (DMAP, Sigma Aldrich), hydroquinone (Sigma Aldrich, 299%),
4-(4-hydroxyphenyl)butan-3-one (Acros, 299.0 %), methacryloyl chloride (0.02 % 2,6-di-
tert-butyl-4-methylphenol as stabilizer, Sigma Aldrich, 297.0 %), triethylamine (Carl Roth,
299.5 %), isopropyl thioxanthone (ITX, Sigma Aldrich), di(4-
methoxybenzoyl)diethylgermane (lvocerin®, Ivoclar Vivadent AG), ethyl (2,4,6-
trimethylbenzoyl) phenylphosphinate (Irgacure® TPO-L, BASF), bis(t-butyl)-iodonium-
tetrakis(perfluoro-t-butoxy)aluminate (S2617) (FEW Chemicals) were used as received.
2-Phenoxyethyl methacrylate (8) ((stabilized with HQ + MEHQ), TCIl, >85.0%), phenyl
methacrylate (9) ((stabilized with BHT), TCI, >97.0 %), 1,6-hexanediol diacrylate (5)
((stabilized with MEHQ), TCI, >85.0 %), and 1,6-hexanediol dimethacrylate (6) ((stabilized
with MEHQ), TCI, >98.0 %) were used as received and passed through a column filled by
basic alumina ((Carl Roth, aluminium oxide 90 active basic, 0.063-0.0200 mm) ) to remove

the inhibitor and stored in the fridge (0-5°C) before use.


https://www.sigmaaldrich.com/catalog/product/sigald/f0507?lang=de&region=DE
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1-lodooctane (copper as stabilizer, Sigma Aldrich, 98 %, bp 81 °C, 11 mbar), 1-iododecane
(copper as stabilizer, Sigma Aldrich, 98 %, bp 132 °C, 20 mbar), t-butyl methylether (bp 78
°C) and 1-vinylimidazole (Sigma Aldrich, 299%, 51 °C under 3 mbar) were distilled prior to

use for purification.

3,4-Epoxycyclohexylmethyl-3’,4’-epoxycyclohexane carboxylate (13, Sigma Aldrich) and
bisphenol-A-diglycidylether (15) were available in the laboratory. 1,4-butanediol diglycidyl
ether (14) was received as a gift from BASF and used as received.

Lithium bis(trifluoromethylsulfonyl)imide (loLiTech), calcium chloride (CaClz, Carl Roth),
magnesium sulfate (MgSOs4, Carl Roth), sodium bicarbonate (NaHCO3s, Carl Roth), sodium
hydroxide (NaOH, Carl Roth) and potassium carbonate (K2CO3) were available at the lab.

Table 1: Structure of type | photoinitiotors.

Photoinitiators Chemical Structure

o]
o)
Ethyl (2,4,6-trimethylbenzoyl) ||
phenylphosphinate P\
(Irgacure® TPO- L) OW
O O
Di(4-methoxybenzoyl)diethylgermane Gé
Ivocerin® ( 7

Table 2: Structure of onium salt.

Namea Chemical Structure
+
Yeg ol
Bis(t-butyl)-iodonium- _
_ oF _
tetrakis(perfluoro-t-butoxy)aluminate FsC FaC\|/SCF3
S 2617 FsC%O\
FsC /AI\/ Fs
o % CF;
/Eca CF
¢ er,

8Commercial name from FEW Chemical GmbH.
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3.2 Analytical Methods and Equipment

3.2.1 Nuclear Magnetic Resonance Spectroscopy (NMR)

The purity of the compounds was checked by nuclear magnetic resonance (NMR)
spectroscopy. For this purpose, about 30 mg of the compound for a 'H- NMR measurement and
about 50 mg of the compound for a 13C-NMR measurement were dissolved in 0.7 ml of
deuterated solvent. Then NMR spectra were recorded with a Fourier 300 NMR
spectrometer from Bruker. The measurement and data acquisition were carried out by the
software "TopSpin 3.2" from Bruker. The software "MestReNova V8.1.1-11591" from

Mestrelab Research S.L. was used for further data analysis.

3.2.2 Contact Angle Measurement (CA)

Wettability character of all cured films was investigated by measuring of the contact angle.
The static contact angle measurements with sessile drop method was used to conduct the
contact angle measurements with the OCA 15plus model contact angle meter from
DataPhysics Instrument with a resolution of 0.1° in the measuring range of 1-180c.
Performing of the experiments and evaluation of the drop shape to measure the contact
angle was carried out by provided software drop shape analysis SCA20. A drop of solvent
(1 pL) was deposited on the films with a single electronic syringe unit. At least three
contact angle tests were recorded for each film and solvent (distilled water, ethylene

glycol, diliodomethane, and toluene) to obtain an average result, respectively.

3.2.3 Gel Permeation Chromatography (GPC)

A GPC Viscotek 270 max was used for investigation of (M,) and dispersity (M,,/M,) values
of polymers. The device was equipped with a TGuard Col 10x4.6 mm and two T6000 M
General Mixed 3000%x7.8 mm columns. The column temperature was 30 °C.
Tetrahydrofuran (THF) was used as eluent at a flow rate of 1 mL.min-'. A refractive index
detector was applied for sample analysis. The system was calibrated by using 7 linear
poly(methyl methacrylate) standards received from Shodex (1850 g - mol-'; 6380 g -
mol-1; 20100 g - mol-'; 73200 g - mol-1; 218000 g - mol-1; 608000 g - mol-1; and 1050000
g - mol-1). Omni SEC 4.6.2 was used to analyze the GPC data obtained.

3.2.4 Photo Differential Scanning Calorimetry (Photo-DSC)

Photopolymerization was carried out using photo-DSC device where a DSC TA Q2000
served as basis instrument. A UV LED emitting at 395 nm set out as light source with a
light intensity of 100 mW.cm-2 and 180 mW.cm-2 that was determined using an USB 4000
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spectrometer from Ocean Optics [115-116]. A shutter system was synchronized with the

Q2000 to turn on and turn off the light [115]. The sample (~5 mg) was put into the TA Tzero
aluminum pan and placed opposite to the reference pan without lid. Photopolymerization
was carried out under nitrogen atmosphere with 50 ml/min purge rate of the inert gas. The
sample was heated up to desired temperature and held at that temperature for 8 minutes
(min). Then, it was irradiated by constant radiation power for different irradiation times at
desired temperature under nitrogen. The rate of polymerization (R, in s-') was calculated
from the raw data of the specific heat flow (dQ/dt in J - s - g-1) by multiplication with the
molecular weight of the monomer (M in g - mol') and division through the molar

polymerization enthalpy of the double bond ( in J.g', AH= -84 kJ.mol-! for the acrylate
group [117], AH= - 54.6 kdJ.mol-' for the methacrylate group [118], AH= - 92 kd.mol ™ for the
vinyl group of the vinylimidazolium based ionic liquid monomers [64] and AH = - 94.5 kJ .
mol-1 for the epoxy group [119]) according to eq (3.1).

Rp =dQ/dt eMe«1/AH (3.1)

3.2.5 Differential Scanning Calorimetry (DSC)

Physical transition of the compounds was investigated by a DSC Q2000 from TA
Instruments. The samples (4 -10 mg) were placed in an aluminium crucible. The second
heating scan of each DSC curve was analyzed for determination of Ty for the monomers
and polymers. Each sample was preheated to the temperature given in the method to

eliminate any previous thermal history followed by quenching.

3.2.6 Dynamic Mechanical Analysis (DMA)

Dynamic Mechanical Analysis was performed on the films with DMA, TA Instruments,
Q800 model operated in DMA Multi-Frequency-strain mode. The information of storage
modulus (E'), loss modulus (E “) and the damping parameter (tan d), as the ratio of the
loss modulus to the storage modulus (E "/ E'), can be obtained by application of a
sinusoidal strain in this technique. The glass transition temperature of the films was
determined by DMA using different techniques, 1) the onset point of sigmoidal change in
the storage modulus (E') (Storage Modulus Extrapolated Onset) or tangent of storage
modulus, 2) the peak maximum on the loss modulus (E") versus temperature curve and 3)
the peak maximum on the tan & versus temperature curve. The film was heated from -100
°C to 100 °C, 120 °C or 250 °C using 3 K/min heating rate with amplitude of 5 pm and
oscillation frequency of 1Hz. The polymer films were removed from the glass substrate

after curing and DMA measurement was performed.
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3.2.7 Thermal Measurement by Thermal Camera

The temperature changes during irradiation of the sample on the glass substrate were
recorded by using a thermal camera (testo 0563 0885 V7). The samples containing the
monomers and the photoinitiators (Irgacure® TPO-L 1 wt %, Irgacure® TPO-L 3 wt %,
Ivocerin® 1 wt %) were irradiated with the 395 nm light source for 10 min. The films were
prepared on the glass substrate by using 120 ym spacer to maintain comparable thickness
for all experiments. The glass substrate with deposited sample on it was purged with
nitrogen in the plastic box equipped with a quartz glass window for 5 min before irradiation.
The temperature generated during irradiation was recorded by a thermal camera (testo
0563 0885 V7).

3.2.8 Viscosity Measurement

Viscosity of the monomers, 11, 12, 13, 14, 15, was measured at 60 °C by rotational
rheometer (Modular Compact Rheometer MCR 302, Anton Paar) in the region of 0.1 s
and 100 s-' shear rate. The rheometer was equipped with a cone plate (CP40-2: diameter:
39.974 mm, cone angle: 170 °). In an additional experiment, the viscosity of the liquid

monomers of 11, 13 and 14 was also evaluated at 23 °C.

3.2.9 Gel Content
The gel content of the cured films produced from difunctional monomers was determined
by measuring the weight loss after 24 hours (h) of solvent extraction with chloroform at

room temperature, according to the standard test method ASTM D2765-84.

3.3 Light Source UV-LED at 395 nm
UV LED which emits at 395 nm was used for the radical formation from photoinitiators.
The intensity was measured with the fiber optic spectrometer USB4000 from Ocean

Optics. UV LED at 395 nm was also used for the photodecomposition of the onium salt.

For cationic polymerization of epoxide monomers, the intensity was first fixed to 100 mW -
cm2 and then 180 mW-cm2 for additional experiments. Free radical polymerization was

performed by constant light intensity of 100 mW-cm-2,
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4. Experimental Part

This chapter briefly discloses the experimental conditions used in this thesis. The
conditions explained in this subchapter were previously published or submitted [64,112,
113, 114].

4.1 Sample Preparation

4.1.1 Photoinitiated Free Radical Polymerization

Commercially available monomers were removed from the inhibitor by passing through the
column filled with basic aluminium oxide followed by distillation.

All samples were prepared in the brown vial. Since the 4-(4-methacryloyloxyphenyl)-
butan-2-one (7) is solid at room temperature, the samples of 4-(4-methacryloyloxyphenyl)-
butan-2-one (7) containing 1 % (w/w) of Irgacure® TPO-L, 3 % (w/w) of Irgacure® TPO-L
and 1 % (w/w) of Ivocerin® were firstly immersed in a beaker half filled with warm water (at
40 °C) for 5 min to be melted. Then, they were well-mixed on the stirring plate for 30 min
before the measurements.

The samples of liquid monomers, 1-octyl-3-vinylimidazolium
bis(trifluoromethylsulfonyl)imide (1a), 1-decyl-3-vinylimidazolium
bis(trifluoromethylsulfonyl)imide (1b), methyl 9-((meth)acryloyloxy)-10-
hydroxyoctadecanoate / methyl 9-hydroxy-10-((meth)acryloyloxy)octadecanoate (2, 3),
methyl 9-(1H-imidazol-1-yl)-10-(methacryloyloxy)octadecanoate / methyl 9-
(methacryloyloxy)-10-(1H-imidazol-1-yl)octadecanoate (4), 1,6-hexanediol diacrylate (5),
1,6-hexanediol dimethacrylate (6), 2-phenoxyethyl methacrylate (8), phenyl methacrylate
(9), ethane-1,2-diyl bis(9-methacryloyloxy-10-hydroxy octadecanoate) / ethane-1,2-diyl 9-
hydroxy-10-methacryloyloxy-9’-methacryloyloxy10’-hydroxy octadecanoate / ethane-1,2-
diyl bis(9-hydroxy-10-methacryloyloxy octadecanoate) (10) containing 1 % (w/w) of
Irgacure® TPO-L, 3 % (w/w) of Irgacure® TPO-L and 1 % (w/w) of lvocerin®, were directly

mixed on the stirring plate for 30 min.

4.1.2 Photoinitiated Cationic Polymerization

1.48 x 105 mol onium salt (S2617) and 0.1 wt % sensitizer (ITX) relative to the total
amount of the resulting mixture (500 mg) were well mixed with the monomers of 9,10-
epoxystearic acid methyl ester (11), 3,4-epoxycyclohexylmethyl-3’,4’-epoxycyclohexane
carboxylate (13), 1,4-butanediol diglycidyl ether (14) in the brown vial. The solid epoxide

monomers at room temperature, bis-(9,10-epoxystearic acid) 1,2-ethanediyl ester (12) and
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bisphenol-A-diglycidylether (15), were first melted and then well mixed with the

photoinitiating system before photopolymerization.

4.2 Film Preparation

The freshly prepared sample of the monomer ((4-(4-methacryloyloxyphenyl)-butan-2-one
(7), 2-phenoxyethyl methacrylate (8), and phenyl methacrylate (9), respectively) containing
1 % (w/w) of Irgacure® TPO-L was deposited on a glass substrate, and a film was made
on the substrate by using the 120 um side of a four-way film applicator. After that, the glass
plate was directly put in a plastic box equipped with a quartz glass window and purged
with nitrogen for 5 min. Then, the film was immediately cured under the nitrogen
atmosphere using a 395 nm light source at room temperature for the desired irradiation
time.

The films made from epoxide monomers with a thickness of ~ 50 ym were prepared by
using two pieces of glass plate. The sample was deposited on the glass substrate and
covered by additional glass plate completely. The substrate was placed on the heating
plate set to 60 °C. The sample was irradiated by 395 nm light source for 20 min.

The films derived from the mixture of ethane-1,2-diyl bis(9-methacryloyloxy-10-hydroxy
octadecanoate) / ethane-1,2-diyl 9-hydroxy-10-methacryloyloxy-9’-methacryloyloxy10’-
hydroxy octadecanoate / ethane-1,2-diyl bis(9-hydroxy-10-methacryloyloxy
octadecanoate) (10) with a thickness of ~50 ym were prepared by using two pieces of
glass substrate. The sample was deposited on the glass substrate and covered by
additional glass plate completely. The sample was irradiated by 395 nm light source for 10

min.

4.3 Photopolymerization Measurements

The sample (~5 mg) was weighed into the TA Tzero aluminum pan and
photopolymerization was carried out under nitrogen atmosphere with 50 ml/min purge rate
of the nitrogen. For free radical polymerization, irradiation power was set to 100 mW « cm-
at 395 nm and the samples were generally irradiated for 10 min at 40 °C. Photo-DSC
method temperature was set to 40 °C and temperature of the sample was isothermally
equilibrated at 40 °C for 8 min.

The photopolymerizing mixtures of 1-octyl-3-vinylimidazolium
bis(trifluoromethylsulfonyl)imide (1a), 1-decyl-3-vinylimidazolium
bis(trifluoromethylsulfonyl)imide (1b), methyl 9-((meth)acryloyloxy)-10-
hydroxyoctadecanoate / methyl 9-hydroxy-10-((meth)acryloyloxy)octadecanoate (2, 3),
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methyl 9-(1H-imidazol-1-yl)-10-(methacryloyloxy)octadecanoate / methyl 9-

(methacryloyloxy)-10-(1H-imidazol-1-yl)octadecanoate (4), 1,6-hexanediol diacrylate (5),
1,6-hexanediol dimethacrylate (6), and ethane-1,2-diyl bis(9-methacryloyloxy-10-hydroxy
octadecanoate) / ethane-1,2-diyl 9-hydroxy-10-methacryloyloxy-9’-methacryloyloxy10’-
hydroxy octadecanoate / ethane-1,2-diyl bis(9-hydroxy-10-methacryloyloxy
octadecanoate) (10) containing 1 % (w/w) of Irgacure® TPO-L, 3 % (w/w) of Irgacure®
TPO-L and 1 % (w/w) of Ivocerin® were irradiated at 40 °C for 10 min.

Moreover, temperature dependent irradiation experiments of 4-(4-methacryloyloxyphenyl)-
butan-2-one (7) containing 1 % (w/w) of Irgacure® TPO-L and time dependent irradiation
experiments of 4-(4-methacryloyloxyphenyl)-butan-2-one (7), 2-phenoxyethyl methacrylate
(8) and phenyl methacrylate (9) containing 1 % (w/w) of Irgacure® TPO-L were performed
by photo-DSC under nitrogen atmosphere, respectively.

For cationic polymerization, two different methods were carried out. Firstly, irradiation
power was set to 100 mW « cm-2at 395 nm and the samples were irradiated for 10 min at
60 °C. In an additional experiment, light intensity was increased to 180 mW « cm-2 at 395
nm and the fresh samples were irradiated for 20 min at 60 °C. Photo-DSC method
temperature was set to 60 °C and temperature of the sample was isothermally equilibrated
at 60 °C for 8 min.

4.3.1 Temperature Dependent Photo-DSC Measurements

For temperature dependent photo-DSC measurements of 4-(4-methacryloyloxyphenyl)-
butan-2-one (7) containing 1 % (w/w) of Irgacure® TPO-L, the samples were irradiated at
40 °C, 55 °C, 70 °C, and 85 °C, respectively, for 10 min.

4.3.2 Time Dependent Photo-DSC Measurements

For time dependent measurements of 4-(4-methacryloyloxyphenyl)-butan-2-one (7)
containing 1 % (w/w) of Irgacure® TPO-L, irradiation of the samples was carried out at 40
°C for 6 sec,10 sec,15 sec, 20 sec, 25 sec, 30 sec, and 10 min, respectively. Further time
dependent photopolymerization of 4-(4-methacryloyloxyphenyl)-butan-2-one (7) containing
1 % (w/w) of Irgacure® TPO-L was investigated at 85 °C using an irradiation time of 6 sec,
20 sec, 25 sec, 30 sec and 10 min, respectively. The samples of the monomer 4-(4-
methacryloyloxyphenyl)-butan-2-one (7) with 3 % (w/w) of Irgacure® TPO-L and 1 % (w/w)
of lvocerin®, respectively were irradiated at 40 °C only for 10 min.

Furthermore, time dependent photo-DSC measurements of 2-phenoxyethyl methacrylate

(8) containing 1 % (w/w) of Irgacure® TPO-L were investigated at 40 °C for 6 sec, 20 sec,
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25 sec, 40 sec, 55 sec, and 10 min, respectively. Moreover, time dependent photo-DSC

measurements of phenyl methacrylate (9) containing 1 % (w/w) of Irgacure® TPO-L, were

carried out at 40 °C for 6 sec, 20 sec, 40 sec, 50 sec, 90 sec and 10 min, respectively.

4.4 Thermal Polymerization

The mixture of 4-(4-methacryloyloxyphenyl)-butan-2-one (7) containing 1 % (w/w) of
Irgacure® TPO-L was prepared in a Schlenk flask where a magnetic stirrer was previously
placed. Then, the Schlenk flask was degassed by three Freeze-Pump-Thaw cycles. Then,
the reaction mixture was heated up 85 °C and kept at this temperature for 3 h under dark.
At the end of the reaction, the polymer was precipitated in methanol and dried under

vacuum.

4.5 Synthetic Procedures
Procedures disclosed in this subchapter were previously submitted or published [64,112,
113, 114].

4.5.1 Synthesis of lonic Liquids (1a and 1b)

The ionic liquid monomers were synthesized in analogy to a procedure described in the

literature [120]. 1-lodooctane (0.5 mol) and 1-iododecane (0.5 mol), respectively were

dropped to a stirred solution of 1-vinylimidazole (0.5 mol) dissolved in an equal amount on
volume of t-butyl-methylether related to the total amount on reactants under nitrogen
atmosphere at room temperature. The stirring process of the resulting solution was
continued under inert atmosphere until the 1-vinylimidazole was fully converted as
analyzed by 'H-NMR spectroscopy. The raw product was washed with ethyl acetate 10
times followed by evaporation of ethyl acetate and drying under vacuum (10 mbar) at room
temperature for 10 h. Yield was 55 % for 1-octyl-3-vinylimidazolium iodide and 67 % in
case of 1-decyl-3-vinylimidazolium iodide. Anion exchange was carried out by separate
dissolution of lithium bis(trifluoromethylsulfonyl)imide (LiNTf2) and 1-octyl-3-
vinylimidazolium iodide or 1- decyl-3-vinylimidazolium iodide in an equal amount of water
relative to the weight of the reactants. Afterward, the LINTf2 water solution was slowly
dropped to the imidazolium salt water solution during stirring at room temperature, and
stirring was continued for 6 h. Dichloromethane (equal volume relative to the ionic liquid)
was added to the two-phase mixture to reduce the viscosity of the ionic liquid phase. The

organic phase was separated followed by washing with water until no halide was
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detectable in the water phase after addition of a few drops of silver nitrate solution. Then,

the organic phase was dried over magnesium sulfate followed by evaporation of the
solvent under atmospheric pressure at 40 °C. The pressure was then decreased
sequentially to 10 mbar. Finally, the ionic liquids were dried at room temperature under
vacuum for 24 h resulting in 90 % yield of 1-octyl-3-vinylimidazolium
bis(trifluoromethylsulfonyl)imide (1a) and 85 % yield of 1-decyl-3-vinylimidazolium
bis(trifluoromethylsulfonyl)imide (1b) obtained by counter ion exchange. The 'H-NMR
spectra are depicted in Figure S01 and S02. The glass transition temperature was -73 °C
for 1a and -72 °C for 1b as determined by DSC with the temperature range of - 140 °C to
50 °C using heating and cooling rates of 5 K/min.

TH-NMR spectrum of the ionic liquid monomers taken at 300 MHz in CDCls.
N-octyl-N"-vinylimidazolium NTf2 (1a): 8 9.34 (s, 1H), 7.71 (s, 1H), 7.50 (s, 1H), 7.20 (dd,
1H), 5.85 (dd, 1H), 5.43 (dd, 1H), 4.26 (t, 2H), 1.95-1.86 (m, 2H), 1.33 (d, 5H), 1.26 (s,
5H), 0.87 ppm (t, 3H) ppm.

N-decyl-N*-vinylimidazolium NTf2 (1b): 8 9.53 (s, 1H), 7.73 (s, 1H), 7.51 (s, 1H), 7.24 (dd,
1H), 5.87 (dd, 1H), 5.43 (dd, 1H), 4.29 (t, 2H), 1.98-1.85 (m, 2H), 1.33 (d, 5H), 1.25 (s,
9H), 0.87 ppm (t, 3H) ppm.

4.5.2 Functionalization of Oleic Acid

Oleic acid, tech. % 90, was purified by the following steps before the synthesis of bis-
(9,10-epoxystearic acid) 1,2-ethanediyl ester (12) and the isomer mixture consisting of
ethane-1,2-diyl bis(9-methacryloyloxy-10-hydroxy octadecanoate), ethane-1,2-diyl 9-
hydroxy-10-methacryloyloxy-9'-methacryloyloxy-10’-hydroxy octadecanoate, and
ethane-1,2-diyl bis (9-hydroxy-10-methacryloyloxy octadecanoate) (10);

In a typical procedure, 75 g of oleic acid technical grade % 90, were mixed with 750 ml
acetone, and the solution was cooled to -20 °C and kept at this temperature for 8-10
hours. The crystallized saturated fatty acids were separated followed by evaporation of the
acetone from the remaining solution. The residue (67 % yield relative to the oleic acid used
for purification) was diluted with fresh acetone (5 ml acetone / 1 g oleic acid) and cooled
down to -40 °C. After cooling the solution at -40 °C and keeping it for 24 hours, the oleic
acid crystals were isolated. The oleic acid was diluted with fresh acetone and
crystallization was repeated at -40 °C several times for further purification of the oleic acid
until the "TH-NMR spectrum indicated a high purity of the oleic acid obtained. Yield on
highly pure oleic acid that was free of both saturated fatty acids and higher unsaturated

fatty acids was 70 % with respect to the material obtained after the first crystallization.
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The oleic acid mix seperated from saturated fatty acids only from commercial oleic acid

(81% purity) by fractionalized crystallization was used for the synthesis of the isomer
mixtures of methyl 9-((meth)acryloyloxy)-10-hydroxyoctadecanoate / methyl 9-hydroxy-10-
((meth)acryloyloxy)octadecanoate (2, 3) and methyl 9-(1H-imidazol-1-yl)-10-
(methacryloyloxy)octadecanoate / methyl 9-(methacryloyloxy)-10-(1H-imidazol-1-

yl)octadecanoate (4). Oleic acid (81 %, VWR) was purified by recrystallization from

acetone at -20 °C as described in the literature [121]. In a first recrystallization step,

saturated fatty acids were completely separated resulting in an oleic acid fraction that was
free of saturated fatty acids. The oleic acid fraction is called oleic acid mix because oleic
acid was the main constituent containing a small amount on higher unsaturated fatty acids

and no saturated fatty acids.

4.5.2.1 Esterification of Oleic Acid with Methanol

Oleic acid mix (40 g) was dissolved in 20.3 ml methanol (rotidry, Carl Roth) followed by
slowly addition of H2SO4 (1.5 ml) to this solution under stirring. The resulting mixture was
heated up to 70 °C and kept at 70 °C for 18 h during stirring. Then, organic phase was
separated followed by evaporation of the methanol excess. Furthermore, 750 ml saturated
CaCl; solution were added to the residue followed by stirring the resulting mixture at 40 °C
for 1 h. Then, the organic phase was separated, and washed with 100 ml deionized water
each four times followed by stirring with 200 ml deionized water for 1 h. The resulting
viscous liquid was extracted with 100 ml diethyl ether each three times. The organic
phases were unified and dried over magnesium sulfate. After evaporation of diethyl ether,
the remaining viscous liquid was dried under vacum at 40 °C for 24 h resulting in methyl

oleate mix in 85 % yield.

4.5.2.2 Epoxidation of Oleic Acid Methyl Ester

Formic acid (2.8 ml) was added to the methyl oleate mix (10 ml), and the suspension
formed was cooled down to 0 °C. Then, 4.3 ml of 50 % hydrogen peroxide were carefully
dropped to the solution at 0 °C during high speed stirring. The resulting solution was
stirred at 0 °C for 1 h before the reaction mixture was allowed to heat up to room
temperature in the presence of a cold water bath for 2 h followed by continuous stirring at
room temperature in the absence of the water bath for further 3 h. Saturated NaHCO3
solution was used to neutralize the light-yellow solution after the addition of 100 ml

deionized water. Then, 100 ml ethyl acetate were added to the mixture. The organic phase
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was separated and washed with 100 ml deionized water each two times. Finally, the

organic phase was dried over magnesium sulfate followed by evaporation of ethyl acetate.
The remaining viscous liquid was dried under vacuum (room temperature, 8 — 10 mbar) for

24 h, and 9,10-epoxy stearic acid methyl ester (11) was obtained in 88 % yield.

4.5.2.3 Functionalization of 9,10-Epoxystearic Acid Methyl Ester by Ring Opening
Reaction of the Oxirane Group with (Meth)acrylic Acid (2 and 3)

For synthesis of methyl 9-(acryloyloxy)-10-hydroxyoctadecanoate / methyl 9-hydroxy-10-
(acryloyloxy)octadecanoate mix (2), 9,10-epoxy stearic acid methyl ester mix (10 g),
hydroquinone (20 mg) and DABCO (20 mg) were mixed, and stabilized acrylic acid (4,3 g)
was carefully added to the mixture. The resulting solution was heated up to 95 °C during
stirring and continuously stirred at this temperature for 20 h. After cooling the reaction
mixture to room temperature, 100 ml diethyl ether were added to the mixture. Then, the
organic phase was washed with 100 ml deionized water followed by neutralization with 1
M NaOH solution and further washing with deionized water. The organic phase was
separated followed by drying over magnesium sulfate. After evaporation of diethyl ether,
the remaining viscous liquid was dried under vacuum (8 mbar) at room temperature for 24
h resulting in 80 % vyield on raw product. Purification of the raw product by column
chromatography using a mixture of ethyl acetate:n-hexane mixture (2 : 3, v : v) as eluent
resulted in 22 % yield of the two isomers (methyl 9-(acryloyloxy)-10-hydroxyoctadecanoate
and methyl 9-hydroxy-10-(acryloyloxy)octadecanoate) as a mixture (2). The '"H-NMR
spectrum of 2 consisting of the two isomers, (methyl 9-(acryloyloxy)-10-
hydroxyoctadecanoate and methyl 9-hydroxy-10-(acryloyloxy)octadecanoate), is depicted
in Figure S03. The glass transition temperature of the monomer was -71 °C determined by
DSC with the temperature range of -140 °C to 50 °C using heating and cooling rates of 5
K/min.

TH-NMR spectrum of 2 (300 MHz, CDClI;): 6 6.44 (dd, 1H), 6.20 — 6.11 (m, 1H), 5.86 (dd,
1H), 4.91 (td, 1H), 3.66 (d, 4H), 2.30 (t, 2H), 1.72 — 1.52 (m, 5H), 1.51-1.37 (m, 3H), 1.28
(d, 18H), 0.87 (t, 3H) ppm.

For synthesis of methyl 9-(methacryloyloxy)-10-hydroxyoctadecanoate / methyl 9-
hydroxy-10-(methacryloyloxy)octadecanoate mix (3), 9,10- epoxy stearic acid methyl ester
mix (10 g), hydroquinone (20 mg) and DABCO (20 mg) were mixed, and stabilized
methacrylic acid (4,2 g) was carefully dropped into the mixture. The solution obtained was

heated up to 95 °C during stirring and continuously stirred at this temperature for 20 h.
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After cooling the reaction mixture to room temperature, 100 ml diethyl ether were added to

the mixture followed by phase separation. Then, the organic phase was separated and
washed with 100 ml deionized water followed by neutralization with 1 M NaOH solution
and further washing with 100 ml deionized water before the organic phase was dried over
magnesium sulfate. Finally, diethyl ether was evaporated, and the remaining viscous liquid
was dried under vacuum (9 mbar) at room temperature for 24 h. Yield on raw product was
94 %. Purification of the raw product by column chromotography using silica as stationary
phase and an ethyl acetate:n-hexane mixture (2 : 3, v : v) as eluent resulted in 40% yield

of the two isomers (methyl 9-(methacryloyloxy)-10-hydroxyoctadecanoate and methyl 9-

hydroxy-10-(methacryloyloxy)octadecanoate) as a mixture (3). The 'H-NMR spectrum of

the biobased methacrylate 3 consisting of the two isomers, (methyl 9-
(methacryloyloxy)-10-hydroxyoctadecanoate and methyl 9-hydroxy-10-
(methacryloyloxy)octadecanoate), is depicted in Figure S04. The glass transition
temperature of the monomer was -73°C as determined by DSC with the temperature range
of - 140 °C to 50 °C using heating and cooling rates of 5 K/min.

"H-NMR spectrum of 3 (300 MHz, CDCl5): 6 6.12 (t, 1H), 5.58 (t, 1H), 4.89 (td, 1H), 3.67
(s, 4H), 2.30 (t, 2H), 1.96 (s, 3H), 1.65 - 1.61 (m, 5H), 1.45 — 1.40 (m, 2H), 1.31 — 1.25 (d,
19H), 0.88 (t, 3H) ppm.

4.5.2.4 Synthesis of the Isomer Mixture Comprising Methyl 9-(1H-imidazol-1-yl)-10-
(methacryloyloxy)octadecanoate and Methyl 9-(Methacryloyloxy)-10-(1H-imidazol-1-
yl)octadecanoate (4)

Firstly, 9,10-epoxy stearic acid methyl ester mix (0.13 mole) and imidazole (0.88 mole)
were dissolved in 80 ml 1,4-dioxane during stirring followed by heating the resulting
solution to 95 °C and stirring for 24 h. Then, 1,4-dioxane was evaporated under vacuum
(40°C, 107 mbar), and the dark brown residue was cooled down to room temperature
before it was stirred with 500 ml deionized water for 2 h. Then, the organic phase was
separated and washed with 200 ml deionized water each five times followed by addition of
ethyl acetate (250 ml) and drying over magnesium sulfate. After that, evaporation of ethyl
acetate under vacuum resulted in a yellow viscous product. Acetone (50 ml) was added to
the yellow viscous residue followed by addition of 500 ml n-hexane for purification by
crystallization, and the resulting mixture was cooled down to -20 °C for 24 h. The crystals
obtained were filtrated after crystallization and washed with n-hexane. Further

recrystallization was carried out by dissolution of the crystals obtained in a minimum
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amount of acetone followed by addition of n-hexane and cooling down to -20 °C for 24 h.

Filtration of the crystals, washing them with n-hexane and drying under vacuum at room
temperature for 24 h resulted in methyl 9-hydroxy-10-(1H-imidazole-1-yl)octadecanoate /
methyl 9-(1H-imidazol-1- yl)-10-hydroxy octadecanoate in 25% yield. In the second step,
3.42 mmol methyl 9-hydroxy-10-(1H-imidazole-1-yl)octadecanoate / methyl 9-(1H-
imidazol-1-yl)-10-hydroxy octadecanoate and 0.05 mmol DMAP were dissolved in
dichloromethane (15 ml) followed by addition of 0.38 ml triethylamine and 14.96 mmol
methacrylic anhydride during stirring. The resulting solution was stirred at room
temperature for 24 h. Then, 100 ml dichloromethane were added. The organic phase was
washed with 200 ml deionized water each three times. Dichloromethane was evaporated,
and the residue was stirred with 100 ml NaOH solution (8 g NaOH per 100 ml deionized
water) at room temperature for 2 h followed by addition of 50 ml dichloromethane. The
organic phase was separated and washed with 50 ml deionized water each two times.
Then, the organic phase was dried over magnesium sulfate followed by evaporation of
dichloromethane. The viscous liquid was dried under vacuum at room temperature for 24 h
and the isomer mixture consisting of methyl 9-(1H-imidazol-1-yl)-10-
(methacryloyloxy)octadecanoate and methyl 9-(methacryloyloxy)-10-(1H-imidazol-1-
yl)octadecanoate (4) was obtained in 75 % yield. The 'TH-NMR spectrum of the biobased
monomer (4), (methyl 9-(1H-imidazol-1-yl)-10-(methacryloyloxy)octadecanoate and methyl
9-(methacryloyloxy)-10-(1H-imidazol-1-yl)octadecanoate), is depicted in Figure S05. The
glass transition temperature of the biobased monomer 4 was determined as 9 °C by DSC
with the temperature range of - 60 °C to 80 °C using heating and cooling rates of 5 K/min.
TH-NMR spectrum of 4 (300 MHz, CDClI3): 6 7.49 (s, 1H), 7.08 (s, 1H), 6.96 (s, 1H), 6.12
(s, 1H), 5.62 (s, 1H), 5.22 (td, 1H), 4.06 (ddd, 1H), 3.66 (s, 3H), 2.28 (t, 2H), 1.97 (s, 3H),
1.75 (q, 2H), 1.57 (q, 2H), 1.39-1.31 (m, 2H), 1,23 (d, 20 H), 0.87 (t, 3H) ppm.

4.5.3 Synthesis of 4-(4-Methacryloyloxyphenyl)-butan-2-one (7)

4-(4-Hydroxyphenyl)butan-2-one (8.2 g) and triethylamine (5.8 g) were dissolved in
dichloromethane (30 ml), and the solution was cooled down to 0 °C during stirring.
Furthermore, a second solution made by dissolution of methacryloyl chloride (6.3 g) in 5 ml
dichloromethane was slowly dropped to the first solution during stirring at 0 °C for 30 min.
After two solutions were well mixed, the ice bath was removed, and the reaction mixture
was heated up to room temperature. The resulting solution was stirred at room
temperature for further 16 h followed by filtration of the precipitate. The latter was washed

with 30 ml dichloromethane, and the organic phases were unified. The resulting organic
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solution was washed with 30 ml HCI (0.5 M) at first, second with 20 ml K2COs3 solution (1

M), and finally twice with 10 ml deionized water each. After washing the organic phase with
deionized water, it was dried over magnesium sulfate followed by evaporation of the
solvent. The raw product of monomer 7 was obtained in 75% yield. The raw product was
purified by column chromatography using a n-hexane: ethylacetate mixture (4:1, v: v) as
eluent followed by recrystallization of 7 in n-hexane. Purified monomer 7 was obtained as
white crystals (mp 29 °C) in 35% yield after drying under vacuum for 24 h. The 'H-NMR
spectrum of the monomer 7 is depicted in Figure S06. DSC analysis resulted in Teryst = =7
°C and Tm = 29 °C. Method was set to temperature interval of -60 °C to 50 °C using
heating and cooling rates of 5 K/min.

"H-NMR spectrum of 7 (300 MHz, CDCls;): & 7.19 (d, 2H), 7.00 (d, 2H), 6.33 (s, 1H), 5.73
(t, 1H), 2.89 (t, 2H), 2.75(t, 2H), 2.13 (s, 3H), 2.05 (s, 3H) ppm.

4.5.4 Esterification of Oleic Acid with Ethylene Glycol

Purified oleic acid (40 g, 0.14 mole) and ethylene glycol (4,34 g, 0.07 mole) were added
into 250 ml flask, which was equipped with a Reverse Dean Stark and a thermometer.
Chloroform (100 ml) was added to the 250 ml flask and mixed until a well dissolved and
colorless mixture was obtained. After that, 2.5 g p-toluenesulfonic acid were added to the
flask under vigorous stirring, and the resulting mixture was heated up to 70 °C. The
reaction was stirred at this temperature for 12 h. Then, the reaction mixture was cooled
down, and mixed with saturated CaCl> solution (750 ml) at 40 °C for 1 h. After that, organic
phase was washed with 100 ml deionized water each 4 times. The resulting colored
viscous oil was stirred with 200 ml deionized water for 1 h. The solution was extracted with
diethyl ether, and the organic phase was dried over magnesium sulfate. Diethyl ether was
evaporated, and the raw product was obtained in 87.5 % yield. Then, the orange viscous
liquid was diluted with ethyl acetate and passed through the column filled by basic
alumina. After evaporation of ethyl acetate, the remaining viscous liquid was dried under
reduced pressure for 24 h resulting in oleic acid 1,2-ethanediyl ester as yellow viscous oil
in 70 % vyield.

4.5.4.1 Epoxidation of Oleic Acid 1,2-Ethanediyl Ester

Formic acid (5.6 ml) was added to oleic acid 1,2-ethanediyl ester (17,4 g) followed by
cooling down the solution to 0 °C. Then, 8.6 ml of % 50 hydrogen peroxide were carefully
dropped during vigorous stirring into this solution at 0 °C. After that, the solution was

further stirred at 0 °C for 1 h followed by slowly warming up the reaction mixture to room
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temperature and continuous stirring at room temperature for 16 hours. Since the reaction

was still highly exothermic, cold water bath was used to keep the reaction temperature at
room temperature during stirring. After 16 h stirring process at room temperature,
deionized water (100 ml) was added to the two phases consisting of a high amount of
white solid and a low amount of liquid. The mixture was neutralized by 150 ml saturated
sodium hydrogen carbonate solution. The resulting mixture was filtrated, and the
precipitate was stirred with 100 ml water. The precipitate obtained by filtration was washed
with deionized water several times until the pH of washing water was neutral. The isolated
precipitate was dried under vacuum for 24 h followed by recrystallization in n-hexane and
further drying under vacuum for 24 h. Finally, bis-(9,10-epoxystearic acid) 1,2-ethanediyl
ester (12) was obtained in 72 % yield. The NMR spectra are depicted in Figure S07-a),
and Figure S07-b).

TH-NMR spectrum (300 MHz, CDCI;) of 12: & 4.27 (s, 4H), 2.90 (s, 4H), 2.33 (t, 4H),
1.65-1.26 (m, 50), 0.88 (t, 6H) ppm.

13C-NMR spectrum (75 MHz, CDCI3) of 12: & 173.55, 167.28, 167.25, 136.36, 125.58,
72.61, 62.01, 34.09, 33.70, 33.66, 31.87, 31.84, 30.69, 30.54, 29.58, 29.52, 29.43, 29.37,
29.33, 29.25, 29.21, 29.17, 20.09, 29.00, 25.64, 25.59, 25.41, 25.37, 24.83, 22.66, 18.46,
14.10 ppm.

4.5.4.2 Ring Opening Reaction of Bis-(9,10-epoxystearic acid) 1,2-Ethanediyl Ester

Bis-(9,10-epoxystearic acid) 1,2-ethanediyl ester (12) (16 mmol) was mixed with 20 mg
hydroquinone and 20 mg 1,4-diazabicyclo(2.2.2)octane (DABCO). The solid mixture was
heated up to 60 °C to be well mixed in the liquid state. After all reactants were well mixed
in the liquid state, the heating of the flask was stopped. Then, stabilized methacrylic acid
(49 mmol) was slowly dropped into the liquid mixture. The final solution was heated up to
95 °C during stirring and it was stirred at 95 °C for 24 h. Then, the mixture was cooled
down to room temperature. After that, 100 ml diethyl ether were added at first followed by
addition of 100 ml deionized water. The organic phase was separated and then
neutralized by addition of 1 M sodium hydroxide solution. The resulting solution was
washed with deionized water and dried over magnesium sulfate. After evaporation of the
solvent and drying the residue under vacuum, the raw product of 10 was obtained in 92 %
yield. Column chromatographic purification of this raw product using a diethyl ether, n-
hexane mixture (vol:ivol=2:1) as eluent resulted in 24 % yield of the three isomers
(ethane-1,2-diyl bis(9-methacryloyloxy-10-hydroxy octadecanoate), ethane-1,2-diyl 9-

hydroxy-10-methacryloyloxy-9’-methacryloyloxy-10’-hydroxy octadecanoate, and
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ethane-1,2-diyl bis(9-hydroxy-10-methacryloyloxy octadecanoate)) as a mixture (10). The

NMR spectra of the new biobased dimethacrylate consisting of the three isomers
(ethane-1,2-diyl bis(9-methacryloyloxy-10-hydroxy octadecanoate), ethane-1,2-diyl 9-
hydroxy-10-methacryloyloxy-9’-methacryloyloxy-10’-hydroxy octadecanoate, and
ethane-1,2-diyl bis(9-hydroxy-10-methacryloyloxy octadecanoate)) are depicted in Figure
S08-a) and Figure S08-b).

TH-NMR spectrum (300 MHz, CDCl3) of 10: & 6.12 (s, 2H), 5.58 (s, 2H), 4.91-4.86 (m, 2H),
4,27 (s, 4H), 3.63 (s, 2H), 2.32 (t, 4H), 1.96 (s, 6H), 1.70-1.26 (m, 52), 0.88 (t, 6H) ppm.
13C-NMR spectrum (75 MHz, CDCI3) of 10: 6 173.55, 62.02, 57.24, 57.19, 34.08, 31.86,
29.55. 29.36, 29.22, 29.01, 27.84, 27.81, 26.61, 24.83, 22.67, 14.12 ppm.
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5. Results and Discussion

Within the scope of this thesis, linear polymers and network systems were developed in
line with principles of green chemistry and investigated using different methods.
Photopolymerization technique was used to obtain these systems. Photokinetic study was
carried out on the monomers synthesized via green approach. The results determined by
kinetic investigation were compared to the systems based on traditional (meth)acrylates or
epoxies. The monomers, which were used in this work, have been numerated and shown
in Table 3 and Table 14.

Firstly, the biobased monomers (2, 3 and 4) with one polymerizable group were derived
from oleic acid mix which also contains lower amount of higher unsaturated fatty acids.
Photoinitiated polymerization kinetic of biobased (meth)acrylates (2,3 and 4) and ionic
liquids (1a and 1b) was reported in comparison with the systems derived from commercial
monomers (5 and 6) in the presence of 1 wt % for both photoinitiators, Irgacure® TPO-L
and lvocerin® and 3 wt % for Irgacure® TPO-L. lonic liquid monomers (1a and 1b) and
methyl 9-(1H-imidazol-1-yl)-10-(methacryloyloxy)octadecanoate / methyl 9-
(methacryloyloxy)-10-(1H-imidazol-1-yl)octadecanoate (4) exhibit quantitative conversion
in case of higher concentration of Irgacure® TPO-L or lvocerin® which is important for
practical applications in coating. In addition to the influence of photoinitiator concentration
or type on the efficiency of the system, monomer structure and functionality also have a
significant effect on the polymerization kinetic.

Another monomer, 4-(4-methacryloyloxyphenyl)-butan-2-one (7) was synthesized, which
can also be classified under green approach. It was aimed to reduce the effect of long
aliphatic chain causing low T4 values for poly(methacrylates) modified from fatty acid
esters, and to diversify the kinetic study by using the starting materials with different
chemical structures. Monomer 7 shows significantly higher reactivity compared to the
commercial systems prepared from 8 and 9 (Table 3). The major effect of monomer
structure on the polymerization kinetic was discussed in detailed.

Crosslinked polymer, that can provide the surface resistance against different solvents, is
another topic presented in this thesis. In order to create a biobased network system, the
isomer mixture (10) consisting of ethane-1,2-diyl bis(9-methacryloyloxy-10-hydroxy
octadecanoate), ethane-1,2-diyl 9-hydroxy10-methacryloyloxy-9’-methacryloyloxy-10’-
hydroxy octadecanoate, and ethane-1,2-diyl bis(9-hydroxy-10-methacryloyloxy
octadecanoate (10) was synthesized which has not been previously reported in literature.

Monomer 10 was copolymerized with monomer 4 and 7 in different stoichiometric ratios,
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respectively to reduce the effect of long aliphatic chain and to increase the glass transition

value. While the poly-10 has the highest crosslink density, an increase in glass transition
temperature, Tg, has been detected for copolymers derived from the mixture of monomer
10 and monomer 7 (1:9 mol:mol ratio).

Another network system was manufactured from bis-(9,10-epoxystearic acid) 1,2-
ethanediyl ester (12) via cationic photoinitiated polymerization in the presence of aluminate
(S2617) and ITX as PIS. Photopolymerization kinetic was studied for 9,10-epoxystearic
acid methyl ester (11) and bis-(9,10-epoxystearic acid) 1,2-ethanediyl ester (12) and the
results of these biobased monomers were compared to those of commercial monomers
such as 3,4-epoxycyclohexylmethyl-3’,4’-epoxycyclohexane carboxylate (13), 1,4-
butanediol diglycidyl ether (14), and diglycidylether of bisphenol-A (15). Mechanical
properties of poly-12 was improved by copolymerization of monomer 12 with monomer 15
in different mol ratios. Furthermore, evaluation of the mechanical properties, Tg, crosslink
density, molecular weight between two crosslink points, and surface wettability of the
polymer surfaces are presented in this work as well.

In the following subsections, each methodology is explained and kinetic details of the each

system are evaluated.

Table 3: Structure of the monomers used in the following sections. Two isomers of 2, 3, and 4 and

three isomers of 10 were drawn, respectively.
Monomers Chemical Structure No
,CnH2n+1 i | 1
N-octyl- and N-decyl + o _0
o . [3 FoC-S-N-S-CFq (n=8 (1a),
N’-vinylimidazolium NTf; N 5 & n=10 (1b))
HCsg,
OH
MWWO\CH
- - - 3
Methyl 9-(acryloyloxy)-10 o o S
hydroxyoctadecanoate j
2
OH 0
(acryloyloxy)octadecanoate Ojo
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Methyl 9-(methacryloyloxy)-10-

hydroxyoctadecanoate

Methyl 9-hydroxy-10-

(methacryloyloxy)octadecanoate

Methyl 9-(1H-imidazol-1yl)-10-

(methacryloyloxy)octadecanoate

Methyl 9-(methacryloyloxy)-10-

(1H-imidazol-1yl)octadecanoate

1,6-Hexanediol diacrylate

1,6-Hexanediol dimethacrylate

4-(4-Methacryloyloxyphenyl)-

butan-2-one

2-Phenoxyethyl methacrylate
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Phenyl methacrylate Q
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5.1 Photoinitiated Polymerization of Monomers Modified from Oleic Acid Mix and
lonic Liquids

The biobased monomers, methyl 9-((meth)acryloyloxy)-10-hydroxyoctadecanoate / methyl
9-hydroxy-10-((meth)acryloyloxy)octadecanoate (2 and 3), and methyl 9-(1H-
imidazol-1yl)-10-(methacryloyloxy)octadecanoate / methyl 9-(methacryloyloxy)-10-(1H-
imidazol-1yl)octadecanoate (4), were synthesized from oleic acid mix comprising oleic acid
as a main component and lower concentration of higher unsaturated fatty acid. The
chemical structure of the monomers was displayed in Table 3.

Photoinitiated polymerization of biobased monomers (2, 3 and 4) and ILs (1a and 1b) was
compared to the conventional 1,6-hexanediol di(meth)acrylate (5 and 6). The IL monomers
of 1a and 1b were chosen due to their negligible vapour pressure and the presence of long

alkyl chain in their chemical structure.
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5.1.1 Comparison of Photopolymerization of lonic Liquid Monomers (1a, 1b), Methyl

9-(Acryloyloxy)-10-hydroxyoctadecanoate / Methyl 9-Hydroxy-10-
(acryloyloxy)octadecanoate (2) with 1,6-Hexanediol Diacrylate (5)

Some results discussed in this subchapter were previously published [64].

lonic liquid monomers (1a and 1b), methyl 9-((meth)acryloyloxy)-10-
hydroxyoctadecanoate / 9-hydroxy-10-((meth)acryloyloxy)octadecanoate (2 and 3) and
methyl 9-(1H-imidazol-1yl)-10-(methacryloyloxy)octadecanoate / methyl 9-
(methacryloyloxy)-10-(1H-imidazol-1yl)octadecanoate (4) are promising candidates for
numerous applications such as coating by UV-curing. Irgacure® TPO-L and Ivocerin®
were selected as photoinitiators for UV-curing experiments because of their high efficiency
as already reported in the literature [60-64]. The photopolymerizing samples were
prepared using 1 wt % for both photoinitiators, Irgacure® TPO-L and Ivocerin®.
Additionally, the amount of Irgacure® TPO-L was increased from 1 wt % to 3 wt % in the
photopolymerizing formulation due to the expectation of lower reactivity of Irgacure® TPO-
L compared to the Ivocerin®. All synthesized monomers present the non-polar long alkyl
chain in their structure. Besides, the hydroxy group of the monomer 2 and 3, the imidazole
group in the fatty acid methyl ester (4) and imidazolium moiety of the ionic liquids (1a and
1b) form the polar part of the structures which are combined to the long alkyl chain.

The photoinitiated polymerization of 2, 1a and 1b were performed at 40 °C for 10 min
irradiation and the reactivity of these systems were investigated in comparison with the
traditional diacrylate (5). The polymerization rate (Rp) was determined from the heat flux
obtained as function of time (t) during photo-DSC measurements, eq (3.1). Molar
polymerization enthalpy of vinylimidazolium based ionic liquids has not been previously
reported in the literature. Thus, it was determined for the ionic liquid monomers by
evaluation the value of the polymerization heat in the experiments showing quantitative
conversion of the vinyl group confirmed by 'H-NMR spectroscopy (see Figures S01 and
S02). An average molar polymerization enthalpy for the ionic liquid monomers was
determined - 92 kJ.mol" upon the calculation which is relatively close to the molar
polymerization value of vinyl acetate (Hp= - 87.9 kJ.mol-', [122,123]). The value (AH= - 92
kJ.mol-1), directly calculated for 1a and 1b, was used for further evaluation of conversion
and Rp.
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Figure 1: Polymerization rate (Rp (s'')) as function of irradiation time (s) for photoinitiated
polymerization of 1,6-hexanediol diacrylate (5), methyl 9-(acryloyloxy)-10-hydroxyoctadecanoate /
methyl 9-hydroxy-10-(acryloyloxy)octadecanoate (2), N-octyl-N'-vinylimidazolium NTf2 (1a), and N-
decyl-N’-vinylimidazolium NTf2 (1b) containing 1 wt % Irgacure® TPO-L. Irradiation was carried
out at 40 °C for 10 min, adapted from [64].

Figure 1 shows the R, curves obtained by Photo-DSC measurements of the ionic liquid
monomers 1a and 1b, and biobased monomer 2 in comparison with the commercial
diacrylate 5.

Since the commercial diacrylate 5 comprises two polymerizable groups, it shows higher
reactivity compared to the ionic liquid monomers (1a and 1b) and biobased monomer 2
containing only one double bond. The monomer bearing more functional groups generally
has higher reactivity [22]. In addition to this, monomer 2 has lower Rpmax value than ionic
liquid monomers (1a and 1b). Cationic and an anionic parts of the ionic liquid monomers
and nanophase separation due to the long alkyl chain and the ionic group of the structure
may cause the higher Rymax value compared to the biobased acrylate 2.

Rpmax and maximum time (tmax) to reach the Rpmax parameters were summarized in Table 4
to compare the reactivity of the monomers. It is clearly shown in Table 4 that ionic liquid
monomers (1a and 1b) and biobased monomer 2 have lower reactivity than commercial
diacrylate 5 for all initiators and all initiator concentrations. Two functional groups in the

chemical structure of the commercial monomer 5 may explain a higher reactivity [22].
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Table 4: Maximum of the polymerization rate (Rpmax) , time (tmax) to obtain the maximum of
polymerization rate, and final conversion for photoinitiated polymerization of the ionic liquids 1a
and 1b, methyl 9-((meth)acryloyloxy)-10-hydroxyoctadecanoate / methyl 9-hydroxy-10-
((meth)acryloyloxy)octadecanoate 2 and 3, methyl 9-(1H-imidazol-1yl)-10-
(methacryloyloxy)octadecanoate / methyl 9-(methacryloyloxy)-10-(1H-imidazol-1yl)octadecanoate
4, and the commercial di(meth)acrylates 5 and 6 containing either Irgacure® TPO-L (1 wt % and 3
wt %, respectively) and Ivocerin® (1 wt %) as phototoinitiator for 10 min irradiation time at 40 °C,

adapted from [64]).

Monomer Initiator ( wt %) Rpmax (s-1) tmax (S) Final
Conversion (%)

5 TPO-L1 % 0,17 1,6 80
5 TPO-L 3 % 0,20 1,6 82
5 Ivocerin 1 % 0,19 1,6 83
1a TPO-L1 % 0,070 3,8 100
1a TPO-L3 % 0,079 3 100
1a Ivocerin 1 % 0,071 2,6 100
1b TPO-L1 % 0,075 6,4 99
1b TPO-L3 % 0,091 3,8 100
1b Ivocerin 1 % 0,093 3,4 100
2 TPO-L1 % 0,055 4,6 73
2 TPO-L 3 % 0,057 3,6 71
2 Ivocerin 1 % 0,072 2,8 74
6 TPO-L1 % 0,053 12,2 68
6 TPO-L 3 % 0,059 10,6 77
6 Ivocerin 1 % 0,066 11,4 82
3 TPO-L1 % 0,023 10,6 90
3 TPO-L 3 % 0,031 8,6 95
3 Ivocerin 1 % 0,034 7,8 95
4 TPO-L1 % 0,020 15 98
4 TPO-L 3 % 0,035 12,2 100
4 Ivocerin 1 % 0,020 10,4 100
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Figure 2: Conversion as function of irradiation time (s) for photoinitiated polymerization of 1,6-
hexanediol diacrylate (5), methyl 9-(acryloyloxy)-10-hydroxyoctadecanoate / methyl 9-hydroxy-10-
(acryloyloxy)octadecanoate (2), N-octyl-N’-vinylimidazolium NTf, (1a), and N-decyl-N’*-

vinylimidazolium NTf, (1b) containing 1 wt % Irgacure® TPO-L. Irradiation was carried out at 40 °C
for 10 min adapted from [64].

The ionic liquid monomers 1a and 1b show quantitative conversion and it is independent
on the type of initiator and initiator concentration. The full conversion was also confirmed
by 'TH-NMR (Figure S01 and S02). The polymers made of 1a and 1b in the photo-DSC pan
were completely dissolved in the deuterated solvent after 10 min irradiation process for 1H-
NMR measurement. The absence of the vinyl group in the spectra proves the quantitative
conversion of the ionic liquid monomers after 10 min irradiation process ( see Figures S01
and S02). Quantitative conversion of the monomer is quite important for practical
applications. On the other hand, the final conversion of the acrylated monomers 2 and 5 is
limited to about 70% or 80%, respectively. Interestingly, comparison of the Rpymax values
demonstrates the quite similar values for both photoinitiators. Even if, the Irgacure® TPO-L
concentration is increased from 1 % to 3 %, the Rpymax values of the acrylate monomers

slightly increase.

5.1.2 Comparison of Photopolymerization of Methyl 9-(Methacryloyloxy)-10-
hydroxyoctadecanoate / Methyl 9-Hydroxy-10-(methacryloyloxy)octadecanoate (3),
Methyl 9-(1H-imidazol-1yl)-10-(methacryloyloxy)octadecanoate / Methyl 9-
(Methacryloyloxy)-10-(1H-imidazol-1yl)octadecanoate (4) with 1,6-Hexanediol
Dimethacrylate (6)

Some of the results explained in this subchapter were previously discussed [64].

The monomers bearing methacrylate group are also noteworthy as much as acrylated

monomers because methacrylates are generally easy to handle due to their less reactivity
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and less toxicity. Another case for acrylate monomers to be considered in addition to their

higher toxicity and reactivity is that they can undergo Michael addition reaction in contrast
to the methacrylates.

The biobased methacrylates (3 and 4) were polymerized by photoinitiated polymerization
at 40 °C for 10 min irradiation. Kinetic investigation of these biobased systems were
compared to the system made by photopolymerization of traditional 1,6-hexanediol
dimethacrylate (6) in the presence of 3 wt % of Irgacure® TPO-L in addition to 1 wt % of
both Irgacure® TPO-L and Ivocerin®. As previously discussed for biobased acrylate 2 and
commercial diacrylate 5, same trend in the reactivity was also observed for methacrylate
monomers 3, 4 and 6. The biobased methacrylates 3 and 4 show lower reactivity in
comparison with commercial methacrylate 6 comprising two double bonds as shown in
Figure 3. Higher reactivity of the commercial dimethacrylate monomer 6 can be attributed
to two functional groups in monomer structure [22]. Although the reactivity of the biobased
methacrylates 3 and 4 is lower than commercial dimethacrylate 6, they reach higher final
conversion values after 10 min irradiation. The quantitative conversion is observed for
biobased monomer 4 as it can be seen in Figure 4. In addition to this, while the final
conversion of the biobased methacrylate 3 is about 90-95%, double bond conversion is
limited to 70-80% for the crosslinking traditional monomer 6, see Table 4. The biobased
methacrylate 4 can be preferred for practical applications due to the full double conversion.
Furthermore, three times higher concentration of TPO-L results in a slight increase in both

Rpmax and final conversion values (Table 4).
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Figure 3: Polymerization rate (R, (s'')) as function of irradiation time (s) for photoinitiated
polymerization of 1,6-hexanediol dimethacrylate (6), methyl 9-(1H-imidazol-1yl)-10-
(methacryloyloxy)octadecanoate / methyl 9-(methacryloyloxy)-10-(1H-imidazol-1yl)octadecanoate
(4), methyl 9-(methacryloyloxy)-10-hydroxyoctadecanoate / methyl 9-hydroxy-10-
(methacryloyloxy)octadecanoate (3), containing 1 wt % Irgacure® TPO-L. Irradiation was carried
out at 40 °C for 10 min, adapted from [64].
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Figure 4: Conversion as function of irradiation time (s) for photoinitiated polymerization of 1,6-
hexanediol dimethacrylate (6), methyl 9-(1H-imidazol-1yl)-10-(methacryloyloxy)octadecanoate /
methyl 9-(methacryloyloxy)-10-(1H-imidazol-1yl)octadecanoate (4), methyl 9-(methacryloyloxy)-10-
hydroxyoctadecanoate / methyl 9-hydroxy-10-(methacryloyloxy)octadecanoate (3) containing 1 wt
% TPO-L. Irradiation was carried out at 40 °C for 10 min, adapted from [64].

Moreover, Tq4 of the polymers derived from monomers 2 and 4 is 19 °C which is lower than
the polymerization temperature. It demonstrates that vitrification is not the case during

polymerization reaction.

On the other hand, polymerization of commercial dimethacrylate 6 produces crosslinked
network structure. Crosslinking reaction and vitrification may be a reason of the limited
final conversion in case of monomer 6 (Figure 4, Table 4).

The ionic liquid monomers (1a and 1b) and biobased methacrylate 4 are worthy materials
for coating applications due to their quantitative conversion in the presence of Irgacure®
TPO-L and Ivocerin® as photoinitiators. Despite the slightly higher efficiency was generally
observed in case of 1 wt % Ivocerin compared to 1 wt % Irgacure® TPO-L, higher
concentration of Irgacure® TPO-L (3 wt %) causes a similar performance for the
photopolymerization processes as observed for 1 wt % Ivocerin. On the other hand,
polymerization rate and conversion of the double bond are nearly independent on
photoinitiator type and its concentrations in several experiments. It can be pointed out that
monomer structure has a significant influence on polymerization kinetic. The ionic liquid
monomers (1a and 1b) with quantitative conversion and biobased monomers 3 and 4 with
greater than 90 % or quantitative conversion can be interesting candidates for different
applications such as anti-microbial surfaces and coating manufacturing for protection of
the surfaces against weather. In addition, the (meth)acrylates 2, 3, and 4 functionalized

from oleic acid mix may reduce the carbon footprint of coated surfaces.
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5.2 Comparison of Photopolymerization Kinetic of Monomers Bearing Methacrylate
and Phenyl Groups (7, 8 and 9)

Some results discussed in this subchapter were previously published [112].

The monomers modified from fatty acid methyl esters (2,3 and 4) or ionic liquids (1a and
1b) have potential for practical applications because of their high conversion values.
However, the polymers comprising long aliphatic chain show low glass transition
temperature. Therefore, synthesis of the another monomer bearing different pendant group
is beneficial not only to vary final material properties but also to examine the influence of
monomer structure in terms of polymerization kinetic. Accordingly, 4-(4-
methacryloyloxyphenyl)-butan-2-one (7) was synthesized and investigated by
photoinitiated polymerization.

Photopolymerization of the 4-(4-methacryloyloxyphenyl)-butan-2-one (7) monomer was
carried out using 1 wt % of both Irgacure® TPO-L and Ivocerin® as well as 3 wt % of
Irgacure® TPO-L for different temperatures and different irradiation times as described in
4.3.1 and 4.3.2. Since both Norrish type | photoinitiators exhibit comparable performance
in the photopolymerization kinetic of (meth)acrylated fatty acid methyl esters or ILs, same
photoinitators were applied for photopolymerization of new 4-(4-methacryloyloxyphenyl)-
butan-2-one. The polymerization kinetic was reported for 4-(4-methacryloyloxyphenyl)-
butan-2-one (7) in comparison with commercial 2-phenoxyethyl methacrylate (8) and
phenyl methacrylate (9) in the presence of 1 wt % of Irgacure® TPO-L. The commercial
methacrylates 8 and 9 were chosen for the comparison of photopolymerization kinetic due
to the similarity in their molecular structure based on the presence of aromatic group.

GPC and DSC measurements were performed to complement the discussion of the kinetic
study and material properties. Thermal polymerization of 7 containing 1 wt % of Irgacure®
TPO-L was also carried out separately in order to discuss about possible thermal process

during photoinitiated polymerization of 7 at elevated temperature.

5.2.1 Photoinitiated Polymerization of 4-(4-Methacryloyloxyphenyl)-butan-2-one (7)
at 40°C

Photopolymerization of monomer 7 was performed in the presence of Ivocerin® (1 wt %)

and Irgacure® TPO-L (1 wt % and 3 wt %, respectively) using photo-DSC. It is clearly seen

in Figure 5 that polymerization rate rises rapidly up to the Rpmax, Unexpectedly, a slight
shoulder was observed in the polymerization rate as function of time graphs of 4-(4-

methacryloyloxyphenyl)-butan-2-one (7) for all cases. Moreover, the shoulder is more
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distinct when 1 wt % Irgacure® TPO-L is applied for photopolymerization. Polymerization

rate decreases rapidly after reaching up to its maximum value in all experiments.
Quantitative conversion is observed for both photoinitiators and concentrations as shown

in Figure 6 and Table 5. The irradiation time to reach full conversion or maximum
polymerization rate is shorter in case of higher Irgacure® TPO-L (3 wt %) concentration or
Ivocerin®(1 wt %), while the polymerization occurs slightly slower in the presence of 1 wt
% Irgacure® TPO-L. The phenomenon that the shoulder is more pronounced for the
system comprising 1 wt % Irgacure® TPO-L may be related to its slower polymerization
rate and lower reactivity than (3 wt %) Irgacure® TPO-L or (1 wt %) Ivocerin®. Therefore,
1 wt % Irgacure® TPO-L was selected as a model system to investigate the occurrence of

shoulder in the graph.

More detailed investigation was performed to make a deeper explanation about
pronounced shoulder in the polymerization rate versus time curve when 1 wt % Irgacure®
TPO-L was used for photopolymerization experiments. Therefore, additional time
dependent measurements at 40 °C and temperature dependent measurements (55 °C , 70
°C and 85 °C) for 10 min irradiation were carried out in the presence of 1 wt % Irgacure®

TPO-L, respectively. Afterwards, photopolymers were analyzed separately by GPC, DSC

and 'H-NMR for further investigation. All results were summarized in Table 7 and Table 8.
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Figure 5: Polymerization rate (Rp (s')) as function of irradiation time (s) for photoinitiated
polymerization of 4-(4-methacryloyloxyphenyl)-butan-2-one (7) containing Irgacure® TPO-L (1 wt
% and 3 wt %, respectively) or Ivocerin® (1 wt %) at 40 °C for 10 min, adapted from [112].
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Figure 6: Conversion as function of irradiation time (s) for photoinitiated polymerization of 4-(4-
methacryloyloxyphenyl)-butan-2-one (7) containing Irgacure® TPO-L (1 wt % and 3 wt %,
respectively) or Ivocerin® (1 wt %) at 40 °C for 10 min, adapted from [112].

Table 5: Maximum polymerization rate (Rpm2x), time (tmax) to obtain the maximum polymerization
rate and final conversion for photoinitiated polymerization of 4-(4-methacryloyloxyphenyl)-butan-2-

one (7) in the presence of Irgacure® TPO-L (1 wt % and 3 wt %, respectively) or Ivocerin® (1 wt
%), and 2-phenoxyethyl methacrylate (8) as well as phenyl methacrylate (9) containing each TPO-
L (1 wt %) for 10 min irradiation time at 40 °C , adapted from [112].

Monomer Initiator ( wt %) Rpmax (s-1) tmax (S) Final
Conversion (%)
7 TPO-L1 % 0,05 23 100
7 TPO-L 3 % 0,06 16 100
7 Ivocerin 1 % 0,06 15 100
8 TPO-L1 % 0,02 46 100
9 TPO-L1 % 0,01 86 81

Conversion data calculated from photo-DSC measurements are slightly lower than the
data collected by '"H-NMR analysis for the samples irradiated at a shorter time (Table 7).
However, both methods show an increase in double bond conversion when the samples
are subjected to a longer irradiation time. Moreover, final conversion values determined by
Photo-DSC and 'H-NMR are quite similar for the sample irradiated for 10 min.

There is a significant increase in the values of dispersity (D) and weight average molecular
weight (My) of the polymers irradiated for 25 s in comparison with those determined for the

photopolymer irradiated for 15 s or less as seen in Table 7. The number average molecular
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weight, Mp, also relates to the exposure time but the effect of the irradiation period is

greater on My, values compared to My, (Table 7). In addition to the photopolymers obtained

by Photo-DSC measurements, the mixture containing 1 wt % Irgacure® TPO- L was also
cured on the glass substrate for 6s and 10 min irradiation at room temperature,
respectively in order to obtain greater amount of purified polymer for further analysis. Heat
generation during the irradiation process of the sample on the glass substrate was
detected by thermal camera. The temperature increase due to the light source was
determined in the absence of sample on the glass substrate (blank) as well and it was
measured 40 °C. Temperature slightly increases (45 °C to 53 °C) during polymerization of
the sample compared to an increase in the temperature measured for blank (40 °C)
(Figure 7, Table 6). This experiment shows that there is a slight difference between
photopolymerization at Photo-DSC and the photopolymerization on the glass substrate.

DSC analysis was also performed to get further information about the photopolymers
obtained after different irradiation times (Table 8 and Table 9). The glass transition
temperature (Tg), recrystallization temperature (Trecryst), and melting temperature (Tm) of
the photopolymerizing mixtures of 7 irradiated for 6 s and 10 s were determined by DSC,
and they show semicrystallinity up to 10 s irradiation. There was still high amount of
unreacted monomer 7 and low amount of photopolymer in the reaction medium after 6 s or

10 s irradiation. It may result in a detection of Tg, Trecryst and Tm on DSC curve (Figure 8).
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Figure 7: Temperature measured during irradiation of a pure glass substrate (blank) and glass
substrates coated with monomer (7, 8, or 9) containing photoinitiator (Irgacure® TPO-L 1 wt % or 3
wt % or Ivocerin® 1wt%) with light of 395 nm for 10 min. The films were prepared on a glass
substrate using the 120 pym side of a four-way film applicator to maintain comparable thickness for
all films. The films on glass substrates were purged with nitrogen in a plastic box equipped with a
quartz glass window before irradiation for 5 min. Then, irradiation was carried out in the nitrogen
atmosphere using a 395 nm light source for 10 min, and the temperature changes were recorded
during irradiation using a thermal camera (testo 0563 0885 V7), adapted from [112].
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Table 6: Temperature measured after irradiation of a pure glass substrate (blank) and glass
substrates coated with monomer (7, 8, or 9) containing photoinitiator (1 wt % or 3 wt % Irgacure®
TPO-L or 1 wt % Ivocerin®) with light of 395 nm after 10 min of irradiation, adapted from [112].

Monomer Initiator ( wt %) Generated Temperature
(°C) during irradiation
Blank (Glass substrate without - 40
monomer-initiator mixture)
7 TPO-L 1% 46
7 TPO-L 3 % 45
7 Ivocerin 1 % 53
8 TPO-L 1% 49
9 TPO-L 1% 51

------ 7: 6 s irradiation
— 8: 6 s irradiation
== 9: 6 s irradiation

Temperature (° C)

Figure 8: DSC curves of photopolymerizing mixtures containing 1 wt % lIrgacure® TPO-L and
monomer 7 (Tg = -62 °C; Trecryst = =12 °C; Tm = 26 °C), 8 (Tg =-71 °C), or 9 (Tm =21 °C) after 6 s
irradiation at 40°C in the photo-DSC, adapted from [112].

The amount of photopolymer made from 7 increases as a result of an extension of the
irradiation time from 10 s to 15 s which results in a higher glass transition temperature.
Additionally, crystallization is not observed for the photopolymerizing mixture obtained after
15 s irradiation, shown in Figure 9 and Table 9.
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------ 7: 15 s irradiation
— 8: 20 s irradiation
== 9: 20 s irradiation

Temperature (°C)

Figure 9: DSC curves of photopolymerizing mixtures containing monomer and 1 wt % Irgacure®
TPO-L (monomer 7: Tg = -44 °C; 8: Tg = -65 °C, and 9: Tg = -81 °C; Trecryst = -33 °C; Tm = 13 °C)
after 15 s (7) or 20 s (8 and 9, respectively) irradiation at 40 °C in the photo-DSC, adapted from
[112].

There is a great increase in Tg of more than 80 K determined during irradiation of 7 within
the time frame between 15 s and 25 s. T4 of the photopolymer mixture irradiated for 25 s
reaches 40 °C (Table 9) which is an indication of vitrification after 25 s irradiation because
T4 of the sample rises to the photopolymerization temperature. This irradiation time frame
also corresponds to a noticeable increase in both Mw and dispersity (D) (Table 7). It was
previously reported that Mw of the photopolymer increases during free radical
polymerization in correlation with the final conversion of the double bond [124-126]. As the
conversion degree reaches higher values, the viscosity of the polymerization medium
increases and the mobility of the polymer radicals are hindered. The polymerizing system

is in the glassy state.
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Figure 10: An overlay of GPC chromatograms (RI detector) of photopolymers obtained by
photoinitiated polymerization of 4-(4-methacryloyloxyphenyl)-butan-2-one (7) containing 1 wt %
Irgacure® TPO-L; a) in the photo-DSC pan at 40 °C after irradiation for6 s, 10 s, 15s, 25 s, 30 s,
and 10 min; b) after irradiation on a glass substrate outside of the photo-DSC at room temperature
for 6 s and 10 min, respectively to isolate higher amount on purified polymer, adapted from [112].

Table 7: Monomer conversion obtained from both photo-DSC and 'H-NMR measurements,
number average molecular weight (M), weight average molecular weight (Mw), and dispersity (D)
of the polymer obtained during photoinitiated polymerization of 7, 8, and 9 using 1 wt % Irgacure®
TPO-L at a given temperature (T) after selected irradiation time (t), adapted from [112].

Monomer T t(s) Conversion Conversion Mn M b
(°C) Photo-DSC (%) 'H-NMR (%) (kg/mol) (kg/mol)

7 40 6 9 18 29 46 1.6

7 40 10 12 32 24 43 1.8

7 40 15 22 44 26 49 1.9

7 40 20 44 58 NA NA NA

7 40 25 70 88 48 161 3.3

7 40 30 85 90 46 146 3.1

7 40 600 100 94 34 130 3.9

7 55 600 100 98 38 126 3.3

7 70 600 100 100 40 123 3.0

7 85 6 9 32 36and 60.3and 1.7 and
1,110 2,509 2.3

7 85 20 53 96 48and 118and 2.4 and
2,792 4,271 1.5
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Monomer T t(s) Conversion Conversion M Mw b
(°C) Photo-DSC (%) 'H-NMR (%) (kg/mol) (kg/mol)

7 85 25 73 100 50and 123 and 2.4 and
2,699 3,991 1.5

7 85 30 76 100 44and 118and 2.7 and
2,596 3,962 1.5

7 85 600 100 100 48and 122and. 2.5and
3,104 5,000 1.6
8 40 6 3 9 14 23 1.7
8 40 20 22 31 13 24 1.9
8 40 25 30 41 14 27 2.0
8 40 40 54 69 19 67 3.6
8 40 55 88 100 26 180 6.8
8 40 600 100 100 25 182 7.2
9 40 6 1 2 8 12 1.5
9 40 20 10 18 8 13 1.7
9 40 40 22,5 32 8 15 1.8
9 40 50 29 40 8 16 2.0
9 40 90 56 78 16 113 7.1
9 40 600 81 80 14 90 6.4

*NA: Not Analyzed

Table 8: Glass transition temperature (T4), number average molecular weight (M,), weight average
molecular weight (Mw), and dispersity (D) of purified polymers obtained either by photoinitiated
polymerization of 7, 8, and 9 using 1 wt % Irgacure® TPO-L at a given temperature (T) after
selected irradiation time (t) on a glass substratea or thermal initiated polymerization in the
presence of the photoinitator at 85 °C in the absence of light?) adapted from [112].

Monomer T (°C) t (s) Tg (°C) Mn Mw b
(kg/mol)  (kg/mol)
7 462 6 52 35 60 1.7
7 462 600 65 45 418 3.6
7 85b) 3h NA 523 2000 3.8
without
light
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Monomer T (°C) t (s) Tg (°C) Mn Mw b
(kg/mol) (kg/mol)

8 492) 600 52 30 291 9.6

9 51a) 600 135 19 103 5.3

*NA: Not Analyzed
*The glass transition temperature of the photopolymers made of 7, 8, and 9 was investigated in a
temperature interval: =120 C to 100 C using heating and cooling rates of 10 K/min.

Table 9: Polymerization temperature (T), irradiation time (t), glass transition temperature (Ty),
recrystallization temperature during heating (Trecryst), melting temperature (Tm), enthalpy of
recrystallization (AHrecryst ), enthalpy of melting (AHm) obtained during photoinitiated polymerization
of 7, 8, and 9 using 1 wt % Irgacure® TPO-L at a given temperature (T) after selected irradiation
time (t), adapted from [112].

Monomer T (OC) t (S) Tg (OC) Trecryst Tm (OC) AHrecryst AHm (J/g)

(°C) (J/g)
7 40 6 -62 -12 26 34 39
7 40 10 -56 -5 25 13 18
7 40 15 -44 - - - -
7 40 25 40 - - - -
7 40 30 42 - - - -
7 40 600 45 - - - -
7 85 6 -57 2 24 7 10
7 85 20 50 - - - -
7 85 600 55 - - - -
8 40 6 -71 - - - -
8 40 20 -65 - - - -
8 40 40 -30 - - - -
8 40 600 42 - - - -
9 40 6 - Crystalliz 21 - 87
ation
during
cooling
9 40 20 -81 -33 13 46 68
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Monomer T (OC) t (S) Tg (OC) Trecryst Tm (OC) AHrecryst AHm (J/g)
(°C) (J/g)
9 40 40 - Crystalliz 12 - 1
ation
during
cooling
9 40 90 45 - - - -
9 40 600 52 - - - -

Table 10: Polymerization temperature (T), maximum of the polymerization rate (Rpmax), time (tmax)
to obtain the maximum of the polymerization rate, and final monomer conversion (%) for
photoinitiated polymerization of 4-(4-methacryloyloxyphenyl)-butan-2-one (7), 2-phenoxyethyl
methacrylate (8), and phenyl methacrylate (9) containing 1 wt % Irgacure® TPO-L each after 10
min irradiation at various temperatures, adapted from [112].

Monomer T (°C) Rpma(s-1) tmax(s) Final conversion Final conversion
photo-DSC (%) TH-NMR (%)
7 40 0,05 23 100 94
7 55 0,05 23 100 98
7 70 0,06 22 100 100
7 85 0,06 21 100 100
8 40 0,03 46 100 100
9 40 0,01 86 81 80

5.2.2 Photoinitiated Polymerization of 4-(4-Methacryloyloxyphenyl)-butan-2-one (7)
at Elevated Temperature

Photopolymerization temperature was gradually increased from 40 °C to 55 °C, 70 °C and
85 °C in order to avoid the vitrification effect of the polymerizing formulation containing 7.
Vitrification does not take place when the photopolymerization of monomer 7 is carried out
at a temperature of 70 °C or 85 °C above Tg4 of the photopolymer (Tg= 65 C, Table 8).
Although Rpmax does not significantly change as a result of stepwise temperature increase
for the irradiation process, polymerization of 7 occurs slightly faster at 85 °C (Table 10).
Double bond conversion of 7 reaches over 90 % when the polymerization is performed at
40 °C for 10 min light exposure. Additionally, quantitative conversion is observed when the
polymerization temperature is increased to 70 °C or 85 °C (Table 10). A T4 of 65 °C for the

purified polymer 7 (Table 8) shows that when the mixture of 7 is polymerized at 70 °C
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which is slightly over the glass transition temperature, the vitrification effect is eliminated.

This may be a reason of the full conversion of 7 observed at 70 °C or 85 °C while the
double bond conversion is 94% or 98% at 40 °C or 55 °C. Photoinitiated polymerization
was also studied as a function of time at 85 °C. This experiment made it possible to
examine the thermal decomposition of the photoinitiator. Conversion scales up with the
irradiation time which corresponds to the result observed at photopolymerization
temperature of 40 °C. Therefore, it can indicate that photopolymerization temperature may
not effect the photoinitiator decomposition by light exposure leading to production of
initiating radicals. However, polymerization temperature causes a significant effect on the
molecular weight of the photopolymer (Table 7). A second fraction with the higher
molecular weight was observed for the photopolymer obtained at reaction temperature of
85 °C (Figure 11). This higher molecular weight fraction was observed even for the
photopolymer obtained after 6 s irradiation at 85 °C. The second fraction representing the
polymer with higher molecular weight does not appear on the GPC chromatogram of the
photopolymers irradiated at 40 °C. It may be resulted by additional thermal process
occurred during irradiation at 85 °C. Another experiment was performed to clarify the
additional thermal process during photopolymerization of 7 at 85 °C and the same sample
of 7 containing 1 wt % Irgacure® TPO-L was polymerized at 85 °C for 3 h in the absence
of light. GPC result of that polymer isolated after thermal polymerization at 85 °C shows a
higher molecular weight polymer with a broad molecular weight distribution. The lower
molecular weight polymer fraction, which is characteristic for photopolymers, was not seen
in the GPC chromatogram of the polymer obtained by thermally induced polymerization.
The two molecular weight fractions may indicate that extra thermal process takes place
during the photopolymerization of monomer 7 at 85 °C. The intensity of the lower
molecular weight fraction increases by irradiation time although the intensity of the higher
molecular weight fraction keeps nearly constant. Regardless of the short or longer
irradiation time (6s or 10 min), the second fraction, which appears as a shoulder of the low
molecular weight polymer with approximately constant intensity, was observed in all GPC
results of the photopolymer obtained at 85 °C. Even if the photopolymer structure is
dominant in the GPC chromatogram, the other higher molecular weight fraction can not be
neglected and shows the extra thermal process during the irradiation process at 85 °C.
The additional DSC experiment of the same mixture of the monomer 7 containing 1 wt %
Irgacure® TPO-L indicates that exothermal process starts at around 80 °C. It supports the

results previously mentioned.
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Figure 11: An overlay of GPC chromatograms (RI detector) of photopolymers obtained by
photoinitiated polymerization of 4-(4-methacryloyloxyphenyl)-butan-2-one (7) containing 1 wt %
Irgacure® TPO-L after an irradiation time at 85 °C for 6 s, 20 s, 25 s, 30 s, and 10 min, adapted
from [112].
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— polymerization of 7: 85 °C 10 min irradiation
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Figure 12: An overlay of GPC chromatograms (RI detector) of polymers obtained by photoinitiated

polymerization of 4-(4-methacryloyloxyphenyl)-butan-2-one (7) containing 1 wt % Irgacure® TPO-
L after irradiation at 85 °C for 10 min (black line) compared with a polymer received by thermal
polymerization in the presence of the photoinintiator at 85 °C in the absence of light for 3 hours
(red line), adapted from [112].

Since it can be interesting to compare the monomer 7 comprising an aromatic group to
the commercial monomers bearing an aromatic group as well, 2-phenoxyethyl
methacrylate (8) and phenyl methacrylate (9) were selected for further kinetic

investigations.



58

5.2.3 Comparison of 4-(4-Methacryloyloxyphenyl)-butan-2-one (7) with Further
Methacrylates Comprising a Phenyl Moiety

4-(4-Methacryloyloxyphenyl)-butan-2-one (7), 2-phenoxyethyl methacrylate (8) and phenyl
methacrylate (9) have a phenyl group in their chemical structure. The methacrylate group
is directly attached to phenyl group in case of monomer 7 and 9. Therefore, phenyl
methacrylate (9) can be an alternative model monomer for comparison of monomer 7.
Furthermore, the influence of 3-oxobutyl moiety presented in monomer 7 on the
polymerization kinetic can be examined by comparison with 9. On the other hand, the
methacrylate group is not directly bonded to aromatic group since the ethoxy substituent is
presented between methacrylate group and phenyl ring in the structure of monomer 8. It
may provide an additional information about how the position of the phenyl ring effects the
double bond reactivity. In addition to this, the difference in physical properties of the
monomers 7-9 is a direct result of the various substitution in the structure. The monomers
7 (Terys = -7 °C during cooling, Tm=29 °C) and 9 (Terys = -45 °C during cooling, Tm=21 °C)
show crystallization whereas monomer 8 (Tq = -73 °C) shows glass forming behaviour. It
indicates that directly bonded methacrylate group to the phenyl ring results in a crystal
formation and the presence of ethoxy group as a separator between methacrylate and

phenyl ring causes amorphous behaviour of the monomer 8.
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Figure 13: Polymerization rate (Rp (s')) as function of irradiation time (s) for photoinitiated
polymerization of 4-(4-methacryloyloxyphenyl)-butan-2-one (7), 2-phenoxyethyl methacrylate (8)
and phenyl methacrylate (9) containing 1 wt % Irgacure® TPO-L at 40 °C for 10 min, adapted from
[112].
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Figure 14: Conversion as function of irradiation time (s) for photoinitiated polymerization of 4-(4
methacryloyloxyphenyl)-butan-2-one (7), 2-phenoxyethyl methacrylate (8) and phenyl methacrylate

(9) containing 1 wt % Irgacure® TPO-L at 40 °C for 10 min, adapted from [112].

Photopolymerization kinetic of the monomer 7-9 is also dependent on the substitution
pattern. Ry value increases during the first 10 s irradiation for all monomers. However,
polymerization rate of 8 and 9 stays constant after about 15 s irradiation, which indicates
the ideal polymerization kinetic. After the period when polymerization rate remains
constant, R, shows a further increase until it reaches the Rpmax (Figure 13). This period is
longer in case of monomer 9 which may be caused by lower reactivity of 9 in comparison
with monomer 8. According to the plot of the polymerization rate as function of the
irradiation time, reactivity of the monomers increases in the order 9 < 8 < 7 and tmax values
decreases in the order 9 >8>7. The substitution of aromatic group by 3-oxobutyl at p-
position in regard to methacrylate group may result an increase in the reactivity of the
monomer 7.

As it can be clearly seen in Figure 14, conversion is quantitative for monomer 7 and 8 after
less than 150 s irradiation although it is 81 % for monomer 9 after 10 min irradiation. Final
conversion was also confirmed by 'H-NMR and the results obtained after 10 min
irradiation correspond each other. To get further information about photoinitiated
polymerization of 7-9, time dependent measurements were performed for commercial 8
and 9 at 40 °C as well. GPC analysis were carried out to determine the molecular weight
and molecular weight distribution of the photopolymers obtained after various irradiation
time, which are shown in Table 8. Furthermore, the glass transition temperature values of
the photopolymerizing mixture and purified polymer were also detected. The Tg is higher

for purified photopolymers obtained from 7 and 9 than that of 8. The aromatic group is
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directly bonded to the polymethacrylate segment made of 7 and 9 which makes the

structure more rigid. On the other hand, the ethylene group creates a distance between
the phenyl ring and the segment of the polymethacrylate chain in case of photopolymer
derived from 8 which makes it more flexible and mobile. In addition to this, the bulky 3-
oxobutyl substituent at the phenyl group in the structure of 7 leads to the lower Tg for the
photopolymer obtained from 7 in comparison with the photopolymer manufactured from 9.
As demonstrated in Table 7, the number average molecular weight (M) of 8 is relatively
same before an irradiation time of 40 s. It slightly rises until irradiation process is
completed. Contrarily to the slight variation on the M, with radiation, Mw of 8 continuously
increases with the irradiation time of 40 s or longer. The stronger effect of the irradiation
period on the My compared to the M, leads to a greater dispersity and higher glass
transition temperature of the polymer derived from 8 during the photopolymerization
process (Table 8). The glass transition temperature of the photopolymer 8 irradiated for 40
s is - 30 °C which is quite low than the polymerization temperature of 40 °C (Table 9). This
might be a reason that polymerization rate of 8 stays constant for a longer polymerization
time compared to 7. After 10 min irradiation, Ty reaches 42 °C which is near the
polymerization temperature of 40 °C. GPC result of the isolated and purified polymer of 8
from the glass substrate shows higher M, and Mw as well as broader dispersity (Table 8
and Table 9). It also has higher T4 value which is 52 °C. Full monomer conversion was
achieved for 8 even if the reactivity of 8 is lower than monomer 7.

The monomer 9 can be a typical model for comparison with 7 since phenyl group is
directly bonded to the methacrylate group in both monomer structures. The only difference
between 7 and 9 is that phenyl group has the 3-oxobutyl substituent at para position in
case of monomer 7. Both monomers exhibit crystallisation and the crystals of 7 and 9
melts below the polymerization temperature. Though, the melting point of
photopolymerizing mixture of 9 decreases during the first 40 s irradiation of the
photopolymerization process, it shows semicrystallinity with the Tg4 of -81 °C after 20 s
irradiation (Table 9). However, the glass transition temperature of the photopolymerizing
mixture rises to 45 °C with the longer irradiation time of 90 s. It is slightly higher than the
polymerization temperature. This time frame corresponds the area where the
polymerization rate increases and approaches its maximum as well as a significant
increase in the conversion is observed. The reason of the great increase in both R, and
conversion after about 100 s irradiation may be explained by glass transition temperature
of the polymerizing mixture of 9 near the polymerization temperature after about 100 s

irradiation. In addition to this, the similar values of Ty of 9 and polymerization temperature
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after about 100 s irradiation may also be a reason of the limited conversion around 80 %

for monomer 9. The purified photopolymer obtained from 9 has significantly higher glass
transition temperature compared to that of photopolymerizing mixture of 9 irradiated for 10
min (Table 8). The limited final conversion of 9 indicates that there is still unreacted
monomer in the polymerizing mixture which can act as a diluent and cause the significant
reduction in the Tg of the photopolymerizing mixture. There is also a considerable
difference on the weight average molecular weight and dispersity of the photopolymer
derived from 9 after 90 s irradiation process (Table 7). Characterization of the degree of
polymerization (Xp) of the purified photopolymers obtained from 7 (X, =194), 8 (X, =146),
and 9 (Xn =117), displays that the largest macromolecules were acquired by photoinititated
polymerization of 7. The difference in the chemical structure of 7 and 9, hydrogen at the p-
position of the phenyl ester in case of 9 and the 3-oxobutyl moiety at the aromatic group in
case of 7. It can be concluded that 3-oxobutyl substituent presented in the structure of

monomer 7 might be in charge of the higher reactivity and faster photopolymerization.

5.3 Design of New Polymeric Networks Based on Green Methacrylates

Some results discussed in this subchapter were submitted to publish [113].

Linear polymers are soluble in the solvents which provides the opportunity for further
analysis by GPC or NMR. On the other hand, crosslinked polymers form a network by a
kind of interconnection of the polymer chains. It provides the strength and stability to the
material. Crosslinked polymers are also not soluble in any solvents. It is possible to
generate a surface showing a good solvent resistance. In addition to the linear polymers,
crosslinked materials were also produced and analyzed in this thesis.

New biobased dimethacrylate consisting of the three isomers, ethane-1,2-diyl bis(9-
methacryloyloxy-10-hydroxy octadecanoate), ethane-1,2-diyl 9-hydroxy-10-
methacryloyloxy-9’-methacryloyloxy-10’-hydroxy octadecanoate, and ethane-1,2-diyl bis(9-
hydroxy-10-methacryloyloxy octadecanoate) (10), was synthesized in three steps as
described under the headline of 4.5.4. Even though the yield of the raw product 10 was 92
% in the third step, it significantly decreased to 24 % after purification by column
chromatography. Three possible isomer structures of the monomer 10 may form after ring
opening reaction of epoxy group with methacrylic acid. However, possible isomer
structures of monomer 10 can not be separated by NMR spectroscopy due to the similarity
in the surrounding. DSC analysis of the monomer 10 shows that it has a low glass

transition temperature at -50 °C.
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Photokinetic investigation of biobased dimethacrylate 10 was studied in the presence of
the photoinitiators, 1 % (w/w) of Irgacure® TPO-L, 3 % (w/w) of Irgacure® TPO-L, and 1 %

(w/w) of Ivocerin®. Furthermore, it has been aimed to make a variation on the final

material properties by introduction of the comonomer to the polymer network structure. For
this purpose, copolymerization of biobased dimethacrylate 10 with 4-(4-
methacryloyloxyphenyl)-butan-2-one (7), which has been recently reported as a green and
highly reactive monomer [112,127], has been carried out in different stoichiometric ratios in
order to vary thermal and mechanical properties. In addition to this, monomer 10 has also
been copolymerized with biobased monomer 4 derived from oleic acid. Thermal and
mechanical analysis of the crosslinked films have been investigated. Discussion is
supported by analysis of the reactivity of the sustainable starting materials towards the
photoinitiated free radical polymerization and by investigation of the relation between final
material properties and the starting material structure as well. Surface wettability of the
cured films was tested using solvents with different polarity. Crosslink density and
molecular weight between two crosslink points (M¢) were also determined according to the

rubber elasticity theory.

5.3.1 Photoinitiated Homopolymerization of the Biobased Dimethacrylate (10)

Photoinitiated polymerization of newly developed monomer 10 was investigated in the
presence of photoinitiators, 1 % (w/w) Irgacure® TPO-L, 3 % (w/w) Irgacure® TPO-L and 1
% (w/w) lvocerin®. It can be clearly seen in Figure 15 and Figure 16, the polymerizing
mixture of monomer 10 containing lvocerin® exhibits higher reactivity compared to the
sample comprising same amount of Irgacure® TPO-L. Rpmax value shows a rise as a result
of an increase in the photoinitiator concentration from 1 wt % to 3 wt % in case of TPO-L.
On the other hand, the presence of 3 wt % Irgacure® TPO-L or 1 wt % Ivocerin® in the
photopolymerizing formulation results in a similar final double bond conversion of 66 %
after 10 min irradiation (Figure 16, Table 11). Additionally, polymerization occurs faster in
case of higher photoinitiator concentration. It can be said according to Figures 15-16 that,
even if there is no significant difference between efficiency of the systems, the formulation
containing higher amount of Irgacure® TPO-L or Ivocerin® has a slightly higher reactivity
and final conversion in comparison with the system comprising lower Irgacure® TPO-L

concentration.
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Figure 15: Polymerization rate (Rp (s')) as function of irradiation time (s) for photoinitiated
polymerization of ethane-1,2-diyl bis(9-methacryloyloxy-10-hydroxy octadecanoate) / ethane-1,2-
diyl 9-hydroxy-10-methacryloyloxy-9’-methacryloyloxy-10’-hydroxy octadecanoate / ethane-1,2-diyl
bis(9-hydroxy-10-methacryloyloxy octadecanoate) (10) containing Irgacure® TPO-L (1 wt % and 3
wt %, respectively) or lvocerin® (1 wt %) at 40 °C for 10 min, adapted from [113].
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Figure 16: Conversion as function of irradiation time (s) for photoinitiated polymerization of
ethane-1,2-diyl bis(9-methacryloyloxy-10-hydroxy octadecanoate) / ethane-1,2-diyl 9-hydroxy-10-
methacryloyloxy-9’-methacryloyloxy-10’-hydroxy octadecanoate / ethane-1,2-diyl bis(9-hydroxy-10-
methacryloyloxy octadecanoate) (10) containing Irgacure® TPO-L (1 wt % and 3 wt %,
respectively) or Ivocerin® (1 wt %) at 40 °C for 10 min, adapted from [113].
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Table 11: Maximum of the polymerization rate (Rpm2x) , time (tmax) to obtain the maximum of the
polymerization rate, and final conversion for photoinitiated polymerization of the ethane-1,2-diyl
bis(9-methacryloyloxy-10-hydroxy octadecanoate) / ethane-1,2-diyl 9-hydroxy-10-
methacryloyloxy-9’-methacryloyloxy-10’-hydroxy octadecanoate / ethane-1,2-diyl bis(9-hydroxy-10-
methacryloyloxy octadecanoate) (10), 4-(4-methacryloyloxyphenyl)-butan-2-one (7), methyl 9-(1H-
imidazol-1yl)-10-(methacryloyloxy)octadecanoate / methyl 9-(methacryloyloxy)-10-(1H-
imidazol-1yl)octadecanoate (4), as well as the mixtures of 10 and 7 (molar ratio= 1:1 and 1:9,
respectively) as well as 10 and 4 (molar ratio= 1:9) using either Irgacure® TPO-L (1 wt % and 3 wt
%, respectively) or lvocerin® (1 wt%) as photoinitiator and 10 min irradiation time at 40°C, adapted
from [113].

Monomer Initiator ( wt %) Rpmax (s-1)  tmax (S) Final
Conversion
(%)
10 TPO-L1 % 0,022 13 61
10 TPO-L 3 % 0,026 11 66
10 Ivocerin 1 % 0,025 12 66
7 TPO-L1 % 0,05 23 100
7 TPO-L 3 % 0,06 16 100
7 Ivocerin 1 % 0,06 15 100
10:7 TPO-L1 % 0,038 11 82
(1:1, mol:mol)
10:7 TPO-L 3 % 0,039 11 83
(1:1, mol:mol)
10:7 Ivocerin 1 % 0,042 10 84
(1:1, mol:mol)
10:7 TPO-L1 % 0,046 15 85
(1:9, mol:mol)
10:7 TPO-L 3 % 0,048 12 90
(1:9, mol:mol)
10:7 Ivocerin 1 % 0,051 12 90
(1:9, mol:mol)
4 TPO-L1 % 0,020 15 98
4 TPO-L 3 % 0,035 12 100
4 Ivocerin 1 % 0,020 10 100
10:4 TPO-L1 % 0,023 12 70
(1:9, mol:mol)
10:4 TPO-L 3 % 0,030 10 78
(1:9, mol:mol)
10:4 Ivocerin 1 % 0,029 9 77

(1:9, mol:mol)

Homopolymerization of monomer 10 has a limited final double bond conversion of 66 % in
the presence of 3 wt % Irgacure® TPO-L or 1 wt % Ivocerin® (Table 11). Contrarily,
methacrylates 7 and 4 show quantitative conversion, respectively (Table 11). As

homopolymer 10 has a glass transition temperature well below photopolymerization
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temperature (Table 12), vitrification is not the reason of limited conversion. However,

restriction on the mobility of growing polymer chain observed in the crosslinking reactions
due to the network formation may limit the final double bond conversion in case of
dimethacrylate 10 [110,128]. In addition to the homopolymerization of 10, monomer 10
was copolymerized with the comonomer containing a rigid aromatic structure in order to
increase the glass transition temperature. An increase in the glass transition temperature

can make the material more preferred and suitable for possible coating application.

5.3.2 Photoinitiated Copolymerization of the Biobased Dimethacrylate (10) with
Methacrylate 7 and 4, Respectively

It was decided to perform copolymerization of monomer 10 with a comonomer which has a
potential to provide more rigidity to the resulting polymer network and to increase the low
glass transition temperature of poly-10 for possible coating applications. In accordance
with this purpose, monomer 7, comprising a phenyl ring, and biobased monomer 4,
bearing an imidazolium ring, were selected as a comonomer in the photoinitiated
copolymerization experiments.

Polymerization kinetic of monomer 7 was previously investigated and reported that it is a
highly reactive monomer [112] and it can be classified as a green material [127]. As
already depicted in Table 8, purified poly-7 has a glass transition temperature of 65 °C.
Firstly, the copolymerizing mixtures were prepared from a 1:1 mol:mol ratio of monomer 10
and 7 in the presence of 1 % or 3 % (w/w) Irgacure® TPO-L and 1 % (w/w) Ivocerin®,
respectively for photoinitiated copolymerization experiments and investigated by Photo-
DSC. Higher concentration of Irgacure® TPO-L or usage of Ivocerin® instead of Irgacure®
TPO-L does not cause a significant difference on the performance of the systems. All
systems show quite similar reactivity and final double conversion (82%, 83%, 84%) as
shown in Figure 17 and 18. Kinetic data summarized in Table 11 show that addition of
highly reactive comonomer 7 in the photopolymerizing mixture results a rise in both Rpmax
and final conversion after 10 min exposure at 40 °C. The copolymerizing system is much
more reactive compared to the homopolymerizing formulation of monomer 10. The Rpmax
and final conversion reached the higher values for copolymerization of the mixture
containing stoichiometric ratio from both monomers in comparison with
homopolymerization of monomer 10. Even if the copolymerizing system of 10:7 (1:1
mol:mol) did not reach the values obtained for homopolymerization of 7, system efficiency

increased approximately 25 % as a result of incorporation of comonomer 7.
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However, glass transition temperature of the final material produced from the mixture

containing equal amount on monomer 10 and 7 is still low according to the DSC
measurement or analysis of storage or loss modulus versus temperature curves (Table
12). Polymer chains are still pretty flexible and move around easily causing a low glass

transition temperature.
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Figure 17: Polymerization rate (Rp (s')) as function of irradiation time (s) for photoinitiated
copolymerization of ethane-1,2-diyl bis(9-methacryloyloxy-10-hydroxy octadecanoate) /
ethane-1,2-diyl 9-hydroxy-10-methacryloyloxy-9’-methacryloyloxy-10’-hydroxy octadecanoate /
ethane-1,2-diyl bis(9-hydroxy-10-methacryloyloxy octadecanoate) (10) and 4-(4-
methacryloyloxyphenyl)-butan-2-one (7) (1:1, mol:mol) containing Irgacure® TPO-L (1 wt % and 3
wt %, respectively) or lvocerin® (1 wt %) at 40 °C for 10 min, adapted from [113].
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Figure 18: Conversion as function of irradiation time (s) for photoinitiated copolymerization of the
ethane-1,2-diyl bis(9-methacryloyloxy-10-hydroxy octadecanoate) / ethane-1,2-diyl 9-hydroxy-10-
methacryloyloxy-9’-methacryloyloxy-10’-hydroxy octadecanoate / ethane-1,2-diyl bis(9-hydroxy-10-
methacryloyloxy octadecanoate) (10) and 4-(4-methacryloyloxyphenyl)-butan-2-one (7) (1:1,
mol:mol) containing Irgacure® TPO-L (1 wt % and 3 wt %, respectively) or Ivocerin® (1 wt %) at 40
°C for 10 min, adapted from [113].
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To dominate the influence of 4-(4-methacryloyloxyphenyl)-butan-2-one (7) distribution on

the polymer network, the concentration of comonomer 7 was increased from 1 mol to 9
mol. The glass transition values were determined above room temperature for the
copolymers, which were derived from the mixture containing an excess amount of
monomer 7. The results determined by DSC and DMA demonstrate that excess amount of
monomer 7 relative to monomer 10 causes an expected rise on the T4 value of the
copolymers (10:7, 1:9 mol:mol) (Table 12). Moreover, maximum polymerization rate
increased and final conversion reached around 85-90 % when the higher amount on
monomer 7 was applied for copolymer synthesis. While the sample containing 1 wt % of
Irgacure® TPO-L exhibits slightly lower reactivity, the photopolymerizing formulation
containing 3 wt% of Irgacure® TPO-L or 1 wt% of Ivocerin® shows similar reactivity and
same final double bond conversion of 90%. Three times higher photoinitiator concentration
leads to a small change on the efficiency of the system as shown in Figure 19, Figure 20
and Table 11. Polymerization occurs slightly faster in the presence of 3 wt % Irgacure®
TPO-L or 1 wt% Ivocerin® which was also reported for the photokinetic analysis of

homopolymerization 7.
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Figure 19: Polymerization rate (Rp (s')) as function of irradiation time (s) for photoinitiated
copolymerization of ethane-1,2-diyl bis(9-methacryloyloxy-10-hydroxy octadecanoate) /
ethane-1,2-diyl 9-hydroxy-10-methacryloyloxy-9’-methacryloyloxy-10’-hydroxy octadecanoate /
ethane-1,2-diyl bis(9-hydroxy-10-methacryloyloxy octadecanoate) (10) and 4-(4-
methacryloyloxyphenyl)-butan-2-one (7) (1:9, mol:mol) containing Irgacure® TPO-L (1 wt % and 3
wt %, respectively) or lvocerin® (1 wt %) at 40 °C for 10 min, adapted from [113].
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Figure 20: Conversion as function of irradiation time (s) for photoinitiated copolymerization of
ethane-1,2-diyl bis(9-methacryloyloxy-10-hydroxy octadecanoate) / ethane-1,2-diyl 9-hydroxy-10-
methacryloyloxy-9’-methacryloyloxy-10’-hydroxy octadecanoate / ethane-1,2-diyl bis(9-hydroxy-10-
methacryloyloxy octadecanoate) (10) and 4-(4-methacryloyloxyphenyl)-butan-2-one (7) (1:9,
mol:mol) containing Irgacure® TPO-L (1 wt % and 3 wt %, respectively) or lvocerin® (1 wt %) at 40
°C for 10 min, adapted from [113].

The new biobased dimethacrylate (10) was also copolymerized with another biobased
monomer of methyl 9-(1H-imidazol-1-yl)-10-(methacryloyloxy)octadecanoate / methyl 9-
(methacryloyloxy)-10-(1H-imidazol-1-yl)octadecanoate (4) in order to expand the study
about the effect of monomer structure on final material properties and design of network
system because polymer properties are directly dependent upon the chemical structure of
the starting materials. Although monomer 4 is not as reactive as monomer 7, it shows
quantitative conversion after 10 min irradiation as disclosed in Table 11. Biobased
monomer 4 has a long alkyl chain carrying an imidazole ring in the monomer structure as
already shown in Table 3. Despite the imidazole ring may provide structural rigidity, the
structure is still dominated by long alkyl chain which can be described as a flexible spacer.
Copolymerization kinetic of the 10:4 mixture (molar ratio 10:4 = 1:9) shows that the
presence of excess amount of comonomer 4 in the photopolymerizing sample does not
make a significant change on both Rpmax and tmax compared to the values obtained from
homopolymerization of monomer 10 (Figure 21 and Figure 22, Table 11) because Rpmax
and tmax data are quite similar for monomer 10 and 7. Therefore, it is also expected to

observe similarities in the data for copolymer system of 10:4.
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Figure 21: Polymerization rate (Rp (s')) as function of irradiation time (s) for photoinitiated
copolymerization of ethane-1,2-diyl bis(9-methacryloyloxy-10-hydroxy octadecanoate) /
ethane-1,2-diyl 9-hydroxy-10-methacryloyloxy-9’-methacryloyloxy-10’-hydroxy octadecanoate /
ethane-1,2-diyl bis(9-hydroxy-10-methacryloyloxy octadecanoate) (10) and methyl 9-(1H-
imidazol-1-yl)-10-(methacryloyloxy)octadecanoate / methyl 9-(methacryloyloxy)-10-(1H-imidazol-1-
yl)octadecanoate (4) (1:9, mol:mol) containing Irgacure® TPO-L (1 wt % and 3 wt %, respectively)
or Ivocerin® (1 wt %) at 40 °C for 10 min, adapted from [113].
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Figure 22: Conversion as function of irradiation time (s) for photoinitiated copolymerization of the
ethane-1,2-diyl bis(9-methacryloyloxy-10-hydroxy octadecanoate) / ethane-1,2-diyl 9-hydroxy-10-
methacryloyloxy-9’-methacryloyloxy-10’-hydroxy octadecanoate / ethane-1,2-diyl bis(9-hydroxy-10-
methacryloyloxy octadecanoate) (10) and methyl 9-(1H-imidazol-1-yl)-10-
(methacryloyloxy)octadecanoate / methyl 9-(methacryloyloxy)-10-(1H-imidazol-1-yl)octadecanoate
(4) (1:9, mol:mol) containing Irgacure® TPO-L (1 wt % and 3 wt %, respectively) or lvocerin® (1 wt
%) at 40 °C for 10 min, adapted from [113].

Final double bond conversion reaches the higher values (70-78%) by addition of monomer
4 which exhibits quantitative conversion in the homopolymerization experiments (Table
11).
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On the other hand, glass transition temperature of the resulting material did not shift to

higher values after copolymerization of 10 with 4 in consideration of the results obtained
from DSC measurement or analysis of the storage or loss modulus (Table 12). The
presence of long alkyl chain in the monomer 4 structure provides extra flexibility to the
polymer chains and results a low glass transition temperature. To get a deeper insight of
the final material properties, the films were prepared from the homopolymer and
copolymer mixtures and investigated by DSC and DMA techniques. Furthermore, sol gel

analysis of the resulting polymers was done as well.

5.3.3 Crosslinked Films Derived by Photoinitiated Homopolymerization of the
Biobased Dimethacrylate (10) and Copolymerization with Methacrylate 7 and 4,
Respectively

Some results discussed in this subchapter were submitted to publish [113].

The homopolymerizing mixtures of monomer 10, copolymerizing mixtures of 10:7 (mol
ratio= 1:1 and 1:9) and 10:4 (mol ratio= 1:9) were cured on the glass substrate,
respectively, by 395 nm light source. The gel content of the crosslinked polymers was
determined between 86 % and 99 % (Table 12). Lower gel content was calculated for the
copolymers derived from the mixture 10:4 (mol ratio= 1:9) and 10:7 (mol ratio= 1:9) as a
result of a reduction in the mean functionality of the system. Furthermore, glass transition
temperatures for the polymers were analyzed using both techniques, DSC and DMA. It
was possible to remove free-standing films from the glass substrate for all samples except
for co-(10-7) (1:9, mol:mol) containing Ivocerin®. Both techniques confirm that the poly-10,
co-(10-7) obtained from a stoichiometric ratio of the monomers, (Figure S09, S10) and co-
(10-4) derived from monomer 4 excess (Figure S12), possess low glass transition
temperatures when both storage modulus and loss modulus were analyzed to identify the
Tg values (Table 12) for DMA analysis. Monomer 10 has a long alkyl chain substituted by
methacrylate groups. Long aliphatic structure of the material enables the flexible rotation to
the polymer network and causes a low glass transition temperature. On the other hand,
both DSC and DMA techniques indicate that excess amount on monomer 7 in the
copolymerizing mixture leads to a polymer with a higher glass transition value (Figure S11,
Table 12) due to the effect of more rigid aromatic 7 structural segments in co-(10-7)
comprising the methacrylate group directly bound to the phenyl ring. Glass transition
temperatures obtained by DSC technique are lower than those analyzed by DMA due to
the frequency effect [129]. Furthermore, the Tq4 values identified from tan & are between 44

°C and 72 °C (Table 12). Interestingly, while an intense peak of tan & centered at higher
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temperature in case of co-(10-4), an additional broad shoulder was appeared at lower

temperature region (Figure S12). Tan d curve gives the first maximum in transition region,
and second maximum in the rubbery region, then gradually decreases. A shoulder on the
damping curve may be caused by heterogeneous network formation which was previously
reported in the literature [27,130-131]. Broad tan & can be attributed to non-homogeneity
of the crosslinked network [131-132]. In addition, the comparison of the loss modulus
curves of the poly-10, co-(10-7) and co-(10-4) presented in Figure 23 displays that the
graphs maximise in the low temperature region for poly-10, co-(10-4) and co-(10-7) (mol
ratio=1:1). On the other hand, the peak in the loss modulus of co-(10-7) (mol ratio=1:9) is
appeared at higher temperature region. It was found that the incorporation of excess
amount of 7 into the network formation results in observing a shift in Tg towards higher
temperature region. It shows that the presence of aromatic group in the monomer 7

provides the rigidity to the polymer network and results an increase in the glass transition

value.
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Figure 23: Overlay of loss modulus (MPa) as function of temperature (°C) measured by DMA on
homopolymer (poly-10) and copolymer (co-(10-7)) (stiochiometric ratio of the monomers and molar
ratio=1:9) an co-(10-4) (molar ratio=1:9) films, adapted from [113].

Moreover, crosslink density (v) of the networks and molecular weight between two
junctions (Mc) were investigated using the following equations (5.1) and (5.2);
P

_ (5.1)
V= 3RT

_ Pmaterial
M. ==, (52)
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The equation 5.1 was evaluated using rubber elasticity theory where E’ is the storage

modulus in the rubbery plateau, R is the ideal gas constant (8.314 J.mol-'K-1), T is the
absolute temperature in K when the all polymers reach the rubbery plateau. Additionally,

the molecular weight of the segments between two crosslink points was determined using

equation 5.2 where (pmaterial) is the material density. The results calculated were summed

up in Table 13. As expected, homopolymer of 10 has the highest crosslink density as a
result of two polymerizable functional groups in its structure. On the other hand, crosslink
density dramatically decreases for the copolymers resulted by copolymerization with
monomer 7 and 4, respectively, bearing only one methacrylate group. The lowest value is
calculated in case of co-(10-7) prepared from the mixture containing excess amount of
monomer 7. The monomer 7 comprises only one methacrylate group which leads to a
reduction in the average functionality of the polymerizing mixture. Therefore, lower
crosslink density was obtained in the presence of higher concentration of monomer 7 in
the mixture. When the effect of photoinitiator has been considered, the results show that
three times higher concentration of Irgacure® TPO-L or usage of Ivocerin® instead of 1 wt
% Irgacure® TPO-L leads to a higher crosslink density for the resulting material. M. data
calculated exhibit opposite tendency than crosslink density. It may explain higher
conversion values obtained for copolymers because higher Mc value relates to higher
mobility of the segments during chain growth. Poly-10 has the lowest molecular weight
segments and co-(10-7) containing excess amount of 7 has higher M. data which results in
a loosely crosslink network (Table 13). It can be concluded that although polymerization
kinetic is nearly independent on the photoinitiator concentration or type, crosslink density

and M. values are highly dependent on photoinitiotor concentration or type .

Table 12: Glass transition temperatures of the homopolymer (poly-10), and copolymers (co-10-7)
(1:1, mol:mol), co-(10-7) (1:9, mol:mol) and co-(10-4) (1:9, mol:mol) films, adapted from [113].

Polymer Initiator Tg Tg Tg Tg Gel
0
(wte) [()O%C): Storage Loss Tan Co(?/t(;nt
Modulus  Modulus 5 ?
(°C) (°C) (°C)
Poly-10 TPO-L1 % -28 -24 -20 44 97
Poly-10 TPO-L3 % -27 -25 -15 44 99
Poly-10 lvocerin 1 % -30 -29 -17 45 98
Co-(10-7) TPO-L1 % -27 -11 -6 50 98
(1:1,

mol:mol)
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Polymer Initiator Tg Tg Tg Tg Gel
1)
(wt) ?oscc): Storage Loss Tan Co(r:/tc)ant
Modulus  Modulus 5 ¢
(°C) (°C) (°C)

Co-(10-7) TPO-L 3 % -29 -5 7 57 99
(1:1,

mol:mol)

Co-(10-7) Ivocerin 1 % -28 -12 2 50 99
(1:1,

mol:mol)

Co-(10-7) TPO-L1 % 36 7 54 70 91
(1:9,

mol:mol)

Co-(10-7) TPO-L3 % 37 9 52 72 91
(1:9,

mol:mol)

Co-(10-7) Ivocerin 1 % 41 - - - 92
(1:9,

mol:mol)

Co-(10-4) TPO-L1 % -26 -28 -25 3 88
(1.:9, 59

mol:mol)

Co-(10-4) TPO-L3 % -27 -22 -17 8 86
(1.:9, 59

mol:mol)

Co-(10-4) Ivocerin 1 % -33 -26 -19 6 89
(1:9, 57

mol:mol)

*DSC method was set to temperature interval: -120°C to 100°C using heating and cooling rate of 10 K/min
for isolated poly-10.

*DSC method was set to temperature interval: -120°C to 100°C using heating and cooling rate of 10 K/min
for isolated co-(10:7) (mol ratio=1:1).

*DSC method was set to temperature interval: -120°C to 150°C using heating and cooling rate of 10 K/min
for isolated co-(10:7) (mol ratio=1:9).

*DSC method was set to temperature interval: -120°C to 150°C using heating and cooling rate of 10 K/min
for isolated co-(10:4) (mol ratio=1:1).
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Table 13: Density of the crosslinked films, temperature used for calculation of the crosslink density
(Trubbery) using both the real part of the elastic modulus (E’) and density of the films, crosslinks
density, and molecular weight between crosslink points (Mc) for poly-10, co-(10-7) (1:1, mol:mol),
co-(10-7) (1:9, mol:mol) and co-(10-4) (1:9, mol:mol) films, adapted from [113].

Polymer Initiator Density  Trbbery  Crosslink M,
(wt%) (g/cm3) (K) Density (g/mol)
( mol/m3)
Poly-10 TPO-L1% 1.10 362 1202 915
Poly-10 TPO-L 3 % 1.03 363 1865 556
Poly-10 'VOC;”n 1 0.92 363 1520 605
(o]
Co-(10-7) TPO-L 1% 1.19 368 110 10818
(1:1, mol:mol)
Co-(10-7) TPO-L 3 % 0.96 375 316 3127
(1:1, mol:mol)
Co-(10-7) IVOC(?rin 1 1.11 368 290 3447
(1:1, mol:mol) %
Co-(10-7) TPO-L 1% 1.12 383 46 24309
(1:9, mol:mol)
Co-(10-7) TPO-L3 % 1.09 385 88 12386
(1:9, mol:mol)
Co-(10-4) TPO-L 1% 1.17 372 41 28536
(1:9, mol:mol)
Co-(10-4) TPO-L3 % 1.09 372 11 9820
(1:9, mol:mol)
Co-(10-4) Ivocerin 1 1.13 370 117 9658

(o)
(1:9, mol:mol) &

5.4 Photoinitiated Cationic Polymerization of Biobased Epoxides in Comparison
with Commercial Epoxides

Biobased epoxies, functionalized from the vegetable oils with epoxy groups, are also
promising candidates for cationic photoinitiated polymerization. These materials have a
wide application areas such as adhesives, coating or electronic applications. They exhibit
good adhesion to the different surfaces. Epoxy resins generally show low shrinkage and
high strength [133-134]. On the other hand, cationic photoinitiated polymerization has
many advantages compared to the free radical technique such as dark curing, insensitivity
to the atmospheric oxygen. In addition to the systems produced by free radical
mechanism, biobased epoxies (11 and 12) have been photopolymerized via cationic route

and deeply investigated in this part of the thesis.
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Synthesis of biobased 9,10-epoxystearic acid methyl ester (11) and bis-(9,10-epoxystearic

acid) 1,2-ethanediyl ester (12) has been explained and photokinetic study of these
biobased epoxies has been carried out in comparison with commercial epoxies such as
3,4-epoxycyclohexylmethyl-3',4"-epoxycyclohexane carboxylate (13), 1,4-butanediol
diglycidylether (14), and bisphenol-A diglycidylether (15) using bis-(t-butyl)-iodonium-
tetrakis(perfluoro-t-butoxy)aluminate (S2617, Table 2) in the presence of
isopropylthioxanthone (ITX) as sensitizer to initiate cationic polymerization. Additionally,
mechanical properties, wettability of the crosslinked films as well as glass transition
temperature have been investigated. Some results discussed in this subchapter were
published [114].

Table 14: Structure of the monomers used in this section, adapted from [114].

Monomers Chemical Structure No

9,10-Epoxystearic acid 0

methyl ester HiCogy P PO AN Y 1

: S S P U U\
Bis-(9,10-epoxystearic o™

acid) 1,2-ethanediyl ester /\/\/\/\W/\/\/\/\H/O 12
O O
O

3,4-

Epoxycyclohexylmethyl- @)
s A 13

3’,4’-epoxycyclohexane

boxylat

carboxylate 0 0

1,4-Butanediol diglycidyl e O/\/\/Ovﬁo 14

ether

15

%O O\/A
Bisphenol-A- O O

diglycidylether




76

Since two biobased epoxide compounds (11 and 12), that were derived from purified oleic

acid, are much more pure than the substances such as epoxidized vernonia, castor,
linseed or soybean oils, which contain naturally occurring mixture of different compounds,
it is more appropriate and easy to compare them with the commercial epoxides used in
this work regarding to the kinetic study. All compounds have definite structure and high
purity for comparison of the photokinetic study.

Transitions of all epoxide monomers were determined by DSC and data were collected in
Table 15. The crosslinked polymers were isolated by extraction with chloroform for 24 h
and dried under reduced pressure for DSC measurements. While epoxides derived from
oleic acid show only melting during heating scan, all commercial epoxides exhibit glass
transition at low temperature region. Since the biobased difunctional epoxide monomer 12
and aromatic monomer 15 are solid at room temperature, photopolymerization study is
needed to be performed at elevated temperature where both monomers are liquid.
Viscosity of the monomers, that may affect the photopolymerization kinetic during the
application of thin film, was also examined at both 60 °C and 23 °C and data were
collected in Table 15. According to the results, aromatic monomer 15 and cycloaliphatic
monomer 13 exhibit nearly shear rate independent viscosity (Figure S13). In contrast to
monomer 13 and 15, biobased mono- and di-functional epoxides of 11 and 12, as well as
aliphatic monomer 14 have intensely shear rate dependent viscosity (Figure S13). The
region where the viscosity is independent on the shear rate starts at 1.5 s for monomer
11,12 and 14 at 23 °C or 3 s-'for monomer 11 and 12 at 60 °C (Figure S13).

Table 15: Melting temperature (Tm, °C) and glass transition temperature (T4, °C) obtained by DSC
measurements of 9,10-epoxystearic acid methyl ester (11), bis-(9,10-epoxystearic acid) 1,2-
ethanediyl ester (12), 3’,4’-epoxycyclohexylmethyl-3’,4’-epoxycyclohexane carboxylate (13), 1,4-
butanediol diglycidyl ether (14) and bisphenol-A-diglycidylether (15) as well as the mixtures of
12:15 (molar ratio of 12:15 = 1:1, 1:5 and 1:9) and additionally viscosity (n, mPa.s) of the
monomers and monomer mixtures (molar ratio of 12:15 = 1:1, 1:5 and 1:9) at 60 °C at a given
shear rate ('y, 1/s) where the viscosity becomes independent on the shear rate or if the viscosity is
independent on the shear rate at all (*) and viscosity (n, mPa.s) at 23 °C for liquid monomers at
room temperature, adapted from [114].

Monomer n Y n Y Tm (°C) Tq(°C)
(mPa.s) (1/s) (mPa.s) (1/s)
(60°C)  (60°C)  (23°C)  (23°C)

11 6.2 >3 19.1 >1.5 10 and 15 -
12 5.6 >3 solid - 50 and 60 -
13 46.2 * 4251 >1.5 - -57

14 5.9 >1.5 19.3 >1.5 -18 -56



(a4

Monomer n Y n Y Tm (°C) Tq (°C)
(mPa.s) (1/s) (mPa.s) (1/s)
(60°C) (60°C) (23°C) (23°C)

15 229.7 >1.5 solid - 44 -15

12:15 43.5 >1.5 solid - 45 and 56 -23
(Mol ratio=1:1)

12:15 101 >1.5 solid - 41 and 53 -25
(Mol ratio=1:5)

12:15 141.3 >1.5 solid - 39 and 51 -36

(Mol ratio=1:9)

*The method was set to a temperature interval: from -40°C to 90°C using heating and cooling rates of 5 K/
min for 11 and 12. A temperature interval: from -78 °C to 60 °C using heating and cooling rates of 5 K/min
was set for 13, 14 and a temperature interval: from -78 °C to 70 °C using heating and cooling rates of 5 K/
min was used for 15.

5.4.1 Photoinitiated Polymerization of 9,10-Epoxy Stearates 11 and 12 in

Comparison with the Commercial Cycloaliphatic Diepoxide 13 and Aliphatic
Diepoxide 14

Photoinitiated polymerization was carried out at both light intensities of 100 mW.cm-2 and
180 mW.cm-=2, Since higher light intensity results a higher maximum polymerization rate
and conversion values, 180 mW.cm-2was chosen for comparison study of the epoxides.
Photopolymerizing mixture prepared from epoxide 14 exhibits the highest reactivity for
both light intensities. Furthermore, the system derived from cycloaliphatic epoxide 13
shows lower reactivity than epoxy stearates 11 and 12 after 20 min irradiation, Table 16,
Figure 24. Higher viscosity of monomer 13 in comparison with the aliphatic epoxides may
limit the final epoxy group conversion. The mobility of the growing chains is restricted, and
the diffusion process is limited due to the higher viscosity of 13. Moreover, the
epoxycyclohexane groups in monomer 13 show less flexibility than the epoxy functional
groups directly bound to the alkylene moiety. Less flexible nature of epoxycyclohexane
structures could be an another possible explanation for less reactivity of 13. It was
previously reported in the literature that lower reactivity of 13 was associated with the
cycloaliphatic structure [135]. On the other hand, biobased monomer 11 containing only
one functional group exhibits 78 % final conversion after 20 min irradition at 180 mW.cm-2
which is higher than that of the other formulations, Table 16, Figure 25. While the
difunctional epoxide systems form a network structure, monofunctional monomer 11
produces a linear polymer, which may be a reason of higher final conversion. Epoxy group
conversion of biobased monomer 12 or commercial monomer 14 reaches over 60 %. Final

epoxy group conversion of the monomers increases in the order 13<12<14.
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Figure 24: Polymerization rate (R, (s')) as function of irradiation time (s) for photoinitiated
polymerization of 9,10-epoxystearic acid methyl ester (11), bis-(9,10-epoxystearic acid) 1,2-

ethanediyl ester (12), 3',4’-epoxycyclohexylmethyl-3’,4’-epoxycyclohexane carboxylate (13) and
1,4-butanediol diglycidyl ether (14) containing ITX and S2617 by constant radiation power of 180

mW.cm-2 for 20 min irradiation at 60 °C, adapted from [114].
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Figure 25: Conversion as function of irradiation time (s) for photoinitiated polymerization of 9,10-
epoxystearic acid methyl ester (11), bis-(9,10-epoxystearic acid) 1,2-ethanediyl ester (12), 3',4’-
epoxycyclohexylmethyl_3’,4’-epoxycyclohexane carboxylate (13) and 1,4-butanediol diglycidyl ether
(14) containing ITX and S2617 by constant radiation power of 180 mW.cm-2 for 20 min irradiation

at 60 °C, adapted from [114].
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Table 16: Maximum of the polymerization rate (Rpmax), time (tyax) to obtain the maximum of the
polymerization rate, and final conversion for photoinitiated polymerization of 9,10-epoxystearic acid
methyl ester (11), bis-(9,10-epoxystearic acid) 1,2-ethanediyl ester (12), and 3’,4’-
epoxycyclohexylmethyl_3’,4’-epoxycyclohexane carboxylate (13) and 1,4-butanediol diglycidyl ether
(14) using ITX and S2617 and 20 min irradiation time at 60°C, adapted from [114].

Monomer Intensity Rpmax (s-1) tmax (S) Final
(mW.cm-2) Conversion
(%)
11 180 0,011 24 78
12 180 0,006 28 64
13 180 0,004 23 41
14 180 0,024 22 69
11 100 0,008 33 62
12 100 0,002 53 38
13 100 0,002 30 37
14 100 0,019 17 61

DSC measurements of the isolated polymers were performed and data were summarized
in Table 17. Low glass transition temperature of the homopolymers made from 11, 12 and
14 can be explained with the aliphatic chain present in their structure, which provides
higher flexibility and the mobility to the network [136]. Contrarily, poly-13 has a glass
transition temperature of 55 °C which is almost the same as the polymerization
temperature. It might be an another reason for limited conversion of monomer 13 (Table
17, Figure 25).

The monomer 11 bearing only one functional group forms a viscous liquid polymer after
photopolymerization reaction. Formation of the viscous polymer with low molecular weight
after direct cationic or free radical polymerization of the vegetable oils was already
reported in literature [137,138]. GPC analysis of the linear polymer made by cationic
photopolymerization of 11 demonstrates that the number average molecular weight (M) is
quite low which is 2.047 g.mol-! (Figure S15). The low molecular weight of poly-11

indicates oligomer structure with a dispersity of 2.1.
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Table 17: Glass transition temperature (Tg, °C) and gel content of the polymers derived from 9,10-
epoxystearic acid methyl ester (11), 9,10-epoxystearic acid 1,2-ethane diyl ester (12), and 3',4’-
epoxycyclohexylmethyl-3’,4’-epoxycyclohexane carboxylate (13), 1,4-butanediol diglycidyl ether
(14) and bisphenol-A-diglycidylether (15), adapted from [114].

Polymer Tg(°C) Gel Content
11 -38 -
12 -22 92
13 55 89
14 -12 95
15 70 99

*A temperature interval: from -120°C to 100°C using heating and cooling rate of 10 K/min was selected for
the poly-11, poly-12 and poly-14. Furthermore, a temperature interval: from -75°C to 200°C using heating
and cooling rate of 10 K/min was chosen for the poly-13. The method was set to a temperature interval
from -75°C to 150°C using heating and cooling rate of 10 K/min for the poly- 15.

*The poly-11 is not crosslinked polymer.

Gel content of the crosslinked films made of 12, 13 and 14 was analyzed (Table 17). While
the crosslinked polymers of 12 and 14 give over 90 % gel content, the polymer derived
from 13 shows 89 % gel content.

Additionally, dynamic mechanical analysis was performed to analyze mechanical
properties of the poly-13 over a wide temperature range. It was possible to remove the film
of 13 from the glass substrate for DMA analysis because of higher glass transition
temperature. Two maximums were appeared on the loss modulus versus temperature
graph of poly-13 as shown in Figure S16, Table 19, which can be attributed to the non-
homogeneous network structure comprising two phases. High amount of unreacted
monomer 13 due to the limited conversion around 41 % may cause the occurrence of the
first maximum at low temperature region of the loss modulus curve (Figure S16) because
glass transition temperature of the epoxide 13 was previously reported as -60 °C [139] and
also determined as -57 °C by DSC measurement as summarized in Table 15. Moreover,
the second maxima appeared at the higher temperature region of the loss modulus (150
°C) can be associated with polymer network produced from monomer 13 which
corresponds to 89 % of the film obtained by the sol gel analysis. Tan & versus temperature
graph exhibits one broad peak at low temperature range (-50 °C and -60 °C) and one

narrow peak at 162 °C which also corresponds the result obtained from the loss modulus.
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5.4.2 Photoinitiated Copolymerization of Bis-(9,10-epoxystearic acid) 1,2-Ethanediyl
Ester (12) with Bisphenol-A-diglycidylether (15)

Aromatic diglycidyl ether (15) is a good candidate to enhance the thermo-mechanical

properties of the resulting material. As already disclosed in literature, incorporation of
aromatic 15 into the polymeric network provides better thermal and mechanical properties
[118, 140-143]. In literature, the mixture of monomer 15 and epoxidized vegetable oil is
generally cured thermally with anhydride [140-141,143-144] or amine [142,145] and
resulting material shows improved hardness. In this study, aromatic diglycidyl ether 15 is
preferred as a comonomer to increase the Tq4 of crosslinked polymer made from biobased
diepoxide 12. For this reason, concentration of aromatic 15 in the polymerizing mixture
was diversified (1:1, 1:5 and 1:9, mol:mol) to get a deeper information about the effect of
15 on both final material properties such as contact angle, thermal or mechanical
behaviour and polymerization kinetic.

Analysis of polymerization kinetic demonstrates that presence of equal or higher amount of
monomer 15 in the formulation causes a greater reactivity, which leads to higher Rpmax
values as well as faster polymerization compared to the homopolymerization of biobased
12 (Figure 26). Although, the monomer 15 is highly reactive, it has a limited final
conversion of 51 %. Vitrification at low irradiation period might be a reason for the limited
final conversion of 15 in comparison with copolymerization reactions. As depicted in Table
15, pure monomer 15 has significantly higher viscosity at 60 °C which causes a decrease
in diffusion process (Figure S14). Addition of biobased monomer 12 to the copolymerizing
mixture results in an increase in the final conversion, especially in case of 1:5 and 1:9
mol:mol formulations (Figure 27). Incorporation of monomer 12 into the copolymerizing
samples presents a higher mobility due to the more flexible structure which leads to the
higher conversion values. It also causes a variation on the glass transition temperature of
the resulting materials.

The DSC analysis shows that addition of aromatic monomer 15 to the copolymerizing
mixtures generates crosslinked polymers with significantly higher glass transition
temperature. It can be clearly concluded that, Ty values of the copolymers rise up as a
result of an increase in monomer 15 concentration in the mixture. The material derived
from the mixture containing the highest amount on monomer 15 (mol ratio=1:9) exhibits
the greatest Ty value (68 °C) in all copolymer systems, which is slightly lower than Tg of
poly-15 (70 °C) and significantly higher than T4 of poly-12 (-22 °C). While a stable film of
poly-12 was not possible to obtain for DMA analysis, copolymers of 12:15 were removed

easily from the glass substrate for further analysis by DMA. In principal, Tg values differ
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depending on the method used for identification [146]. Higher glass transition value

analyzed by DMA may be attributed to the frequency effect, which was previously

discussed in the literature [129]. All data were summarized in Table 19.

The tan 6 versus temperature graph of poly-15 exhibits a g relaxation at low temperature

region and then, it maximises at higher temperature which is the indication for T4 of the

material (Figure S17). A p relaxation is also detected on the DMA analysis of the

copolymers made from the mixture of two monomers 12:15 with 1:1, 1:5 and 1:9 mol:mol

(Figure S18, S19, S20). A g relaxation was already reported for the epoxy network systems

in the literature [146-147]. When the interaction of poly-(ethyleneimide) with epoxy resin of

aromatic 15 was studied, a g relaxation was also discussed for polyethyleneimine

crosslinked diglycidyl ether of bisphenol-A [149]. Even if the relaxation peak has the low
intensity in comparison with the peak identifying the Ty, it has been detected for the cross-
linked poly-15 as well as copolymers of 12:15. Furthermore, onset and endset points on
the storage modulus have been specified and temperature difference (AT) has been
evaluated from these values. The greater temperature difference from endset and onset
point of the storage modulus (AT) was calculated for copolymers of 12:15 compared to
poly-12 indicating non-homogeneous network formation originated by the difference in
monomer structures. Although both techniques give different T4 values, it can be clearly
seen in Table 19 that glass transition region shifts to higher temperatures as a result of
higher distribution of aromatic 15 in the network structure. As we expected, low glass
transition value of poly-12 increases due to the presence of the aromatic groups in the
chain segments by copolymerization with 15 because bulky groups present in polymer
chain restrict the flexibility of the segments and increase the chain stiffness in contrast the
effect of long alkyl chain. Gel content analysis of the polymer networks shows high gel
content values which are over 95 % (Table 19). The lowest gel content was calculated for

poly-13 which can be related with the limited final conversion.
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Table 18: Maximum of the polymerization rate (Rpm2x), time (tmax) to obtain the maximum of the
polymerization rate, and final conversion for photoinitiated polymerization of 15, 12:15 (1:1,
mol:mol), 12:15 (1:5, mol:mol) and 12:15 (1:9, mol:mol) using ITX and aluminate and 20 min

irradiation time at 60 °C, adapted from [114].

Monomer 12 Monomer 15 Rpmax (s-1) tmax (S)
(mol) (mol)
- 1 0,033 7,0
1 1 0,012 8,4
1 5 0,017 8,0
1 9 0,019 7,8
-3 _| -— 15
oo 12:15 1:1 mol:mol
25 == 12:15 1:5 mol:mol
12:15 1:9 mol:mol
TA 20 -
\Z/_ 15
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Figure 26: Polymerization rate (Rp (s')) as function of irradiation time (s) for photoinitiated
polymerization of 15, 12:15 (1:1, mol:mol), 12:15 (1:5, mol:mol) and 12:15 (1:9, mol:mol) containing
ITX and S2617 by constant radiation power of 180 mW.cm-=2 for 20 min irradiation at 60 °C,

adapted from [114].
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Figure 27: Conversion as function of irradiation time (s) for photoinitiated polymerization of 15,
12:15 (1:1, mol:mol), 12:15 (1:5, mol:mol) and 12:15 (1:9, mol:mol) containing ITX and S2617 by
constant radiation power of 180 mW.cm-2 for 20 min irradiation at 60 °C, adapted from [114].
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Table 19: Glass transition temperature and secondary relaxation* (e. g. g relaxation) of the isolated

polymers made of the samples of 15, 12:15 (1:1, mol:mol), 12:15 (1:5, mol:mol) and 12:15 (1:9,
mol:mol) containing ITX and S2617. *secondary relaxation in the tan & curve and loss modulus

curve, respectively may be attributed to non-reacted monomer (in case of poly-13) or g relaxation
(in case of poly-15 and poly-(12-15)), adapted from [114].

Polymer Tgq Tg Tg Tg Tg AT Gel
bSC E’ E’ Loss Tan & (K) Cont
(°C) (Onset) (Endset Modulus (°C) ent
(°C) Point) (°C) (%)
(°C)
Poly-15 70 163 (Tg) 187 (Tg) 164 (Tg) 185 (Tg) 24 99
-84 (B -30 (B -68 (p -58 (p

relaxation) relaxation) relaxation) relaxation)

Co- 68 75 (Ty) 148 (Tyg) 127 (Tg) 140 (Tg) 73 99
(12-15) -87 (B -29 (p -91 (p -80 (p
1:9 relaxation) relaxation) relaxation) relaxation)
mol:mol
Co- 31 40 (Tg) 124 (Tyg) 105 (Tyg) 119 (Tyg) 84 98
(12-15) -86 (p -33 (B -71 (p -53 (p
1:5 relaxation) relaxation) relaxation) relaxation)
mol:mol
Co- 11 14 (Tg) 55 (Tg) 39 (Tyg) 55 (Tg) 41 97
(12-15)
1:1
mol:mol
Poly-12  -22 n. d. n. d. n. d. n. d. n.d. 92
Poly-13 55 133 (Tg) 166 (Tg) 150 (Ty) 161 (Tg) 33 89
-100 (p -28 (p -65 (p -55 (p
relaxation relaxation relaxation relaxation
or or or or

remaining remaining remaining remaining
monomer) monomer) monomer) monomer)

*AT=from endset and onset point

Moreover, crosslink density (v) and molecular weight between two junctions (Mc) of the

polymer networks were investigated using the equations (5.1) and (5.2);
The data depicted in Table 20 demonstrate that co-(12-15) derived from the mixture of 1:5
mol:mol ratio has the highest crosslink density of 2976 mol/m3 followed by poly-15 with

2327 mol/m3 crosslink density. The crosslink density of the polymer prepared from
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aromatic 15 and triethylenetetramine was previously reported as 2320 mol/m3 which is

similar the value obtained for poly-15 in this study [142]. Crosslink density for the polymer
network manufactured from aromatic 15 and triethylenetetramine reduced as a result of
incorporation of epoxidized soybean oil into the network system [142].

The evaluation of Mc data (Table 20) discloses that molecular weight of the segment
between two crosslink points is greater than the molecular weight of the one monomer
segment meaning occurrence of the chain extension reaction by ring opening
polymerization in addition to the crosslinking reaction for both poly-15 and co-(12-15) with
highest crosslink density. The network of co-(12-15) formed as a result of curing the
mixture of 1:5 mol:mol exhibits nearly ideal polymer network due to the quite similar value
to the theoretically calculated Mc value of 387 g/mol. On the other hand, calculation of the
greatest Mc data for the poly-13 network obtained from the lowest molecular weight

monomer may imply that the monomer 13 with bulky substituents may lead to a greater

degree of chain extension comparative to the crosslink reaction.

Table 20: Crosslink density of the isolated polymers made from 15,13, and 12:15 mixtures (molar
ratio 12:15 = 1:1; 1:5; 1:9), respectively using ITX and S2617 for photoinitiated polymerization,
adapted from [114].

Polymer Monomer T (°C) E'rubbery Density Crosslink M,
Ratio applied for plateau (g/cm?)  Density (g/mol)
12:15 Erubbery (MPa) ( mol/m3)
mO|:m0| plateau
Poly-15  homopolymer 230 29.19 1.167 2327 501
Co-(12-15) 1:9 200 11.83 1.103 1003 1100
Co-(12-15) 1:5 180 33.63 1.036 2976 348
Co-(12-15) 1:1 120 13.68 1.096 1396 785
Poly-13 homopolymer 210 6.56 1.168 545 2144

5.5 Surface-Wetting Characterization for Crosslinked Polymers by Contact Angle
Measurement

The surface properties can be varied in regard to monomer structure. Contact angle
measurement is a versatile and useful technique for surface characterization. Sessile drop
method, which is widely preferred and simple, was used for the contact angle
measurements. It is an efficient tool to determine the hydrophobic/ hydrophilic or wetting
character of the surfaces which is a crucial parameter especially for production of water

resistance or corrosion resistance surface in coating application. Wetting study of the
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surfaces derived from difunctional monomer 10 or 12 was performed by dropping of the

solvents with different polarity such as distilled water, ethylene glycol, toluene and
diiodomethane and data were collected in Table 21. However, it was not possible to obtain

a droplet in case of toluene for the films derived from methacrylates.

Table 21: Contact angles for distilled water, ethylene glycol and diiodomethane measured on the
crosslinked films of poly-10, co-(10-7) (1:1, mol:mol), co-(10-7) (1:9, mol:mol), co-(10-4) (1:9,
mol:mol), poly-12, poly-13, poly-14, poly-15, co-(12-15) (1:1, mol:mol), co-(12-15) (1:5, mol:mol)
and co-(12-15) (1:9, mol:mol) made by photoinitiated polymerization. Toluene is also used as an
additional solvent for the films modified from epoxies(12,13,14,15), adapted from [113, 114].

Polymer Initiator Distilled Ethylene Diiodomethane Toluene
Water Glycol
Poly-10 TPO-L 84.3°+0.5 62.0°+0.1 56.2°+2.0
1%
Poly-10 TPO-L 84.5°+0.5 63.0°£0.1 52.6°+0.4
3 %
Poly-10 Ivocerin 85.1°10.2 64.0°+0.1 49.6°4+0.2
1%
Co-(10-7) TPO-L 81.2°+0.5 56.2°+1.0 45.4°+0.2
(1:1, 1%
mol:mol)
Co-(10-7) TPO-L 81.9°+0.3 56.9°+0.6 44.5°+0.8
(1:1, 3 %
mol:mol)
Co-(10-7) Ivocerin 83.9°+0.6 58.9°+0.4 46.1°+0.9
(1:1, 1%
mol:mol)
Co-(10-7) TPO-L 76.3°+0.1 51.4°+0.3 38.3°+0.1
(1:9, 1%
mol:mol)
Co-(10-7) TPO-L 75.5°+0.4 51.0°£0.2 38.9°10.3
(1:9, 3 %
mol:mol)
Co-(10-7) Ivocerin  76.1°t0.2  54.8°+0.3 43.3°+0.6
(1:9, 1%
mol:mol)
Co-(10-4) TPO-L  88.2°:0.1  68.7°:0.4 55.7°+0.3
(1:9, 1%
mol:mol)
Co-(10-4) TPO-L 87.8°10.1 68.6°+0.2 54.8°+0.4
(1:9, 3%

mol:mol)
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Polymer Initiator Distilled Ethylene Diiodomethane Toluene
Water Glycol

Co-(10-4) Ivocerin  88.5°:0.3  67.1°40.2 49.6°+1.0 -
(1:9, 1%

mol:mol)

Poly-12  S2617 97.9°+1.5  74.1°:0.6 68.0°+1.0 15.9°+0.7

Poly-13  S2617 84.0°41.0  25.6°t0.5 44.0°+1.2 8.9°+1.5

Poly-14  S2617 71.5°40.2  66.9°:0.3 55.1°+0.8 11.2°%1.1

Poly-15  S2617 84.4° 52.3°+0.1 59.0°+0.6 18.2°+0.5

Co-(12-15) S2617 88.7°t0.2  55.4°:0.6 65.6°+0.4 12.6°0.4
(1:1,

mol:mol)

Co-(12-15) S2617 87°+0.3  55.1°+0.4 57.5°+0.1 9.6°+0.3
(1:5,

mol:mol)

Co-(12-15) S2617 86.5°+0.5  53.0°+0.4 59.0°+0.3 9.8°+0.3
(1:9,

mol:mol)

The linear homopolymer of monomer 11 can not be involved in comparison study because
it is well soluble in organic solvents such as chloroform or tetrahydrofuran and solid
surface can not be obtained after curing process. When distilled water was used as a
solvent for the measurements, all films give higher CA values. Contact angle higher than
90° usually implies that wetting of the surface is unfavourable. It is expected to collect high
CA values because of the distribution of the long alkyl chain in the network structure. The
surface derived from biobased epoxide 12 gives the highest CA value with water and
exhibits hydrophobic character (>90°) which is important for coating applications (Table
21). On the other hand, CA values of the water droplet on the film of poly-13 and poly-14
were determined 84.0° and 71.5°. Slightly higher CA of the poly-13 surface may be
associated with greater hydrophobic character of poly-13 due to the higher content on
aliphatic parts. Contact angle values decrease for ethylene glycol, diiodomethane and
toluene in comparison with distilled water. It demonstrates that organic solvents spread
over a larger area on the surfaces in comparison with water and it is crucial for coating
application. On the other hand, the values significantly differ for poly-12, poly-13 and
poly-14. The films of epoxies show the lowest CA values in case of toluene. Distilled water
gives the highest CA values for co-(12-15) as observed for homopolymers. The results of

contact angle measurements for distilled water and ethylene glycol show a slight increase
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in case of co-(12-15) in comparison with poly-15 because of the influence of long aliphatic

chain presented by 12.

Moreover, contact angle obtained from the droplet of the different solvents on the coated
surfaces made from methacrylates increases in the order diiodomethane<ethylene
glycol<distilled water. It can be clearly seen that copolymers of 10 and 7 exhibit lower
contact angle and hence more hydrophilic character than poly-10 due to the less apolar
character of 7. With an excess amount of 7, the surfaces of co-(10-7) become more
hydrophilic. In contrast to this, incorporation of excess amount on 4 into the copolymer
network causes an increase in contact angle and hence makes the surface more
hydrophobic in comparison with poly-10 surface. It is found that the CA is around 88° for
co-(10-4) indicating the slight hydrophilicity of co-(10-4).

Surface free energy of the films were evaluated by using the solvents with different

polarity. The equation (5.3) was used for calculation as defined in the literature [150,151].

P
%1 .(1+c059)=ﬁ.j2—2+ J:sd (5.3)
2.\/% !

In addition to the surface free energy (os), dispersion (os4) and polar component of the
surface free energy of epoxy films (osP) were calculated by using the surface tension
components of the test solvents used in this study. (Water (surface tension o1 = 72.8 mN/
m, dispersion part ¢ = 21.8 mN/m and polar part o = 51.0 mN/m), diiodomethane
(surface tension o1 = 50.8 mN/m, dispersion part ¢14 = 50.8 mN/m and polar part o = 0.0
mN/m), ethylene glycole (surface tension o1 = 47.7 mN/m, dispersion part 614 = 30.9 mN/m
and polar part o = 16.8 mN/m), and toluene (surface tension o1 = 28.4 mN/m, dispersion
part o9 = 26.1 mN/m and polar part o = 2.3 mN/m) [149,150]. The data determined were

collected in Table 22.
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Table 22: Surface free energy (os ), polar (csP) and dispersion (cs9) components of the surface free
energy for the films of poly-10, co-(10-7) (1:1, mol:mol), co-(10-7) (1:9, mol:mol), co-(10-4) (1:9,
mol:mol), poly-12, poly-13, poly-14, poly-15, co-(12-15) (1:1, mol:mol), co-(12-15) (1:5, mol:mol)
and co-(12-15) (1:9, mol:mol) made by photoinitiated polymerization, adapted from [113, 114].

Film Initiator os(mN/m) o (mNim) o9 (mN/m)
Poly-10 TPO-L1 % 31.6 4.8 26.9
Poly-10 TPO-L3 % 32.0 4.8 27.2
Poly-10 Ivocerin 1 % 32.2 4.7 27.5

Co-(10-7) TPO-L1 % 36.2 5.1 31.1
(1:1, mol:mol)
Co-(10-7) TPO-L3 % 36.0 4.9 31.2
(1:1, mol:mol)
Co-(10-7) Ilvocerin 1 % 34.8 4.4 30.4
(1:1, mol:mol)
Co-(10-7) TPO-L1 % 41.9 6.9 34.9
(1:9, mol:mol)
Co-(10-7) TPO-L 3 % 39.9 6.7 33.2
(1:9, mol:mol)
Co-(10-7) Ilvocerin 1 % 38.0 7.0 31.0
(1:9, mol:mol)
Co-(10-4) TPO-L1 % 29.0 4.3 24.7
(1:9, mol:mol)
Co-(10-4) TPO-L 3 % 29.4 4.4 24.9
(1:9, mol:mol)
Co-(10-4) lvocerin 1 % 30.1 4.2 26.0
(1:9, mol:mol)
Poly-12 S2617 25.4 1.3 24.2
Poly-13 S2617 38.0 3.9 34.2
Poly-14 S2617 33.2 10.1 23.1
Poly-15 S2617 31.4 4.9 26.5
Co(12-15) S2617 31.4 4.0 27.4
(1:9, mol:mol)
Co(12-15) S2617 31.4 3.6 27.7
(1:5, mol:mol)
Co(12-15) S2617 29.3 3.9 25.5

(1:1, mol:mol)

Similar results previously reported for other crosslinked epoxides in the literature [152,153]

agree that networks of aliphatic epoxies have a small distribution of the polar component
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(osP) to the surface free energy (os). The film with the lowest surface free energy and polar

part of the surface free energy was derived from biobased monomer 12. It is a result of
the main distribution of long alkyl chain substituted by two functional groups into the
polymer network. The result shows that the surface produced from biobased difunctional
epoxide (12) may have a potential for water-resistance or anti-corrosion coating
application but low glass transition temperature of poly-12 is not preferred for coating
industry. For this reason, biobased monomer 12 has been copolymerized with bisphenol-
A-diglycidylether (15).

According to the surface free energy data summed up in Table 22, surface free energy

(os ) and contribution of the polar components of the surface free energy (osP) are lower in

case of poly-10 and co-(10-4) in comparison with the films derived from the mixture of 10:7
due to the dominant apolar structural elements existing on the coated surfaces. On the

other hand, involvement of excess amount on comonomer 7 with more polar structure

compared to the comonomer 4 results an increase in both surface free energy (os ) and

polar components of the surface free energy (osP), as expected. Despite distribution of the

comonomer 7 on the surfaces after photoinitiated copolymerization with 10 leads to lower
contact angle values and higher surface free energy, the glass transition values
successfully shifted to the higher temperature region. The experiments performed for
modification of the polymer network show that the final material properties can be easily
diversified by variation on the monomer structures.

According to the contact angle measurements and surface free energy calculations, the
poly-12 exhibits hydrophobic surface reflecting poor wetting and low surface free energy.
On the other hand, lower contact angle in case of poly-10 indicates a more hydrophilic
surface and higher surface energy than poly-12 because the distribution of polar hydroxyl
groups on the surface causes a droplet with a smaller contact angle and better wetting.

In all cases, the droplet of water gives the highest contact angle in comparison with the CA
values obtained from other solvents. It can be said that organic solvents have a tendency

to spread better on the surfaces which is crucial for film preparation.
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6.Conclusion

Photo-curing has become a well established technology in the field of coating applications.
This process presents many advantages over thermal polymerization such as fast curing,
low energy consumption, VOC free formulations and mild reaction conditions which suit
some basis requirements of the green chemistry. Interest in photochemical processes has
growth rapidly in the field of synthetic polymer chemistry. It offers an alternative to design
of tailor-made polymers. Free radical polymerization is widely used in the industrial
application of photochemical strategies such as thin film application, stereolithography,
dental fillings, adhesives, nanocomposites or polymer gels. Utilization of typical free radical
polymerization mechanism in UV-radiation technology involves the combination of the
mono- or multi-functional (meth)acrylates and suitable photoinitiator for light source. The
wide choice of the monomer options with the high reactivity makes the radical mechanism
preferred for UV-radiation technology in industrial applications. The (meth)acrylate-based
polymer networks obtained by UV-curing exhibit special chemical and mechanical
properties which makes them commercially favoured. On the other hand, cationic
photopolymerization process has remarkable benefits compared to the typical free radical
polymerization technique. One main advantage is that carbo-cationic chain is not inhibited
by atmospheric oxygen and the growing chain exhibits stability during the polymerization.
Therefore, inert atmosphere is not needed during the irradiation process. The other unique
phenomenon is that the active acidic species generated from initiator have a relatively long
life-time. This feature as known as dark curing means that cationic polymerization may
proceed after the irradiation is stopped. Both techniques have their unique advantages. In
principal, photoinitiated processes offer environmental friendly reaction conditions which
makes it desirable for wide range of applications. Additionally, it is fast and preferable way
to design of polymers in regards of modification on the structure and variation on the
material properties.

In principal, the photopolymerization requires well defined reaction conditions. In addition
to the photoinitiating system and monomer, light source is the another requirement which
needs to be well matched with the nature of the initiator. UV-light is commonly employed in
the curing processes. It has been characterized by the benefits of relatively
monochromatic light option, non-ozone release, compact size and long-life time. In this
work, highly reactive Type | photoinitiators of Ivocerin® from acyl germane derivative and
Irgacure® TPO-L from phosphine oxide family have been used for free radical

polymerization processes. For cationic photoinitiated polymerization, PIS has been
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employed where formation of initiating radicals or cations occurs upon an electron transfer

between excited sensitizer and initiator. For this system, newly developed aluminate
(S2617) has been combined with a sensitizer (ITX) which facilitates to eliminate harmful
effect of hexafluorophosphates.

Another crucial component for the efficiency of photopolymerizing system is monomer to
combine with defined reaction conditions in terms of PIS and light source. Even if the wide
range of commercially monomers are available, derivation of the biobased polymerizable
structure is quite important for phoinitiated processes known as environmental friendly.
Although the technique suits requirements of the green chemistry with solvent-free
formulation, low energy consumption and mild reaction conditions, usage of renewable
materials for sample preparation allows the system to be more nature friendly. For this
purpose, vegetable oils are good candidates to synthesize biobased monomers for
polymerizable formulations. However, naturally occurring double bonds in their structure
are not adequately reactive. Therefore, modification of the available functional groups in
the vegetable oils gives an opportunity to synthesize biobased monomers for possible
polymerization processes. Furthermore, structural functionality can also be governed by
modification steps which has an impact on both reactivity of the system and final material
properties. For this purpose, oleic acid was used as a sustainable starting material for
synthesis of monomers with different functional groups.

Firstly, (meth)acrylates (2,3 and 4) consisting of two isomers, methyl 9-
((meth)acryloyloxy)-10-hydroxyoctadecanoate / methyl 9-hydroxy-10-
((meth)acryloyloxy)octadecanoate (2 and 3) and methyl 9-(1H-imidazol-1-yl)-10-
(methacryloyloxy)octadecanoate / methyl 9-(methacryloyloxy)-10-(1H-imidazol-1-
yl)octadecanoate (4) were derived from the oleic acid mix containing additionally low
concentration of higher unsaturated fatty acids. Moreover, N-octyl-N’-vinyl-imidazolium
bis(trifluoromethylsulfonyl)imide and N-decyl-N’-vinylimidazolium (1a and 1b) were
synthesized because ILs were considered to be suitable for the comparison study with the
biobased monomers (2,3 and 4) due to the presence of long alkyl chain in their structure.
Additionally, both monomer types have green approach because (meth)acrylated fatty acid
methyl esters (2,3 and 4) were modified from vegetable oil, and ILs (1a and 1b) have non-
volatile character. Furthermore, traditional monomers 1,6-hexanediol di(meth)acrylate (5,
6) were also included in the photokinetic investigation and the photopolymerization was
carried out in the presence of (1 wt % or % 3 wt %) Irgacure® TPO-L and (1 wt %)
Ivocerin®, respectively. Maximum polymerization rate of the systems slightly differs

depending on the photoinitiator type, Irgacure® TPO-L or Ivocerin®. The formulation
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containing 1 wt % Ivocerin® has slightly higher efficiency in comparison with the same

amount of Irgacure® TPO-L for many systems. Another point leading to a positive effect on
the polymerization process, is an increase in the Irgacure® TPO-L concentration. On the
other hand, the results obtained from the kinetic study display that ionic liquid monomers
(1a, 1b) and biobased methacrylate 4 have full double bond conversion after 10 min
irradiation in case of Irgacure® TPO-L or Ivocerin®. Quantitative conversion makes them
potential alternatives for coating applications. Another result that needs to be highlighted is
that the systems of the biobased monomers and ILs generate heat in longer irradiation
period. However, heat release during the polymerization processes of the commercial
monomers occurs in a shorter time. Transportation of heat in a longer curing time may
make the biobased (meth)acrylates (2, 3, 4) and ionic liquid monomers (1a, 1b) preferable
for photopolymerizing systems instead of the commercial monomers (5, 6). Higher amount
of heat release during polymerization can be conducted to the crosslinking in case of
monomers 5 and 6. The results show that photoinitiator type or concentration is not only
parameter that differs the photopolymerization kinetic, but also monomer structure has a
significant impact on the efficiency of the system.

The photocurable monomers, derived from fatty acids having a long alkyl chain, are
promising candidates for photopolymerization processes. They have a green approach as
well as high conversion degree. However, the materials obtained from these monomers
generally show low Ty values due to the flexible nature of the structure. Therefore, 4-(4-
methacryloyloxyphenyl)-butan-2-one (7) was synthesized because it was supposed to
bring rigidity to the polymer thanks to the aromatic ring in the structure. Photokinetic
investigation of newly developed monomer 7 in comparison with traditional monomers, 2-
phenoxyethyl methacrylate (8) and phenyl methacrylate (9), shows that the combination of
high reactivity with quantitative conversion in case of monomer 7 makes it a promising
candidate for replacement with the traditional monomers of 8 and 9. Due to the soluble
nature of the photopolymers, it was possible to make a deeper investigation about the
chemical reactivity and comparison study for the photopolymers. According to the GPC
result, the photopolymer of 7 has a high molecular weight and an additional second
fraction with the higher molecular weight is appeared on the chromatogram when
polymerization is carried out at 85 °C. It is associated with the additional thermal process
during photopolymerization at 85 °C. Moreover, DSC analysis shows that
poly(methacrylate) with higher glass transition temperature of 65 °C was successfully
obtained. Although monomers 7, 8 and 9 have similarities in their structures, they show

significantly different efficiency during the photopolymerization which may be attributed to
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the position of the substituents at the phenyl ring. The experiments prove that monomer

structure plays a key role on the polymerization kinetic.

In addition to the linear systems derived from biobased monomers, ILs or commercial
monomers, designing crosslinked polymers and investigation of the material properties are
other topics discussed in this thesis. Therefore, new biobased monomers, ethane-1,2-diyl
bis(9-methacryloyloxy-10-hydroxy octadecanoate) / ethane-1,2-diyl 9-hydroxy-10-
methacryloyloxy-9’-methacryloyloxy10’-hydroxy octadecanoate / ethane-1,2-diyl bis(9-
hydroxy-10-methacryloyloxy octadecanoate) (10) and bis-(9,10-epoxystearic acid) 1,2-
ethanediyl ester (12) were synthesized by functionalization of the carboxylic acid and the
internal double bond, respectively, found in purified oleic acid.

Photokinetic investigation of biobased monomer 10 and the mixtures of 10 and 7 as well
as 10 and 4 shows that it is possible to generate a network in a short irradiation time. It
can be concluded that not only final conversion but also rate of polymerization increased
by incorporation of comonomer 7 into the photopolymerization mixture of monomer 10
because monomer 7 has quantitative conversion in homopolymerization experiments. Both
techniques, DSC and DMA, demonstrate that low glass transition temperature of the
poly-10 successfully increased by copolymerization with excess amount on monomer 7
because of the more rigid nature and copolymers co-(10-7) (1:9, mol:mol) show glass
transition above room temperature. Additional copolymerization experiments of the
monomer 10 with monomer 4 have been carried out for alteration of the final materials and
analysis the effect of imidazole ring on the material properties. However, when DSC and
storage or loss modulus are analyzed, co-(10-4) has a low glass transition temperature
due to the high content on highly flexible aliphatic structural parts. On the other hand, tan &
versus temperature curve of co-(10-4) displays that a shoulder was appeared at low
temperature region in addition to the intense broad peak at higher temperature region.
Broaden tan & can be attributed to the heterogeneity in the network structure. Moreover,
homopolymer of 10 has the highest crosslink density and lower M. value. As expected, a
reduction in the mean functionality of the polymerization mixture, caused by involvement of
monomer 7 or monomer 4 bearing only one polymerizable group, leads to a loosely
crosslink polymer network and higher M. values. Another result can be stated for these
systems is that although photoinitiator concentration (1 wt % or 3 wt % Irgacure® TPO-L)
or type (lrgacure® TPO-L or Ivocerin®) does not have a dominant role on the
polymerization kinetic, it has a significant effect on the network formation. While the
polymers produced in the presence of higher amount on Irgacure® TPO-L or Ivocerin®

show higher crosslink density, lower concentration of Irgacure® TPO-L results in a
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crosslink network with higher Mc value. The networks containing long alkyl chains

substituted by hydroxy groups might be an interesting candidates for adhesive applications
due to their green origin.

This work also contributes to better understanding of utilization of biobased epoxy
monomers in cationic UV-curing. In this purpose, 9,10-epoxystearic acid methyl ester (11)
and bis-(9,10-epoxystearic acid) 1,2-ethanediyl ester (12) were photopolymerized using
aluminate (S2617) and ITX as a PIS. Photokinetic comparison study depicts that the
systems derived from biobased epoxides (11 and 12) show higher efficiency than the
polymerization of cycloaliphatic 13 which can be explained by high viscosity of 13 and
limited diffusion process during polymerization. Furthermore, poly-13 has lower crosslink
density compared to the other crosslink systems derived from epoxides. GPC analysis of
the soluble poly-11 shows that it has an oligomer structure with low molecular weight and
high dispersity which is generally observed for the polymerization of vegetable oil
derivatives. On the other hand, the reactivity of bisphenol-A-diglycidylether (15) is
significantly higher than that of biobased epoxides 11 and 12. However, commercial 15
has a limited final conversion which may be caused by significantly higher viscosity of
monomer 15. Additionally, vitrification at short irradiation time may be a reason for the
limited final conversion around 50 % in case of monomer 15. Copolymerization of
monomer 12 with monomer 15 results in a higher maximum polymerization rate compared
to homopolymerization of 12 and Rpymex increases with higher amount on monomer 15 in
the polymerizing sample. This can be explained by higher reactivity of 15 in comparison
with 12. Moreover, the presence of higher amount on biobased epoxide 12 in the
copolymerization mixture of 12:15 (mol ratio= 1:5 and 1:9) may increase the mobility in
the polymerizing mixture which results in higher final conversion values (80 % or higher).
The material obtained from the 12:15 mixture with 1:5 molar ratio exhibits the highest
crosslink density which is almost ideal network. It can be concluded that both
polymerization kinetic and physical processes such as viscosity have a significant effect on
the final material properties. The result obtained also shows that vitrification can be a
limitation for final conversion. On the other hand, low glass transition temperature of the
poly-12 was shifted to the higher temperature region as a result of copolymerization with
monomer 15, confirmed by DSC and DMA. Poly-12 with the properties of high CA and low
Tg may have a potential for application in adhesive systems. However, crosslinked
copolymers of 12:15 mixtures can be more useful for coating applications as a binder due

to the higher Tgvalues.
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Surface characterization by contact angle measurement is crucial parameter for coating

applications. It can be linked to hydrophobic/hydrophilic character and wettability of the
surface as well as adhesion. In between the all crosslinked materials, poly-12 has the
lowest surface free energy and hydrophobic character. Incorporation of monomer 15 into
the polymer network results an increase in both surface free energy and polar component
of the surface free energy depending on a decrease in the effect of long alkyl chain. On
the other hand, ring opening reaction of monomer 12 and substitution with methacrylate
and hydroxy groups brings hydrophilicity to the polymer film of 10 after UV-curing.
Therefore, while poly-12 shows hydrophobic character, the surface produced from
biobased monomer 10 gives contact angle lower than 90° in case of water. It displays that
poly-12 may be an interesting candidate to create a surface showing adhesion and water
repellent behaviour.

The generated systems based on biobased monomers may be possible candidates to
make a contribution to the reduction of carbon footprint or to strength the green label of the

materials used in coating or adhesive applications.
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Figure S02: 'H-NMR spectra of N-decyl-N™-vinylimidazolium NTf2 (1b) taken at 300 MHz in CDCls.
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Figure S03: 'H-NMR spectra of methyl 9-(acryloyloxy)-10-hydroxyoctadecanoate / methyl
hydroxy-10-(acryloyloxy)octadecanoate mix (2) taken at 300 MHz in CDCls.
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Figure S08-b): '3C-NMR spectra of ethane-1,2-diyl bis(9-methacryloyloxy-10-hydroxy
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Figure S09: Storage modulus, loss modulus, and tan & obtained from DMA analysis of poly-10 by
photoinitiated polymerization from ethane-1,2-diyl bis(9-methacryloyloxy-10-hydroxy
octadecanoate) / ethane-1,2-diyl 9-hydroxy-10-methacryloyloxy-9’-methacryloyloxy-10’-hydroxy
octadecanoate / ethane-1,2-diyl bis(9-hydroxy-10-methacryloyloxy octadecanoate) (10) in the
presence of 3 wt % Irgacure® TPO-L.
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Figure S$10: Storage modulus, loss modulus, and tan & obtained from DMA analysis of co-(10-7)
by photoinitiated polymerization from a 1:1 mixture of ethane-1,2-diyl bis(9-methacryloyloxy-10-
hydroxy octadecanoate) / ethane-1,2-diyl 9-hydroxy-10-methacryloyloxy-9’-methacryloyloxy-10’-
hydroxy octadecanoate / ethane-1,2-diyl bis(9-hydroxy-10-methacryloyloxy octadecanoate) (10)
and 4-(4-methacryloyloxyphenyl)-butan-2-one (7) in the presence of 3 wt % Irgacure® TPO-L.
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Figure S$11: Storage modulus, loss modulus, and tan & obtained from DMA analysis of co-(10-7)
by photoinitiated polymerization from a 1:9 mixture of ethane-1,2-diyl bis(9-methacryloyloxy-10-
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Figure S$12: Storage modulus, loss modulus, and tan & obtained from DMA analysis of co-(10-4)
by photoinitiated polymerization from a 1:9 mixture of ethane-1,2-diyl bis(9-methacryloyloxy-10-

hydroxy octadecanoate) / ethane-1,2-diyl 9-hydroxy-10-methacryloyloxy-9’-methacryloyloxy-10’-
hydroxy octadecanoate / ethane-1,2-diyl bis(9-hydroxy-10-methacryloyloxy octadecanoate) (10)

and methyl 9-(1H-imidazol-1yl)-10-(methacryloyloxy)octadecanoate / methyl 9-
(methacryloyloxy)-10-(1H-imidazol-1yl)octadecanoate (4) in the presence of 3 wt % Irgacure®
TPO-L.
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Figure S15: GPC chromatogram of the polymer made of 9,10-epoxystearic acid methyl ester (11)
(poly-11: Mn = 2050 g - mol™1: Mw = 4300 g - mol™1: B = 2.1).
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