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ABSTRACT

Polyurethanes (PUs) are a versatile polymer family that have immense importance in everyday
items. PUs are extensively applied in construction, adhesives, coatings, thermoplastics, and
thermoset materials. Thermosetting PUs alone accounted for over 70 wt% of total PU production
in 2021. PUs possess attractive properties but are associated with harmful isocyanates as
precursors. Consequently, there is growing interest in developing safer alternatives through the
synthesis of non-isocyanate polyurethanes (NIPUs). Polyaddition of cyclic carbonates with
amines yielding poly(hydroxyurethane)s (PHUs) is the most promising route for NIPU synthesis.
However, PHUs typically exhibit inferior mechanical properties compared to traditional PUs.
The development of hybrid formulations, particularly hybrid PHUs (HPHUs), are one way to
enhance the mechanical properties of PHUs. The term "hybrid" in HPHUs can refer to various
interpretations, such as chemical structure modifications with inorganic polymers or the use of
different polymerization methods for desired functionality. We are effectively using the latter
definition for most of this thesis. The first manuscript focuses on using various polymerization
techniques with moisture-sensitive silanes as end caps, followed by curing. The subsequent
manuscripts in this thesis employ a hybrid approach, combining different polymerization
methods. First, moisture-curable HPHUs are prepared. f-Myrcene is copolymerized with
glycidyl methacrylate (GMA) via free radical polymerization, resulting in copolymers with
epoxy pendent groups. The synthesized copolymers are then treated by carbon dioxide (CO3) to
convert epoxy functional groups to cyclic carbonates.

Adding a diamine (e.g., Jeffamine D-4000) forms urethane linkages in the side chains, with the
concentration adjusted by varying the initial molar fraction of GMA. Those resins are end-

capped via moisture sensitive silanes to provide crosslinked networks but were excessively soft
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with Young’s modulus (£) values ranging from 32 kPa to 50 kPa. Once this hybridization proof
of concept was established, the influence of backbone and side chain rigidity on the mechanical
and rheological properties of the crosslinked HPHUS is investigated. Atom transfer radical
polymerization (ATRP) is employed to copolymerize C13MA, a vegetable oil-derived alkyl
methacrylate with an average side chain length of 13, with GMA, resulting in the formation of a
flexible backbone. Then the copolymers are carbonated and then reacted with 1,10-
diaminodecane (DAD) to form rigid side chains via hydroxyurethane linkages. By controlling
the template functionality, crosslinked networks are obtained, exhibiting a wide range of Es from
0.1 MPa to 71.9 MPa. Next, effect of backbone flexibility is investigated by polymerization of
binary methyl, ethyl, butyl methacrylate (MMA, EMA, BMA)/GMA mixtures with different
GMA initial molar fractions. The copolymers are then treated with CO2 and then are reacted with
Priamine 1074 to form networks crosslinked through urethane linkages. Depending on degree of
flexibility of backbones and cyclic carbonate functionality, crosslinked networks showed £
ranging from 395 MPa to 1250 MPa, displaying brittle behavior. Although a wide range of
crosslinked HPHUs are prepared, due to the presence of only two urethane linkages in the side
chains, they do not strongly qualify as NIPUs. Therefore, diglycerol dicarbonate (DGC) and D-
mannitol biscarbonate (MBC) are polymerized with Priamine 1074 and DAD to synthesize
amine-terminated thermoplastic PHUs. These PHUs are then used as crosslinkers with
CI3MA/GMA templates, forming hybrid crosslinked NIPUs. Hybrid crosslinked NIPUs are
achieved with Es ranging from 2.35 MPa to 20.85 MPa (DGC-based) and 1.24 MPa to 6.45 MPa
(MBC-based). These values show higher £ values compared to C13MA/GMA templates
crosslinked with DAD with the same initial molar ratio of GMA in the templates, due to

increased hydroxyl groups.
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RESUME

Les poly(uréthane)s (PUs) sont des polymeres polyvalents d'importance majeure dans la vie
quotidienne. Ses applications incluent la construction, les adhésifs, les revétements, les
thermoplastiques et les matériaux thermodurcissables. Les PU thermodurcissables représentaient
a eux seuls plus de 70% de la production totale de PU en 2021. Malgré leurs propriétés
attractives, les PUs sont associés a 1'inconvénient majeur de 1'utilisation d'isocyanates nocifs
comme précurseurs. Par conséquent, le développement d'alternatives plus slires par la synthése
de poly(uréthane)s sans isocyanate (NIPUs) suscite un intérét croissant. La polyaddition de
carbonates cycliques avec des amines est la voie la plus prometteuse pour la préparation des
NIPUs. Cela mene a la synthese de poly(hydroxy-urétane)s (PHUs). Cependant, les PHUs ont
souvent des propriétés mécaniques inférieures aux PUs traditionnels. Le développement de
formulations hybrides, en particulier de poly(hydroxy-uréthane)s hybrides (HPHUs), est un
moyen d'améliorer les propriétés mécaniques des PHUs. Le terme "hybride" dans les HPHUs
peut avoir différentes interprétations, telles que des modifications de structure chimique avec des
polymeéres inorganiques ou l'utilisation de méthodes de polymérisation variées pour obtenir une
fonctionnalité spécifique. Le f-myrceéne est copolymérisé avec le méthacrylate de glycidyle
(GMA) par polymérisation radicalaire pour former des copolymeéres avec des groupes époxy
pendants. Les copolymeéres synthétisés sont ensuite traités au dioxyde de carbone (COz) pour
convertir les groupes fonctionnels époxy, en carbonates cycliques. L'addition ultérieure

d'une diamine (Par exemple, Jeffamine D-4000) forme des liaisons uréthane dans les chaines
latérales, la concentration étant ajustée en faisant varier la fraction molaire initiale

de GMA. Ensuite, ces résines réagissent avec des silanes sensibles a 'humidité pour former des

réseaux réticulés, mais elles étaient relativement souples avec un module d"Young (E) compris
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entre 32 kPa et 50 kPa. Ensuite, la polymérisation radicalaire par transfert d'atomes (ATRP) fut
utilisée pour copolymériser le C13MA, un méthacrylate d'alkyle dérivé d'une huile végétale,
avec le GMA, ce qui entraine la formation d'une chaine principale flexible. Les copolymeéres sont
ensuite traités au CO> via cyclo-addition puis réagissent avec du 1,10-

diaminodécane (DAD) pour former des chaines latérales rigides par l'intermédiaire de

liaisons hydroxy-uréthane. En controlant la fonctionnalité du modele, des réseaux réticulés sont
obtenus et présentent une large gamme de modules d'Young allant de 0,1 MPa a 71,9 MPa.
L'effet de la flexibilité du squelette a ensuite été étudié par polymérisation de mélanges binaires
MMA, EMA, BMA/GMA. Les copolymeéres sont traités au CO; et réagissent avec la Priamine
1074 pour former des réseaux réticulés par des liaisons uréthanes. En fonction du degré de
flexibilité des squelettes et de la fonctionnalité du carbonate cyclique, les réseaux réticulés
présentent une valeur £ allant de 395 MPa a 1250 MPa. Bien que de nombreux HPHU réticulés
soient préparés, leur composition limitée a deux liaisons uréthane dans les chaines latérales ne
les qualifie pas comme des NIPUs. Par conséquent, le dicarbonate de diglycérol (DGC) et

le bicarbonate de D-mannitol (MBC) sont polymérisés avec la Priamine 1074 et le DAD pour
synthétiser des PHUs thermoplastiques a terminaison amine. Ces PHUs sont utilisés comme
agents de réticulation pour former des NIPUs hybrides réticulés en réagissant avec le couple de
monomeres C13MA/GMA. Les HPHU s réticulés sont obtenus avec des valeurs E allant de 2,35
MPa a 20,85 MPa (a base de DGC) et de 1,24 MPa a 6,45 MPa (a base de MBC). Ces valeurs de
E obtenues sont plus élevées par rapport aux modeles C13MA/GMA réticulés avec du DAD,
malgré le méme rapport molaire initial de GMA, ceci s’explique par 1'augmentation du nombre

de groupes hydroxyle.
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1. INTRODUCTION
Polyurethanes (PUs), which have a global market size of $72.82 billion USD in 2021 !, are one

of the most versatile materials available today, finding applications across a wide array of
industries.

Developed in 1937 by Otto Bayer and his co-workers, PUs were initially created as a substitute
for rubber during World War II when supplies were scarce. However, their versatility and ability
to replace other short-supply materials resulted in their widespread adoption across various
applications 2. This breakthrough was achieved through the polyaddition reaction of
diisocyanates and diols (Figure 1.1) >*. PUs can be synthesized from a wide range of sources,
and thus tailored to various applications. Consequently, PUs can be classified into several
distinct categories based on the desired properties, including rigid, flexible, thermoplastic,
waterborne materials, binders, coatings, adhesives, sealants, elastomers and thermosets °. In
addition, they are utilized in biomedical fields for applications such as artificial heart valves and
other implants ®. Although PUs have a wide range of desirable applications, their industrial
synthesis involves the use of highly toxic reagents °. PUs can have adverse environmental
effects throughout their lifecycle, starting from the synthesis of their precursors, continuing
through the polymerization process, and extending to the end of their usable life °. For instance,
the synthesis of isocyanates in the polyurethane industry involves the use of phosgene, a highly
toxic gas, to convert amines into isocyanates. Additionally, the two commonly used isocyanates
in PU production, methylene diphenyl diisocyanates (MDI) and toluene diisocyanates (TDI), are
classified as CMR (Carcinogenic, Mutagenic, and Reprotoxic) compounds '*!!. Finally, at the
end of their life cycle, when PUs are disposed, they decompose and release harmful by-products

such as isocyanates, hydrogen cyanide, and toxic amines *!'2. Therefore, with a growing focus on
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ecological sustainability in chemical production, significant efforts have been dedicated to
explore alternative pathways that are free from isocyanates for the production of PUs !*. Over the
past few years, non-isocyanate polyurethanes (NIPUs) have been subject of interest within the
polymer community. NIPUs can be prepared among four general synthetic routes namely,
polycondensation, rearrangement, ring-opening-polymerization and polyaddition *!4. Summary

of all the routes is presented in Scheme 1.1.

NH O
OH 0 SN -
P F oo NS f T ?
N NZ NH = °
n

I
C
I
0

Methylene diphenyl diisocyanates Ethylene glycol Aromatic
(4,4'-MDI) < : polyurethane
(PU)

Figure 1.1. Typical reaction of a diisocyanate with a diol to form polyurethane (PU).

Examples of NIPU synthesis through the polycondensation route include the reaction of
polychloroformate with polyamine, transurethanization of polycarbamate with polyol, reaction of
polycarbamoyl chloride with polyol, and the reaction of polycarbonate with polyamine '°.
However, the polycondensation route cannot be considered environmentally benign due to its
inclusion of phosgene or its derivatives in the monomer production process. Moreover, the
production of side products such as hydrochloric acid (HCI) or alcohols is considered a
significant obstacle to the industrial desirability of this pathway *!>16, The synthesis of NIPUs
through rearrangement can be considered more environmentally friendly. However, the
utilization of harmful reactants such as acyl azides, carboxamides, and hydroxamic azides makes

this route less preferable !>, The third route is ring-opening-polymerization of aliphatic cyclic
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carbamates or aziridines. Despite the absence of by-products, the use of phosgene in the
synthesis of cyclic carbamates and the toxicity of aziridines pose challenges with this route °.
The last route is polyaddition of cyclic carbonates with amines. This pathway seems to be the
best route to prepare NIPUs since it avoids the use of isocyanate and phosgene in addition to
cyclic carbonates themselves not being toxic and not particularly moisture-sensitive, making
their storage easy !’. Moreover, the reaction of cyclic carbonates and amines in this route does

not produce any by-products, making it particularly attractive for the coating industry '8,
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Scheme 1.1. Synthesis of polyurethanes via isocyanate-free routes '°.

Another advantage of this approach is that polyaddition of cyclic carbonates with amines results
in formation of urethane linkages with primary/secondary hydroxyl groups in their chain.

Therefore, this class of NIPUs are also known as poly(hydroxyurethane)s (PHUs). PHUs exhibit
19



enhanced chemical and mechanical properties due to intermolecular and intramolecular hydrogen
bonds '®!°. The presence of hydroxyl groups in the structure of PHUs can improve the
reprocessability of PHU thermosets by facilitating associative transcarbomylation 2%2!.
Precursors used in synthesis of PHUs (cyclic carbonates and amines) are abundant and can be
bio-based '?*2°. Cyclic carbonates are synthesized from vegetable oils, terpenes, glycerol,
sugars, tannin, and lignin 2>?%. While certain precursors containing cyclic carbonate
functionalities such as diglycerol dicarbonate (DGC) and sugar-based D-sorbitol and D-mannitol
biscarbonates (SBC and MBC, respectively) can be synthesized through the intramolecular
etherifications or transesterifications of dimethyl carbonate (DMC) with their respective raw

27,28

materials , vegetable oils and limonene, which contain double bonds in their chemical structures,

d 23 and subsequently, CO; can be fixed into the epoxidized vegetable oils to

can be epoxidize
form cyclic carbonates '®*!*2. Furthermore, extensive research has been conducted on the
synthesis of bio-sourced diamines from plant-based fatty acids, leading to the development of
several commercially available options **. PHUs synthesized via the polyaddition reaction
between cyclic carbonates and amines can exist in two forms: linear PHUs, which are valuable as
thermoplastics, and crosslinked PHUs (thermoset PHUs), achieved by curing polyfunctional
carbonates with di- and polyamines, yielding NIPU thermosets and NIPU rubbers '°.
Thermoplastic PHUs have wide-ranging applications across various industries, whereas
thermoset PHUs are specifically utilized in areas such as coatings and sealants, with extensive
research conducted to explore their potential 32, Thermosets form strong mechanical

networks and offer enhanced durability for specific applications '°. To create thermoset PHUs,

the use of multi-functional cyclic carbonates or multi-functional amines is essential.
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The ultimate thermomechanical and mechanical properties of PHU thermosets can be influenced
by various factors, such as the composition of the building blocks, the choice of cyclic
poly(carbonates) and diamines, as well as the cyclic carbonate-to-amine ratio 32°-¢,
Numerous researchers have investigated the crosslinking of carbonated vegetable oils with a
variety of diamines, employing different ratios to explore their effects 2%3!3°. However, in all
previous studies the focus lies on vegetable oils with a fixed number of cyclic carbonates. The
critical factors for manipulating the mechanical properties of thermoset PHUs primarily depends
on the structure of the diamine or the amine-to-carbonate ratio.
To address this, the motivation of this thesis is centered around synthesizing diverse hybrid
templates that offer the ability to manipulate both cyclic carbonate functionalities and backbone
rigidity. The objective is to investigate the extensive range of mechanical and rheological
properties that can be achieved through these modifications.

1.1. Objectives
Although there is a rising interest in the development of PHUs, their application in industrial
settings 1s limited due to several significant challenges. For example, PHUs often fail to meet the
necessary mechanical and chemical properties that are required for specific applications. To
overcome these limitations, a promising approach to enhance the mechanical properties of PHUs
has been the design of hybrid formulations (i.e. hybrid poly(hydroxyurethanes) (HPHUs)). The
definition of “hybrid” varies. This hybridization can be achieved through diverse methods. These
include synthesizing materials that consist of two polymers, with one of them being a PHU.
Additionally, introducing inorganic chemicals into the PHUs to enhance their mechanical
properties can be considered as hybrid. Furthermore, employing different polymerization

techniques, such as radical polymerization combined with polyaddition, allows for the formation
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of hybrid PHUs. The main objective of this thesis research was to formulate partially bio-based

hybrid networks that are crosslinked through urethane linkages. Therefore, the following specific

objectives were pursued:

1.

22

Synthesis of hybrid PHUs through the integration of distinct polymerization techniques,
specifically free radical polymerization and polyaddition polymerization.

Developing a copolymer formulation with the aim of attaining a diverse spectrum of
mechanical properties tailored to accommodate a broad array of applications, spanning from
elastomeric to robust engineering coatings/sealants. The initial reference for these
mechanical properties is provided by our industrial collaborator, ADFAST Corporation. To
achieve this objective, a selection of monomers with varying degrees of rigidity in their
polymer structure is employed to strategically modulate the backbone rigidity of the
synthesized copolymers.

To strategically maximize the incorporation of bio-based precursors while minimizing
reliance on petroleum-derived materials, with the aim of addressing sustainability challenges
in the current society. The substitution of petroleum-based monomers with sustainably
sourced alternatives holds the potential for substantial and enduring socio-economic and
environmental benefits. This objective is achieved through the utilization of fully bio-sourced
amine-terminated thermoplastic PHUs as crosslinkers, facilitating the formation of robust
crosslinked networks. This approach results in the production of crosslinked networks that
distinctly qualify as "NIPUs", characterized by more repeating units of urethane linkages

within the crosslinked structure.



1.2. Thesis organization
This thesis comprises eight chapters, organized in a manuscript-based format. The next chapter
(Chapter 2) thoroughly explores the background of PHUs and HPHUSs, providing an in-depth
examination of their types (thermoplastic, thermosets, or hybrid thermosets), unique features,
and targeted applications. This literature review establishes the fundamental basis on which the
subsequent work presented in Chapters 3 through 6 is constructed. Chapter 3 explores the
synthesis of templates derived from f-myrcene/glycidyl methacrylate (GMA) copolymers and
their subsequent carbonation process, leading to the formation of cyclic carbonate functional
groups along the polymer chains. The carbonated copolymers were subsequently reacted with a
diamine (Jeffamine® D-4000) to introduce flexible side chains, which were then end-capped
with moisture-sensitive silanes to form a crosslinked network. Effect of cyclic carbonate
functionality on mechanical and rheological properties of these networks was investigated.
Chapter 4 discusses synthesis of partially bio-based "bottle brush-like" networks that are
crosslinked through urethane linkages, with rigid side chains and flexible backbones. In Chapter
5, an in-depth investigation is conducted to analyze the influence of the templates’ backbone
rigidity on the thermal, mechanical, and rheological properties of crosslinked HPHUs. Due to the
presence of only two urethane linkages in the side chains of the templates developed in Chapters
3 to 5, they are not formally NIPUs. Consequently, Chapter 6 focuses on the synthesis of fully
bio-based amine-terminated PHUs, which serve as crosslinkers for the formation of hybrid
thermosets.
Following the manuscripts presented in Chapters 3 to 6, Chapter 7 provides a concise discussion
that complements the information already presented in the respective chapters. This chapter

offers concluding remarks regarding the achieved objectives and provides recommendations for
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future research endeavors. Chapter 8 outlines the original contributions made to the field through

this work.
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2. LITERATURE REVIEW

PHUSs hold significant promise as potential replacements for traditional polyurethanes, offering
an alternative to the use of toxic isocyanates as one of the monomers *’**. However, despite their
promising properties, the industrial development of PHUs has been slowed down by several
limitations including challenges related to slow kinetics, limited conversions and molar masses
3839 Numerous studies have been conducted to address the challenges associated with PHU
synthesis to achieve properties comparable to those of conventional polyurethanes '%%°. To
overcome the limitations associated with PHUs, a new type of PHU was developed, namely
hybrid NIPUs and more specifically the hybrid PHUs 4*42,

To accomplish the objectives of this thesis, the research builds upon significant findings
documented in the existing literature concerning thermoset PHUs, bio-based PHUs, and HPHUs.
The thesis includes a comprehensive background discussion on the synthesis of PHUs,
encompassing the factors that influence their final properties. Subsequently, the focus shifts
towards the synthesis of HPHUs, exploring the various types of hybrid polyurethanes and their
unique characteristics. The examples discussed in this section also highlight significant
advancements within the field and help to provide appropriate background material, while also

emphasizing areas that are of interest for further investigation.
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2.1. Development of polyhydroxyurethanes
Extensive studies have been conducted on the synthesis of PHUs, resulting in a deeper
comprehension of the chemistry involved. In addition, a comprehensive analysis of the
parameters influencing the ring opening of cyclic carbonates with amines have been conducted
to achieve specific targeted properties of the final polymer 23374,
Several pathways for the synthesis of cyclic carbonates have been studied and reported in the
literature. The historical route for synthesis of cyclic carbonates involves the reaction between
diols and phosgene **, although alternative, less toxic pathways have also been extensively

explored %°. The main routes to obtain cyclic carbonate monomers from diols, epoxides and

alkenes are presented Scheme 2.1.

Coz O R
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R
R \
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Cyclic carbonate

Scheme 2.1. Main routes for the synthesis of cyclic carbonate precursors.
Garipov et al. ** described a three-step reaction mechanism for the ring-opening of cyclic
carbonates with amines. The first step of the mechanism is the nucleophilic attack of the amine at

the carboxylic group of the alkylene carbonate, leading to the formation of a tetrahedral
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intermediate. Subsequently, the second molecule of the amine participates, deprotonating the
tetrahedral intermediate which possesses the characteristics of a bipolar ion. In the final step, the
breaking of the carbon-oxygen bond occurs, facilitated by the elevated electron density at the
nitrogen atom. The nascent alkoxide ion subsequently undergoes a relatively rapid
transformation into the reaction product, resulting in the formation of urethane linkages *°.

Steblyanko et al. 46

conducted studies on the activation energy of the aminolysis reaction
between cyclic carbonates and amines and the selectivity towards primary or secondary alcohols
(Figure 2.1). Since then, many studies focused on the parameters affecting the aminolysis

reaction between cyclic carbonates and amines. Figure 2.2 summarizes the parameters that

influence the aminolysis reaction.
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Figure 2.1. Regioselectivity of the addition of amine on cyclic carbonate.
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Figure 2.2. Factors affecting the aminolysis reaction between amines and cyclic carbonates.

First, the impact of ring strain on the aminolysis reaction of cyclic carbonates and amines has
been investigated, revealing a positive correlation between cyclic carbonate ring size and rate of
aminolysis 34748, Although there is a positive correlation between cyclic carbonate ring size and
rate of aminolysis, hazardous reagents such as ethyl chloroformate and triphosgene are involved
in the synthesis of six- and seven-membered cyclic carbonates 3?2, In contrast, five- membered

16,23

cyclic carbonates can be formed via reaction of carbon dioxide (COz) with an epoxide and is

often considered advantageous as it enables the fixation of CO», reducing greenhouse gas effects

42,50

4 In addition, five-membered cyclic carbonates are synthesized with high yields and its

versatility lies in CO> dual functionality as both an aprotic solvent and a reagent °!. These
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distinctive characteristics explains growing interest of researchers to produce PHUs from five-
membered cyclic carbonates compared to others.
Another parameter that has a great impact on reactivity of cyclic carbonates is the substituents

close to the carbonate rings '°. Cornille et al. >

conducted a comprehensive investigation to
determine the reactivity scale of various cyclic carbonates towards an amine (commercially
available as Jeffamine EDR-148). Based on their findings, they proposed the following reactivity
scale: ethyl ester > acetate > trimethylhexanoate > benzoate ethyl ether > phenyl ether > butane.
Furthermore, the substituents also affect the regioselectivity of the reaction 3.

Numerous studies have extensively investigated the model reaction between cyclic carbonates
and various amines at room temperature since cyclic carbonates could react with the most
reactive amines °>*. These studies have revealed that the structure of amines has a strong
influence on reactivity. For example, Webster et. al. °>> demonstrated that primary amines
attached to a primary carbon exhibit higher reactivity compared to primary amines attached to a
secondary carbon. In a study by Nohra et. al. *, aliphatic amines with varying alkyl chain length
was used to react with cyclic carbonates and a negative correlation between alkyl chain of
amines and their reactivity toward cyclic carbonates was observed.

Studies have showed that increasing the reaction temperature can significantly accelerate the
aminolysis reaction, reducing the reaction time from weeks to days. However, high temperature
can lead to formation of side-products, such as urea *-*8, Therefore, use of catalysts are
beneficial to increase the rate of aminolysis reaction at moderate temperatures. Various types of

catalysts are employed to activate the aminolysis reaction, including Lewis acids >, bases ¢,

phosphoric acids ®!, carbenes 2, phosphines %, enzymes ®*, guanidines °, and thioureas .
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Blain et al. ® demonstrated that among all catalysts, 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)
and phenylcyclohexyl thiourea exhibit the highest effectiveness to improve the reactivity of the

aminolysis reaction. Figure 2.3 depicts the structures of these catalysts.
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Figure 2.3. Structure of TBD and thiourea catalysts.

2.2. Limitations in synthesis of PHUs
Numerous studies have highlighted the limitations regarding kinetics, conversions and molar
masses of thermoplastic PHUs %!°. Various side reactions have been documented in the literature
for the aminolysis reaction, including amine carbonation, in-situ CO; production, urea synthesis,
amidation, and oxazolidinone synthesis *!**¥. For example, urea formation through
transurethanization and amidation is triggered by the nucleophilic attack of amines on
carbamates or esters. Bossion et. al. % reported that the presence of catalysts, such as TBD,
promotes the formation of urea. Typically, all these side reactions occur at temperatures above
100°C and can be facilitated with catalysts. However, it is important to control these reactions as

they may result in deviations from the desired stoichiometric ratio, resulting in the synthesis of
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PHUs with low molar masses and inferior mechanical properties, including a reduced Young's
modulus.

Furthermore, PHUs possess an additional hydroxyl group close to each carbamate group. The
presence of hydroxyl groups in PHUs contributes to the enhancement of mechanical and thermal
properties °2. While hydrogen bonds contribute to improvements in mechanical and thermal
properties of PHUs, they can also pose limitations during the PHU polymerization process >2. For
example, studies conducted by Maisonneuve et al. ®” and Rokicki et al. ®® revealed that the
polyaddition of cyclic carbonate and diamine at room temperature did not yield thermoplastic
PHUs with high molar masses. This can be attributed to the challenge of monomer diffusion
during polyaddition polymerization of cyclic carbonates and diamines. The viscosity of the
mixture increases with increasing polymer content due to the formation of hydrogen bonds with
carbamate groups °.

The optimization of PHU properties is hindered by challenges associated with the features of
aminolysis, including low reactivity, low conversions, side reactions, and a high density of
hydrogen bonds. Despite extensive research efforts to tackle these issues, obstacles such as low
molar masses, limited reactivity, and incomplete conversion persist as significant issues with no
apparent solutions in sight. However, hybrid PHUs emerge as a promising approach to overcome
these limitations and attain the desired properties and requirements, providing a potential

solution to the challenges faced in conventional PHU synthesis **%,
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2.3. Hybrid PHUs (HPHUs)

HPHUSs have gained significant interest as an attractive alternative to conventional PUs. These
hybrid materials possess the ability to hybridize desirable properties from different materials,
resulting in a product that can be less toxic and also exhibits improved mechanical properties.
Therefore, HPHUs stand out as an appealing alternative. HPHUSs can be synthesized through
various methods, with the most common main routes involving the utilization of compounds
with epoxy, siloxane, and acrylic functionalities. This section aims to provide a comprehensive

overview of recent notable works conducted on HPHUs of various types.

2.3.1. Epoxy HPHUs
Epoxide materials are commonly employed in HPHU synthesis due to their reactivity with
primary and secondary amine functional groups. The combination of epoxies with PHUs offers
the advantage of achieving chemical resistance like epoxies, along with the good mechanical
properties of PHUs. There are different routes for synthesis of epoxy HPHUs (Scheme 2.2) 3%,
The first route involves the reaction of partially carbonated epoxy compounds with a polyamine
7. The second pathway for synthesizing epoxy HPHUs involves the utilization of PHU
prepolymers with cyclic carbonate or amine end groups ’!. The third option involves blending a
carbonated epoxy resin with an epoxy resin and an amine as a curing agent to form epoxy

HPHUs ®. Finally, the hydroxy urethane modifiers (HUM) are obtained by forming a mono-

hydroxy urethane, which then reacts with a polyepoxy to produce the final epoxy HPHUs °.
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Scheme 2.2. Methods to synthesize epoxy HPHUs: A) the crosslinking of partially carbonated epoxide
monomers; B) the crosslinking of PHU prepolymers with carbonate (B) or amine (B’) end groups; C)
blending a carbonated epoxy resin with an epoxy resin and D) the crosslinking of hydroxyurethane

modifiers (HUM).

2.3.1.1. Epoxy HPHUs synthesized from partially carbonated epoxy
compounds

In the late 1980s, Rockicki et al. * pioneered the exploration of the chemistry involving

polyamines, cyclic carbonates (CCs), and epoxides to obtain hybrid materials. They initiated

their study by partially carbonating a bisphenol-A diglycidyl ether (BADGE)-based epoxy resin

using CO;, followed by the reaction with triethylenetetramine (TETA) to prepare a crosslinked

network (Figure 2.4) . The incorporation of both cyclic carbonates and epoxies in the same

molecules avoids the issues linked to reactivity differences. The authors observed a positive

correlation between carbonation content and the viscosity of the mixture. This observation was
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attributed to the high density of hydrogen bonds formed between the oxygen of the C=0 group
in the carbonate and the hydroxyl group in the polymer being formed. In another study, Rockicki

etal. 7

investigated the effect of carbonation on gelation of crosslinked networks. Increasing the
carbonate content resulted in a decrease in gelation time, indicating a higher energetic barrier for
the reaction with the epoxy compared to the cyclic carbonate. The functionality of the curing
amine influenced its preference to react with either the cyclic carbonate or the epoxy moiety.
Primary amines showed a preference for reacting with carbonate moieties, while secondary
amines were capable of reacting with both carbonate and epoxy moieties **!:* Better thermo-
mechanical properties, including impact resistance, hardness, and compressive strength, were
observed in the carbonated epoxy resins compared to the unmodified epoxy resin ’>. However,

controlling the partial conversion of epoxies into cyclic carbonates is difficult and can lead to

issues with repeatability *.
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Figure 2.4. BADGE-based HPHU through the amine curing of a partially carbonated epoxy resin.

2.3.1.2. PHU prepolymers
The major pathway to obtain hybrid PHUs involves a two-step procedure: the synthesis of
amine-functional or cyclic carbonate functional PHU prepolymers followed by their subsequent
reaction with other functionalities such as epoxies and amines. With amine terminated
prepolymers, an excess of diamine is used to prepare an amino-telechelic PHU prepolymer. The
amino-telechelic PHU prepolymer is crosslinked with an epoxy compound, thus forming a
hybrid material ®. Conversely, a polyamine is added to carbonated functional prepolymers,
initiating a ring-opening polymerization reaction between cyclic carbonates and amines. This
methodology is attractive for designing materials with well-defined sequences of soft (NIPUs)

and hard segments (epoxy) in the resulting crosslinked network >, Cornille et al. ** synthesized
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amine-terminated PHU prepolymers with various chain lengths using bis-cyclic carbonates
(poly(propylene oxide) oligomers) and varying excess (1.3, 2, 3.3, and 6.5) of 1,2-
ethylenediamine (EDA) at 60°C for 12 hours.

In another study, Ke et. al. 7 synthesized a range of epoxy HPHUs with controlled architectures
by employing carbonated polypropylene glycol diglycidyl ether (PPGDGE), EDA, and BADGE.
Their study aimed to investigate the influence of the amine/epoxy ratio on the microstructure of
the resulting hybrid materials. Low NH»/epoxy ratios led to the presence of unreacted carbonate
moieties in infrared spectroscopy (FTIR) analysis and non-homogeneous microstructures
observed by scanning electron microscopy (SEM), indicating incomplete crosslinking of the
material 7°. Increasing the NHa/epoxy ratios improved the crosslinking of the material, as
confirmed by tensile and swelling tests. Additionally, incorporating excessively high amounts of
diamine resulted in more linear structures of HPHUSs and increased elongations at break in tensile
tests. The presence of additional free ends in the molecular structure allows for greater mobility,
consequently lowering the glass transition temperature (7) and imparting greater ductility to the
network 7.

More recently, Zhang et. al. ’® developed a water-based HPHU by utilizing waterborne amine-
terminated PHUs and waterborne epoxy chain extenders. Waterborne HPHUs are prepared by
dispersing a PHU prepolymer into water, similar to the synthesis of standard waterborne PUs.
This process involves neutralizing the internal dispersion monomer (IDM) present on the PHU
prepolymer chain. Waterborne polymers are considered more environmentally friendly as they
avoid using volatile organic compounds (VOCs) and their low viscosity aids in coating
processes. In this study, PHUs were synthesized using DGC and fatty acid diamine (FDA). The

hybrids containing 50 wt% of FDA exhibited two Ts, indicating phase-separated

36



microstructures. Moreover, increasing the FDA concentration as the soft segment improved the
thermal stability and mechanical strength of the hybrids 7°.

Carré et. al. /! synthesized bio-based thermoplastic HPHUs with aliphatic-aromatic structure
using PHU prepolymers containing cyclic carbonate end groups. The prepolymers were
subsequently extended with diamines, such as 1,4-butanediamine (BDA) or m-xylene diamine
(mXDA). The study revealed that the thermal and mechanical properties of the synthesized
HPHUSs were strongly influenced by the molar ratio between the monomers as well as the
occurrence of side reactions. Specifically, the study revealed that HPHUs prepared with higher
concentrations of diamine exhibited longer soft chains, resulting in increased elongation at break
values and reduced tensile strengths. Conversely, an increase in the content of rigid building
blocks in the HPHUs enhanced the overall tensile strength but led to a decrease in elongation at
break !. Therefore, the desirable properties typically associated with traditional PUs were not

achieved in these HPHUs 7',

2.3.1.3. Hydroxyurethane Modifiers (HUM)
The hydroxyurethane modifiers (HUMs) are synthesized through the reaction between a
monocyclic carbonate and a difunctional amine (Scheme 2.2D). The unreacted amine obtained
from the first step can be subsequently reacted with a polyepoxide in a second step, resulting in a
linear polymer with pendant hydroxyurethane functionality. These HPHUs have a comb-like
structure %°. The modified epoxy-amine hybrids were found to exhibit improved curing
characteristics and resulted in cured products with enhanced wear resistance, flexibility, well-
balanced mechanical properties (hardness, tensile strength), and chemical resistance compared to

conventional compositions without HUMSs . Wazarkar et. al. 7’ synthesized HUMs by reacting
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propylene carbonate with ethylene diamine. Subsequently, the obtained HUMs were reacted with
commercial epoxies to form hybrid materials, which were further cured using various amines,
including isophorone diamine (IPDA), Jeffamine T-401, and diaminodiphenyl methane (DDM).
They highlighted the potential of these compounds as corrosion protective coatings, offering a
favorable balance between the hardness provided by the epoxy resin and the flexibility imparted

by the hydroxyurethane moieties ’.

2.3.2. Siloxane Hybrids
Siloxane-containing HPHUs have been synthesized to impart novel properties to the hybrids,
including hydrophobicity, high flexibility, and enhanced thermal stability *8. Various routes
exist for incorporating siloxane-based materials into HPHUs. These include the use of polyhedral
oligomeric silsesquioxane (POSS) and (3-glycidyloxypropyl)trimethoxysilane (GLYMO), as
well as silicon-containing monomers with different functionalities and sol-gel curing routes. The

following sections will provide further discussion on these methods.

2.3.2.1.  Silicone Monomers
Silicone monomers offer the possibility of synthesizing HPHUs with diverse functionalities.
Amine, cyclic carbonate, and hydroxyl-functionalized silicas can be utilized to create hybrid
networks with tailored properties. Endo and colleagues employed a carbonation process to
introduce CO; into BADGE, followed by a direct reaction with a diamine containing siloxane

(Figure 2.5) ”°.
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Figure 2.5. PHU containing siloxane-based inner backbone according to Endo and co-workers 7.

By comparison between the siloxane-containing PHUs and a conventional HPHU composed of
carbonated BADGE and dodecanediamine, it was observed that higher siloxane content
correlated with increased solubility of the resulting products in solvents of low polarity including
diethyl ether. Moreover, the water contact angle and flexibility showed an upward trend with
increasing siloxane content. Notably, the materials exhibited lower 7gs (1 and 26°C) compared to
the dodecanediamine-based HPHUs (40°C) 7°.

In another study, Chen et. al. 8 conducted a study on reprocessable HPHUs by incorporating
silica nanoparticles with a wide range of surface functionalities as reinforcing fillers. In this
particular study, the inability of crosslinked polymers to be recycled due to the presence of
permanent crosslinks is considered a negative feature despite the improvement in performance
due to the filler. To enhance recyclability of PU materials, incorporation of three distinct types of
silica nanoparticles were explored. These include silica nanoparticles with hydroxyl functional
groups (OH-silica), with amine-terminated surfaces (NH-silica), and with superhydrophobic

properties (SHP-silica) (SHP = superhydrophobic) achieved through proprietary modifications of
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the surface hydroxyl groups. These silica nanoparticles were added into PHU networks and
reprocessed 2-3 times. It was observed that the involvement of hydroxyl and amine groups in
side reactions of OH-silica and NH-silica had a negative impact on the cross-link density and
mechanical properties of the PHUs, resulting in inferior performance compared to neat PHUs 8.
The addition of SHP-silica to PHUs resulted in notable enhancements in mechanical properties,
and a complete recovery of cross-link density after just one reprocessing step. Hydroxyl groups
participate in transcarbamoylation exchange reactions, while amine groups engage in reversible
cyclic carbonate aminolysis reactions. These reactions collectively contribute to the
reprocessability of PHU networks, offering pathways for controlled loss of cross-link density
following reprocessing. This demonstration of a silanized HPHU marks a significant

advancement towards the achievement of recyclable polyurethane networks 5.

2.3.2.2. POSS-containing HPHUs
Another way to introduce Si-containing moieties into PHUs is via POSS. The incorporation of
this compound can be effective in enhancing the mechanical properties, thermal stability and
water tolerance of polyurethanes or polycarbonate composites 82, Liu et. al. 3 incorporated
POSS into gallic acid-containing PHU coatings. In this study, the epoxy functional groups of
gallic acid-based epoxy resin were converted into cyclic carbonate using CO to form the
tetracarbonate functional monomer. The carbonate was reacted with various diamines, and it was
also modified with epoxidized-POSS components. The incorporation of POSS enhanced the
water resistance of the NIPUs while maintaining properties such as impact resistance, pencil
hardness, and flexibility. Generally, the higher loading of POSS resulted in increased material
rigidity and improved thermal stability (with a 50% weight loss temperature exceeding 300°C

based on thermogravimetric analysis — TGA). This improvement was attributed to the higher
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crosslinking density achieved ®2. The authors also investigated the effect of POSS addition into
rosin 3. Rosin-based carbonate compounds were reacted with epoxidized-POSS, carbonated-
POSS, and diamines. The impact of POSS on the resulting materials was comparable to that
observed in the gallic acid-based HPHUs. Notably, when comparing HPHUSs with identical
POSS content, it was observed that those incorporating epoxidized-POSS exhibited greater water
tolerance compared to those containing carbonated-POSS. This difference can be attributed to

the formation of urethane linkages and the presence of hydroxyl groups in the latter systems **.

2.3.2.3. HPHUS via Sol-Gel Route
Another approach to synthesize siloxane hybrids is through a sol-gel route. In the previously
described methods, the siloxane moieties were incorporated as monomers and present in the
polymer backbone or network. However, in the sol-gel route, silane groups are introduced at the
ends of a polymer chain to cap it and provide silane functionality. The siloxane moieties are
capable of crosslinking through the formation of Si—O-Si bridges . In the studies conducted by
Younes et. al. 3%, DGC and MBC were reacted with different diamines, such as Jeffamine D-
2000 or telechelic amino-terminated polydimethylsiloxane (PDMS) (2.5k or 5k). The resulting
PHUs were characterized, focusing on their chain ends. It was observed that Jeffamine-based
PHUSs possessed carbonate chain ends, while PDMS-based PHUs predominantly exhibited
amine-terminated chain ends. To cap the prepolymers, an amine-containing siloxane (DAMO, N-
(2-aminoethyl)-3-aminopropyltrimethoxysilane) was used in the case of Jeffamine, whereas
PDMS-based PHUs were functionalized with an epoxy-containing siloxane (GLYMO). Finally,
all the end-capped products were cured at 22°C for 24 hours at 20-30% humidity. The PDMS-
based HPHUs had very limited swelling in water and showed no signs of leaching from the

films, indicating their suitability for outdoor sealant applications. In contrast, the Jeffamine-
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based product experienced significant swelling and became excessively soft upon water

immersion, making their handling difficult and compromising their suitability for outdoor use

85,86

2.3.3. Acrylic HPHUs

The combination of toughness and flexibility of PUs with the weatherability and alkali resistance
of acrylic polymers has resulted in a widely utilized family of hybrids. These hybrids find
extensive applications in various fields such as adhesives, elastomers, and coatings %°*’. There of
different routes to prepare acrylic HPHUs . One approach involves the copolymerization of
unsaturated cyclic carbonates, resulting in polymer chains with pendent cyclic carbonates
(Figure 2.6) 3. These pendant cyclic carbonates can subsequently react with amines to generate
pendant NIPUs. Another approach involves synthesizing hydroxyurethane methacrylates
(HUMAS), which can be regarded as equivalents to the HUMs described earlier in epoxy

HPHUs. Subsequent acrylic polymerization enables the formation of the final acrylic HPHUs ¢,

2.3.3.1. Polymerization of unsaturated cyclic carbonates
Besse et. al. 3¢ have conducted a comprehensive review on the synthesis of unsaturated cyclic
carbonates, and their polymerization behaviors via carbon-carbon double bond reactions. These
compounds include a range of materials, including vinyl ether, vinylic, allylic, and allyl ether, as
well as styrenic and methacrylic cyclic carbonates *%7. Kalinina et. al. ¥ conducted a study on
the copolymerization of 3-(2-vinyloxyethoxy)-1,2 propylene carbonate (VEOPC) and N-phenyl
maleimide in methylethylketone (MEK) using azobis(isobutyronitrile) (AIBN) as an initiator.
The resulting copolymers were further post-functionalized with EDA and hexamethylenediamine

(HMDA) to form HPHUSs, which were applied as coatings. These coatings demonstrated good
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solvent resistance and low moisture absorption. However, they exhibited poor adhesion to metal
surfaces .

Besse et. al. % studied polymerization of cyclic carbonate functional methacrylates. There are
different pathways to prepare cyclic carbonate methacrylates %>°°. However, the catalytic fixation

of CO, onto GMA that has been polymerized via free radical polymerization chemistries is the

main alternative.

43



Polymerization

A
/ .
O
NH/KO

| NH
Rs3

R, refers to any group attached
to a suitable radical reactive

comonomer

Figure 2.6. Synthesis of HPHUs through polymerization of unsaturated cyclic carbonates.
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Kihara and Endo °! carried out the functionalization of cyclic carbonate methacrylate oligomers
using various amines. The primary objectives of their research were to examine the reactivity of
different amines towards cyclic carbonates and to investigate the aminolysis of ester groups
present in the methacrylates. (2-oxo-1,3-dioxolan-4-yl)methyl methacrylate was synthesized by
carbonation of glycidyl methacrylate using CO». Radical polymerization of (2-oxo-1,3-dioxolan-
4-yl)methyl methacrylate was conducted at 60°C, using 2,2'-azoisobutyronitrile as an initiator in
dimethyl sulfoxide (DMSO). Subsequently, the synthesized homopolymer was reacted with the
butylamine, benzylamine and cyclohexylamine at room temperature in DMSO for 24 hours,
leading to the formation of polymethacrylates with a hydroxyurethane group incorporated in the
side chain. Crosslinked networks were obtained using diamines instead of monoamines (e.g.
HMDA and benzene-1,3-bis(methylamine). It was observed that an excess of amine was required
to achieve complete conversion of the carbonate. However, secondary amines exhibited limited
reactivity due to steric hindrance. Gelation occurred after 1.5 hours in dimethylsulfoxide
(DMSO) when HMDA was introduced in a 1:1 ratio of repeating units to amino groups. FTIR
analysis revealed the presence of traces of both cyclic carbonate and amine, indicating
incomplete reaction. The resulting film was described as both hard, flexible and insoluble in any

solvent.

2.3.3.2. Hydroxyurethane methacrylates (HUMAS)
Hydroxyurethane methacrylates (HUMASs) are short oligomers, typically dimers or trimers, that
are synthesized through the aminolysis of a cyclic carbonate followed by the functionalization of
the resulting hydroxyl group (Figure 2.7). HUMASs were initially developed as reactive diluents,
specifically for applications in UV-curable coatings 2. Multifunctional HUMAs have been

synthesized by employing carbonated BADGE as a key starting material . The tetra-
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functionality was achieved by reacting the carbonated BADGE with an amino terminated
alcohol, which was subsequently modified with methacryloyl chloride to yield the final products.
The synthesized resins had low viscosity and demonstrated both high flexural strength and
superior toughness compared to a reference resin used in dental compositions. The high

crosslinking density of these resins typically results in elevated hardness.
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Figure 2.7. Formation of UMAs via the aminolysis of ethylene carbonate followed by subsequent

functionalization.
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2.4. Conclusion and thesis work considerations
In summary, the examples discussed in the previous sections highlight the progress in synthesis
of HPHUs. However, they also reveal existing deficiencies and limitations in this field, calling
for further research and improvement. Initially with PHUs, carbonated soybean oil was the first
investigated cyclic carbonate, followed by the exploration of various bio-sourced cyclic di and
poly(carbonates) 31389394 Several factors were investigated to assess their impact on the final
thermal and mechanical properties of PHU thermosets. These factors include the choice of
building blocks, selection of cyclic poly(carbonates) and diamines, and the cyclic carbonate-to-
amine ratio. By studying these factors, a comprehensive understanding of their influence on the
properties of PHU thermosets can be obtained. However, significant advancements in the field
occurred after 2017, with a shift towards developing HPHUs focused on specific industrial
applications such as coatings, adhesives, and foams. In this thesis, a hybrid approach is employed
to combine the advantageous characteristics of non-isocyanate polyurethane with polymerized
methacrylates. The aim is to achieve partially bio-based thermoset hybrid resins containing
hydroxyurethane linkages, offering versatile structures and enhanced properties to be tailored to
the application. Hence in the next chapter (Chapter 3), a comprehensive investigation will be
introduced regarding the hybridization concept of PHUs. This approach involves the integration
of free radical polymerization and polyaddition polymerization techniques, coupled with the
incorporation of moisture-sensitive silanes, to form thermoset resins. The chapter aims to delve
deeper into the experimental methodologies and characterization techniques associated with this
hybridization strategy for PHUs. Following the establishment of the proof of concept, Chapter 4
will focus on enhancing the mechanical properties of the resins synthesized in Chapter 3. This

will involve the manipulation of the side chain rigidity in the templates produced through radical
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polymerization. A thorough investigation of the mechanical and rheological properties will be
conducted to gain a comprehensive understanding of the resulting improvements. Chapter 5 is
dedicated to investigating the influence of backbone rigidity on the mechanical properties of the
thermoset PHUs. In this chapter, templates with varying levels of backbone flexibility were
synthesized, and the resulting materials were extensively characterized and compared with
previous findings. The chapter aims to provide a comprehensive analysis of how changes in
backbone rigidity impact the mechanical behavior of the PHUs, offering valuable insights for the
design and optimization of these materials. Lastly, in order to broaden the scope of the study,
thermoplastic PHUs were synthesized with diverse backbone structures (Chapter 6). These PHUs
were subsequently employed as crosslinkers to form networks, which can be referred to as
NIPUs. Comprehensive investigations were conducted to examine the mechanical and
rheological properties of these NIPU networks, providing valuable insights into their

performance and potential applications.

48



3. CHAPTER 3

DEVELOPMENT OF MYRCENE-BASED RESINS
WITH AMINE ENDED POLY(PROPYLENE
GLYCOL) SIDE CHAINS BONDED THROUGH
HYDROXYURETHANE LINKAGES

The manuscript of this chapter was published in Macromolecular Reaction Engineering in 2023
(Farkhondehnia, M., Younes, G.R. and Mari¢, M., Development of Myrcene-Based Resins with
Amine Ended Poly (Propylene Glycol) Side Chains Bonded Through Hydroxyurethane
Linkages. Macromolecular Reaction Engineering, 2023, 17, 2200054.) . This chapter constitutes
the proof of concept for the preparation of partially bio-based hybrid moisture curable networks
bonded through urethane linkages. This manuscript represents a distinct contribution to the
development of NIPU-based hybrid crosslinked networks, which combine the principles of
radical polymerization and polyaddition polymerization, along with the silane curing step. We
attempted to show here partially bio-based backbones that are largely poly(myrcene) can be used
as a template for coupling to diamines and subsequently capping and curing with a silane
coupling agent. The results from this initial study were then applied to subsequent iterations in
the hybrid resin designs, and improved mechanical properties are detailed in Chpaters 4-6. The

supporting information of this manuscript is included in Appendix A.
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3.1. Abstract
Hybrid non-isocyanate poly(urethanes) (HNIPUs) are designed from a precursor whose
carbonate functionality is derived from epoxy-functional statistical copolymers. Specifically, a
bio-based diene (f-myrcene) is copolymerized via conventional free radical polymerization with
glycidyl methacrylate (GMA) at different molar ratios, producing flexible copolymers with
epoxy pendent groups, which are then reacted with carbon dioxide to yield the precursors with
cyclic carbonate functionality. Subsequent addition of an amine terminated telechelic
poly(propylene glycol) (PPG) forms urethane linkages in the side chains, whose concentration is
tuned by varying the GMA initial molar fraction. The NIPUs are end-capped with silanes to
enable moisture curing, resulting in HNIPUs with elongations at break up to 150%, and
relatively low elastic moduli varying from 32 kPa to 50 kPa as the number of urethane side
linkages increases from 6 to 22. Swelling ratio of the NIPUs are also measured in
tetrahydrofuran (THF). As the number of urethane side chains increases, the swelling ratio of the
NIPUs decreases (710% to 620%), indicating the higher crosslinking density. All samples have
gel content of more than 50% in THF, indicating non-crosslinked species in the samples which

confirms the relatively low reported values for tensile moduli.
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3.2. Introduction
Polyurethanes (PUs), with a global market size of $72.82 billion USD in 2021, play a significant
role in everyday applications such as elastomers, foams, adhesives, sealants, coatings,
thermoplastics, and thermosets >°>°7. However, certain issues with the synthesis and application
of PUs have become concerning. Traditionally, PUs are generally made through polyaddition
reaction of polyols and isocyanates, the latter of which is toxic and the process used to make it
involves toxic phosgene gas, posing severe health risks °. These substances are harmful for both
environment and human. Along with mentioned serious health concerns, European regulation
REACH is concerned about noxiousness of synthesized Pus and in fact most regulations limit the
use of some isocyanates 7%, Moreover, common precursors for the synthesis of polyols are

petroleum-based '%%>-1%

and thus in addition to the health hazards posed, there is an ecological
driver to adapt not only safer but also greener synthetic paths *!°!, Isocyanate-free methods to
produce a new class of PUs have been developed and are known as non-isocyanate
polyurethanes (NIPUs). Among all non-isocyanate routes to PUs, the reaction of amine and
cyclic carbonate functions is the most common 34767102107 Tp this route, PUs are synthesized
by ring opening of cyclic carbonates with polyamines, leading to the formation of urethane
linkages and a secondary hydroxyl group (such polymers are also called polyhydroxyurethanes
(PHUs) due to the latter’s formation). PHUs synthesized through this method eliminates the issue
of isocyanates while also capturing CO> in the form of the cyclic carbonates after coupling with
the epoxides. The resulting hydroxyl groups form intermolecular and intramolecular hydrogen
bonds with urethane carbonyl bonds, which increase the stability of urethane linkages to

16,17,25,67,

hydrolysis 96.100.108 'The enormous proliferation of NIPU formulations is well

documented in the literature *¢-1%110 'More recently, attention has shifted to hybrid NIPUs *' to
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combat many of the shortcomings of NIPUs, as they still fall short of the performance of
conventional PUs in many applications. Hybrid NIPUs are broadly defined as being hybrids in
chemical structures (i.e. reacting a suitably end-functionalized NIPU with another monomer),
reacting with an inorganic polymer (eg. chain extension with poly(siloxanes)), capping with an
inorganic molecule (eg. silanes to introduce moisture-curable groups) or using a different kind of
reaction (eg. polyaddition combined with free radical) to improve the properties of the resulting
material #1111 Recently, moisture curable NIPUs have been introduced as a new class of hybrid
NIPUs which are moisture curable and crosslink properly in ambient temperature %%,

Here, we focus on synthesis of hydroxyurethane linkages using a different kind of
polymerization (free radical polymerization combined with polyaddition) to combat mechanical
and physical property limitations of conventional PUs. This is done by creating a template via
statistical radical copolymerization that controls the backbone length and the density of grafting
sites. Specifically, a cyclic carbonate functional template is accessed by copolymerization of a
diene (to impart flexibility) with glycidyl methacrylate (GMA; to provide epoxy groups) where
the latter can be carbonated with CO; to provide the requisite cyclic carbonates 2. Notably, we
applied semi-batch conventional free radical polymerization (FRP) to provide more uniform
distribution of carbonate sites. The cyclic carbonates along the backbone are then reacted with a
diamine (in this case, poly(propylene glycol) diamine — Jeffamine D-4000) to form the urethane
grafts. In this work, f-myrcene (Myr) a terpene-based 1,3-diene was used as a co-monomer with

GMA as it provides rubbery characteristics to the copolymer '3

. We also employed bulk
conventional free radical polymerization (FRP) with this system, to avoid issues with solvent

removal. Further, combination of poly(cyclic carbonate) and diamine with appropriate viscosities

were sought to prepare a formulation which can be readily applied onto surfaces '®. After

52



carbonation and formation of the urethane linkages, the synthesized myrcene based resin
containing hydroxy urethane linkages on the side chains were end-capped using [3-(2,3-
epoxypropoxy)-propyl]-trimethoxysilane (known as GLYMO), which is a common moisture
sensitive silane and often-used coupling agents, to obtain a moisture-cured formulation
containing hydroxyurethane linkages . GLYMO can act as a bridging unit by making interfacial
connection through the hydrolysis and condensation of the trialkoxysilane moiety and reaction of
epoxy groups with amine functional groups at the same time. Hydrolysis of the methoxy groups
in GLYMO gives silanol groups which condense to form the silicone network

structures!!*!1> The following study focuses on making the templates with distribution of
carbonate sites which affects number of urethane linkages along with characterization of
resulting PHUs in terms of urethane formation, end-capping efficiency and measurement of
physical (swelling) and mechanical properties (Figure A 1).

3.3. Results and discussions

3.3.1. Effect of feed composition on My/GMA copolymerization
The goal of this approach to design NIPUs was rooted in the control of the microstructure, from
the poly(Myr-co-GMA) precursor, which defined the locations of the carbonation and thus the
attachment points for the amine groups to form the urethane linkages. By controlling the
frequency of the carbonate groups via copolymerization between Myr and GMA and the length
of the diamine attaches, we expected to have a wide latitude into accessing desirable physical
and mechanical properties. Thus, the starting point of our investigation was to determine the
impact of the initial monomer composition on the final molar composition of poly(Myr-co-
GMA). The Myr/GMA copolymerization was studied previously using nitroxide mediated
polymerization (NMP) and reversible addition—fragmentation chain-transfer polymerization
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(RAFT) and reactivity ratios of the two monomers was estimated by various methods, assuming
a terminal copolymerization model ''%!!7. Reactivity ratios for Myr and GMA by nitroxide-
mediated radical polymerization (NMP) were reported as 7= 0.49 = 0.13 and rgma = 0.50 +
0.13 with 95% confidence bounds 2, and also reactivity ratios of rvyr = 0.5181 + 0.0620 and
rama = 0.3009 £ 0.0141 were reported using RAFT polymerization ''” . These estimates serve as
guides for the microstructures we expect for the precursors.

Qualitatively by FTIR, incorporation of GMA in the copolymer structure was indicated by the
appearance of a peak at 1725 cm™! corresponding to the C=0 stretch of the ester group in GMA.
There are also discrete peaks at 890 and 830 cm™!, which corresponded to asymmetric and
symmetric oxirane ring bending/deformation, respectively (Figure 3.1) !'8,

Quantitative determination of copolymer composition was done using 'H NMR. With respect to
the Myr, literature suggests poly(Myr) has varying regioselectivity (Figure A 2) ''°. In our case,
the regioselectivity of Myr in the copolymer was calculated by comparing three peaks at 6=
4.70—4.80 ppm (two vinyl protons of 1,2-addition and two vinyl protons of 3,4-addition),
0=5.00-5.25 ppm (two olefinic protons of 1,4-addition, one olefinic proton of 1,2-addition and
one olefinic proton of 3,4-addition), and 8=5.30-5.50 ppm (one olefinic proton of 1,2-addition)
12 We found > 89.6% of the poly(Myr) exhibited 1,4 addition under the conditions studied
(Table 3.1). The two-step degradation of synthesized copolymers could be due to different

microstructures (Figure A 3 and Table A 1) '"°.
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Figure 3.1. FTIR spectra for Myr/GMA copolymer before and after carbonation, FTIR spectra for a)

Myr/GMA-90, b) carbonated Myr/GMA-90.
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Table 3.1. Molecular Characterization and Myrcene Selectivity at the End of the Experiments.

Sample ID® | Funr | Xur? | Xowa® | Xeopolyme® | M, © b 1,4 1,2 34
(%) (%) (%) (g mol") addition | addition | addition

(%) (%0) (%)

Myr/GMA-100 1 62.2 - 62.2 6200 3.12 94.6 4.1 1.3
Myr/iGMA-90 | 091 | 553 65.9 56.4 5500 3.26 93.6 5.2 1.2
Myr/GMA-80 | 0.84 | 59.2 58.8 59.2 7500 3.31 92.7 6.7 0.6
Myr/IGMA-70 | 0.77 | 74.0 73.0 73.7 7200 3.99 90.7 7.7 1.6
Myr/GMA-60 | 0.61 | 68.1 72.8 70.0 10500 | 4.12 89.6 9.5 0.90

(¥ Experimental identification given by Myr/GMA-XX, where XX refers to the rounded % initial molar fraction of Myr in the
mixture (fin.0)); (? Xasr represents myrcene conversion in poly(Myr-co-GMA) ); (¢ Xoma is GMA conversion in poly(Myr-co-
GMA)); (9 Xeopotymer is total conversion of the synthesized copolymer at the end of the reaction ); ( ® Target number average

molecular weight for all experiments (M, ieoritical)=10000 g mol™! | all reported molecular weights were converted to absolute

molecular weight using Mark- Houwink- Sakurada (MHS) coefficients 120-123

).

Reactivity ratios from previous studies suggested that Myr/GMA behaved in a statistical fashion
[8]. However, we noticed compositional drift with the GMA being incorporated more rapidly
(which suggests why we adopted a semi-batch approached towards adding the GMA to get a
more uniform distribution of functional groups). Kinetic data may explain some of the trends
exhibited in Table 3.1 and Figure A 4, such as an increase in & with increasing GMA content in
the feed. For instance, the composition drift can be partially explained by the difference in
propagation rate constants of the individual monomers. Although Myr propagation rates are not
known, isoprene is expected to behave similarly and we used that to approximate the propagation
rate constant for Myr. Isoprene propagation rate constant (kp,isoprene) Was estimated to be 125 + 30

-1

L mol s at 5°C in bulk with peroxide initiator '**. Later, kp,isoprene by bulk radical

polymerization measured with pulsed laser initiated polymerization (PLP) was reported as 99 L
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mol ! s at 50°C '?°. By PLP, the GMA homopropagation rate constant k,gma = 1230 L mol ™! s°!
at 50°C '?°, This order of magnitude difference influences the faster rate of consumption of the
methacrylate versus diene and was reflected in the composition. For this reason, semi-batch
addition was adopted for a more regular placement of GMA in the backbone (Figure A 5).
Lastly, the effect of initial molar ratio of GMA in the feed upon the viscosity of the final
copolymer was investigated as it affects leveling, a relevant property for sealant applications.
Leveling is a critical factor to achieve a smooth and uniform coating and it is favored by low
melt viscosity of the polymer '?’. Poly(Myr-co-GMA) viscosities were optimized by
manipulation of epoxy content in the chain and limiting its number average molecular weight to
<10000 g mol™. The steady shear viscosities of the poly(Myr-co-GMA) were determined at room
temperature, with the viscosity of My»/GMA-90 increasing from 410 mPa s to 1780 mPa s
compared to Myr/GMA-70 (Figure A 6). The increase in viscosity is not surprising as the
methacrylic co-monomer makes the copolymer stiffer (The 7, of poly(GMA) homopolymer is
85°C 128, All poly(Myr-co-GMA)s, as seen in Figure A 6, have Newtonian plateaus for shear
rates between 0.1 to 10 s™!, indicating they are all below their entanglement molecular weight
(M.) (M. of poly(Myr) is reported as 17 kg mol™' 1%’ in the literature). Additionally, the viscosity
of synthesized poly(Myr-co-GMA)s linearly scales with their molecular weight since they are all

below their M..

57



3.3.2. Structural identification of carbonated Myr/GMA copolymers
Once the series of poly(Myr-co-GMA)s were prepared, they were treated with CO; and TBAB,
to form the cyclic carbonate groups '*°. TBAB employs nucleophilic attack by the bromide ion to
the oxirane, and then adds to CO.. Finally, the oxyanion reallocates the bromine, giving the five-
membered cyclic carbonate '°*!3! The production of the five-membered cyclic carbonate group
by CO. fixation to the epoxide ring of the GMA monomer of poly(Myr-co-GMA) was confirmed
using FT-IR, and '"H NMR (Figure 3.1b and Figure A 7).
Figure 3.1a and Figure 3.1b show the FTIR spectra of poly(Myr-co-GMA) before and after CO»
fixation (after 18h). The epoxy group vibration band appears at 910 cm™! in poly(Myr-co-GMA).
At 1730 cm™!, the stretching vibrations of both carbonyls corresponding to the ester groups of
GMA units can be seen. The intensity of the epoxy peak at 910 cm™ decreases after 18 hours of
CO fixation, and a new peak appears at 1800 cm™! due to the creation of the cyclic carbonate °°.
The absence of the 910 cm™! peak for the epoxy bonds and the presence of signals related to
cyclic carbonate bonds at 1801 cm™! proved that the cyclic carbonated poly(Myr-co-GMA) was
prepared nearly quantitatively. '"H NMR analysis also demonstrated the formation of the cyclic
carbonate groups (Figure A 7). The signals at 4.25-4.45 ppm are assigned to the protons of the
cyclic carbonate and signals at 2.55-3.25 ppm are assigned to the protons of the methylene group
of the epoxy ring. These observations confirm the generation of cyclic carbonate groups through
the reaction of poly(Myr-co-GMA) and CO,. Using '"H NMR, the carbonation conversion was

almost 95% after 18 hours of CO; bubbling (Figure A 7 and Figure A 8).
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3.3.3. Synthesis of NIPUs

With the successful preparation of carbonated poly(Myr-co-GMA), a series of NIPUs were
synthesized via polyaddition reaction with diamines. It should be mentioned that NIPU in this
work refers to the formulation in which urethane linkages are formed on the side chains after
addition of diamine to cyclic carbonate. Depending on the ring-opening locations of cyclic
carbonates, urethanes with primary and secondary hydroxyl moieties were formed '*>!33, Figure
3.2 depicts the normalized GPC profile for Jeffamine D-4000, carbonated poly(Myr-co-GMA)
and synthesized NIPU (NIPU-70, where 70 refers to the NIPU synthesized from Myr/GMA
copolymer with 70 mole % of Myr). As seen from Figure 3.2, a small shoulder appears for the
synthesized NIPU at the higher molecular weights indicating the presence of NIPU in the
polymer mixture, and the shoulder intensifies from NIPU-pre-0 (sample taken right after addition
of Jeffamine D-4000 at room temperature) to NIPU-6 (sample taken after six hours, which is end
of the reaction). The GPC chromatogram suggests that urethane linkages were formed after 6
hours. Excess Jeffamine D-4000 is observed from the left-most peak in the GPC profile. The
fraction of Jeffamine D-4000 that is chemically bound to the carbonated poly(Myr-co-GMA) can
be calculated using Equation A 1, Equation A 2 and Equation A 3The fraction of Jeffamine D-
4000 that is chemically bounded can be calculated using (about 55% of Jeffamine D-4000 was
not chemically bound to the carbonated Myr/GMA-70) (Supporting Information, Figure A 9 and
Table A 2) '**. It was not possible to remove excess Jeffamine D-4000 from the mixture. Both
synthesized NIPU and Jeffamine D-4000 are liquids and no solvent could be found to act as a
non-solvent for either the synthesized NIPU or Jeffamine D-4000. Table 3.2 shows approximate
molecular weights for synthesized NIPUs with different number of side chains (NIPU-90, NIPU-

80, NIPU-70).
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Figure 3.2. Normalized GPC traces for carbonated Myr/GMA-70, jeffamine D-4000 and NIPU-70 at

various times at T=40°C.
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Table 3.2. Molecular weight and physical properties of the synthesized NIPUs.

NIPU Used diamine, M, (g mol")? Physical state
temperature (°C),
time (h)
NIPU - 90® Jeffamine D4000, 26000 viscous liquid
120, 6
NIPU - 80 Jeffamine D4000, 38000 viscous liquid
120, 6
NIPU - 70 Jeffamine D4000, 55000 viscous liquid
120, 6

(® Reported molecular weights are estimated using GPC by integrating the peak assigned to NIPU (values are approximate
besides having bimodal distribution). The molecular weights are relative to PMMA standards); (» Experimental identification

given by NIPU-XX, where XX refers to the % initial molar fraction of Myr in the synthesized My»/GMA copolymer (fisr,0)).

After addition of Jeffamine D-4000, the samples were analyzed by FTIR which show the
intensity of the cyclic carbonate peak (1800 cm™) decreasing (Figure 3.3) but still present,
indicating that the reaction between cyclic carbonate and Jeffamine D-4000 was incomplete '*°.
It is also reported that cyclic carbonate conversion to urethane linkage was higher than at the
higher carbonate to amine ratio, although the conversion was not complete *. To convert all
cyclic carbonates to urethane linkages reaction would probably need longer time or higher
temperatures or both. However, longer times at high temperatures could cause side reactions
136137 In our system, excess diamine was added to the mixture to increase the steric hindrance
and lower the chance of crosslinking while reaction was occurring. This could prevent the
diamine reacts on both ends and the NIPU was not crosslinked at the end of the reaction which is
six hours.

'"H NMR also confirmed the presence of the urethane linkage in the structure of synthesized

NIPUs (Figure 3.4) (6= 3.55 ppm and 5.10 ppm). At 3.55 and 5.10 ppm, two different chemical
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shifts in the 'H NMR spectra appeared, attributable to the protons of freshly generated primary
and secondary hydroxyl groups, respectively '*8. The 'TH NMR spectra also indicated that the
cyclic carbonates on the backbone of the carbonated poly(Myr-co-GMA) had been partially
converted to NIPUs via ring-opening polyaddition, as the protons associated with the cyclic
carbonate peaks were still present (6 = 4.45 -4.65 ppm). Since the cyclic carbonate peak (6 =
4.45 -4.65 ppm) overlaps with the hydrogens peaks of the carbon which is connected to the
hydroxyl group of the synthesized NIPU (& = 4.2 -4.6 ppm), it is not possible to quantify the

percentage of unreacted cyclic carbonates.
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Figure 3.3. FTIR spectra for NIPU-90 and Myr/GMA-90, a) FTIR spectrum of NIPU-90 after six hours,

b) carbonated Myr/GMA-90.
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3.3.4. End-Capping and Crosslinking NIPUs
Kinetic studies were investigated on the end-capped NIPUs and combined results are

summarized in Figure 3.5.
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Figure 3.5. Curing kinetics of end-capped NIPUs (EC-70 , EC-80 and EC-90) ascertained by
measurement of storage (G ') and loss (G”) moduli (Pa) at a frequency of 1 Hz and a strain of 1% for 24 h.

Measurements were done at 22°C with humidity of 22.3% (SD 1.25). The gel points are indicated as X.
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As shown in Figure 3.5, EC-70, whose parent Myr/GMA copolymer contains 22 units of epoxy
functional groups on the backbone (fis,-= 0.7), has a gel time of 165 minutes (intersection of G’
with G") which indicates film forming when exposed to ambient conditions (20%-30% humidity
at 22°C). In contrast, EC-80 and EC-90 cured more slowly compared to EC-70 due to the lower
concentration of side chains emanating from the backbone. All films were left at ambient
condition for a week to fully cure. Although the samples were soft and relatively weak due to the
presence of excess Jeffamine D-4000 in the samples, DMTA was used to see if the films are
sufficiently cured. Figure 3.6 shows the temperature dependence of storage modulus (£ ;) of the
end-capped NIPUs. All end-capped NIPUs had a nearly level plateau in the observed
temperature test range, confirming their crosslinked structure. Estimates of the average
molecular weight between crosslinks (M.) using Equation 3.3, which are tabulated in Table 3.3.
End-capping information of EC-90, EC-80 and EC-70., is indirectly proportional to the values of
storage modulus at rubbery plateau region (£ »). These results are consistent with the swelling
ratios (SR) of end-capped NIPUs provided in Table 3.4. The SR gives information on the cross-
linking density of the cured NIPUs with high SR corresponding to greater penetration of solvent.
While EC-90 swelled to a higher degree due to the presence of longer chains between crosslinks,
EC-70 swelled less, implying a tighter network '*. This is consistent with the incorporation of
Jeffamine D-4000 that increases the length between crosslinking nodes and increases
crosslinking density. Furthermore, moderate gel content (GC) of end-capped NIPUs indicates a
relatively high concentration of free species which are not chemically bonded to the

polyurethane network %4>,
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Table 3.3. End-capping information of EC-90, EC-80 and EC-70.

NIPU

End-capper | # of urethane Gel time NGLYMO/Mjeffamine | Temperature | M. (g mol™)
side branches (min) (°C)-time (h)
on each
backbone ¥
EC-90 GLYMO 3 360 1 120-1 27000
EC-80 GLYMO 8 214 1 120-1 14800
EC-70 GLYMO 14 165 1 120-1 12000

(® Number of urethane linkages are calculated by: Number of Jeffamine D-4000 reacted with cyclic carbonates of the backbone

(almost 50% of Jeffamine D-4000 reacted which is determined by GPC) X number of cyclic carbonates on the backbone).
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Table 3.4. Swelling properties of the end-capped NIPUs in THF and water.

End-capped NIPU THF Water
SR (%) GC(%) SR(%) GC(%)
EC-90 710+18.3 5242.1 3.5+0.3 >99
EC-80 690+6.4 58+1.4 8.2+0.8 >99
EC-70 620+7.2 59+2.3 6.3£1.7 >99

Swelling studies on the end-capped NIPUs in purified H,O were done to investigate the
sensitivity of the materials to moisture (Table 3.4). Samples have low swelling ratios
(approximately 3%-9%) and high GC values (=100%) in water after a week. Jeffamine D-4000 is
a PPG-based diamine which is a polymer with both hydrophilic and hydrophobic groups in its
molecular structure. PPG is generally hydrophilic but becomes water-insoluble when its
molecular weight is higher than 740 g mol™! 4%, Also, myrcene is a hydrophobic acyclic
monoterpene which can be another reason for high GC values in water for the synthesized
NIPUs "1, High GC values of samples is an indication of high resistance of cured NIPUs in
moist environments. The nature of the diamine and the backbone material used to synthesize the
NIPUs obviously play a role in dictating the final properties of the cured material. Although the
fully cured NIPUs were soft and mechanically weak, samples were nevertheless cut out of the
mold for mechanical testing, and the results are presented in Figure A 10 and Table 3.5.

Table 3.5. Mechanical properties of cured samples?

Cured NIPU E (kPa) Omax (kPa) EB® (%)
EC-90 32.6£3.5 49.1+6.2 150+£11
EC-80 46.2+0.9 60.9+1.1 13242
EC-70 50.7+1.1 81.6+8.0 159+£10

(¥Three samples were cut out of the mold from each cured NIPU to provide an estimate of error); (* Elongation at break).
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Young’s modulus increased with higher number of branches. That is, the higher concentration of
epoxy functional groups on the Myr/GMA backbone, the higher is the crosslinking density of the
film which increases the strength of the films. EC-90 has the lowest crosslinking density (highest
SR — see Table 3.5) it has the lowest Young’s modulus of 32.6 & 3.5 kPa. In contrast, EC-70 has
the densest crosslinked network and has the highest Young’'s modulus (50.7 £1.1 kPa). Low
values of measured Young’s moduli are the result of the inability to remove the excess unreacted
Jeffamine D-4000 in the films, making the films mechanically poor. It also could be due to
chains entrapped in crosslinking nodes during GLYMO addition which causes that some chains
do not participate in end-capping reaction.

As seen from Figure A 11, all end-capped NIPUs exhibit almost the same degradation behavior,
showing that it is not affected by density of crosslinks for each cured sample. Cured NIPUs show
two step degradation which could be due to two different microstructures of their initial
Myr/GMA copolymer and unreacted Jeffamine D-4000 in the mixture (Table A 1). Also, the
cured samples do not degrade completely according to TGA and have a residual of almost 1%
which is due to the inorganic tin-based catalyst used to accelerate the curing at room

temperature.
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3.4. Conclusion
Partially bio-based hybrid NIPUs based on poly(Myr-co-GMA) were synthesized using bulk
polymerization at moderate temperatures. Myr/GMA free radical copolymerization was
conducted in a semi-batch polymerization to ensure that almost all chains contained epoxy
functional groups (as the GMA reacted faster and was used up earlier during the
copolymerization). Solvent-free coupling of epoxides of poly(Myr-co-GMA) with CO, was done
with TBAB catalyst with complete conversion of carbonation reaction was achieved after 18
hours. Synthesized carbonated poly(Myr-co-GMA) were then reacted with Jeffamine D-4000 to
prepare NIPUs with different number of urethane linkages on the chains.
From the NIPUs, end-capping reactions using moisture-sensitive silanes were conducted at
moderate temperatures. Curing kinetics of the end-capped NIPUs revealed gel times of 165
minutes to 360 minutes at 22°C with 20%-30% humidity with shorter gel times corresponding to
higher crosslinking densities, as revealed by swelling experiments. The tensile strength was
weakly correlated to the number of urethane linkages. Young’s moduli of the samples improved
from 32.6 kPa to 50.7 kPa as the number of urethane linkages on the backbone increased from 6
to 22 (overall degrees of polymerization ~ 60 backbone units). Samples exhibited poor
mechanical properties since excess diamine added to the carbonated poly(Myr-co-GMA) was
used to prevent excessive crosslinking from the amine-carbonate reactions (the goal intended
was to make hybrid moisture-curable silane-capped NIPUs). The excess diamine could not be
removed but it could still be cross-linked with the silane together with the NIPU units branching
from the backbone. Nevertheless, the samples were still mechanically weak. Samples immersed
in water and THF exhibited good water resistance but moderate swelling in THF (50-60%)

indicating incomplete curing. We are currently examining other backbone systems, where we
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have been able to remove excess diamine and have observed more promising mechanical
properties.
Probing deeper, the results in this paper also provide a strong foundation for future work in
synthesis of sealants with better mechanical properties. Many different monomers can be
substituted for Myr to make the initial copolymer backbone stiffer, leading to synthesis of
sealants with tunable mechanical properties. For example, we are polymerizing more rigid
methacrylates with GMA, and after carbonation, the copolymers with the resulting grafted NIPU
are separated from the unreacted diamine more easily. This will be detailed in a succeeding
report.

3.5. Experimental Section
Materials: [-myrcene (Myr), basic alumina (Al2O3, Brockmann, Type II 150 mesh), calcium
hydride (CaHa, 90-95% reagent grade), 2,2'-azobis(2-methylpropionitrile) (AIBN),
tetrabutylammonium bromide (TBAB) and deuterated chloroform (CDCl3,99.8%) were
purchased form Sigma-Aldrich and used without further purification. Poly(propylene glycol)
with terminal amino groups (Jeffamine D-4000) with M,, = 4000 g-mol™! was obtained from
Huntsman. Toluene (>99%), methanol (MeOH, >99%), tetrahydrofuran (THF, 99.9% HPLC and
certified grades) were purchased from Fisher Scientific as used as received. Glycidyl
methacrylate (GMA) was obtained from Sigma-Aldrich and was purified by passing through a
column of basic alumina mixed with 5 wt % calcium hydride and then kept in a sealed flask
under nitrogen atmosphere in a refrigerator. Syntheses were all carried out under nitrogen
atmosphere with high purity (99.99%, Praxair). Carbon dioxide (CO») with a purity of 99.99%

was purchased from Praxair and used as received.
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Myr/GMA copolymerization by free radical polymerization (FRP): All copolymerization
reactions were done in a 250-ml three-necked round-bottom flask. Myr and AIBN were placed
into the reactor, equipped with a thermal well and a magnetic stir bar. The whole setup was
placed on a heating mantle on a magnetic stirrer. Next, the mixture was purged with nitrogen to
minimize oxygen contamination. A condenser was used to prevent evaporation of monomer and
venting of the purge was done via a needle at the top of the condenser. A thermocouple
connected to a temperature controller was inserted into the thermal well and the reactor was
heated to the desired polymerization temperature of 90°C. When the mixture reached 80°C,
previously purified GMA was pumped into the reactor using a NE-1000 programmable single
syringe pump at a rate of 5 mL h "' and the polymerization was allowed to continue for six hours.
After six hours, the reaction mixture viscosity increased and the heating to the reactor was turned
off. Once cooled and after exposing the synthesized polymer to air, the polymer was precipitated
in excess methanol to remove unreacted monomers from the final product. The purification was
by proton nuclear magnetic resonance (‘H NMR) of the product to confirm removal of monomer
(additional methanol was added until the supernatant layer was clear to reprecipitate the
polymer). Finally, the copolymer was dried in a vacuum oven at 40°C overnight. All
formulations for Myr/GMA copolymers are tabulated in Table A 3.

For every reaction, the initial molar ratio of monomers to initiator (AIBN) was calculated to give
Myr/GMA copolymer with target number-average molecular weight M, meoreticai=
(foma,oMaya+fi,0 M) DP,= 10000 g mol™! at complete overall conversion (X =1), where fuyro
and fGma 0 are the initial molar fractions of Myr and GMA, and DP, is number average degree of
polymerization, respectively. A specific formulation for Myr/GMA : 90/10 mol% is given as an

example (experiment Myr/GMA-90, Table A 3). Myr (127.61g, 0.9367 mol), AIBN (5.26g,
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0.0320 mol) were added into the reactor and then the setup was prepared as mentioned above.
When the reactor reached 80°C, GMA (23.11g, 0.1626 mol) was pumped into the reactor using a
pump for four hours at the prescribed flow rate to ensure that epoxy functional groups were
evenly distributed along the polymer chains, since Myr concentration is higher than GMA
leading to nearly full conversion of GMA after almost three hours (Scheme A 1 compares
Myr/GMA ideal copolymer microstructures in two different polymerization processes of batch
and semi-batch). Samples were taken periodically until the end of the experiment. For each
sample withdrawn, NMR and gel permeation chromatography (GPC) were used to determine
composition and molecular weight distribution. The (overall) monomer conversions (Xa- and
Xoma) were determined by "H NMR. The aliphatic protons of the monomer (6=2.15-2.30 ppm,
4H) and the protons of the two methyl groups of monomer and polymer (6=1.55-1.75 ppm, 6H)
were used to compute myrcene conversion. To find conversion of GMA, vinyl protons of the
monomer (6=5.6-6.15 ppm, 2H) and the methine proton of the oxirane ring (6=3.05-3.30 ppm,
1H) was used. The microstructure of copolymer was found by integrating the non-equivalent
protons of the methylene bonded to the ester oxygen (6=4.20—4.50 and 3.65— 4.00 ppm, 2H), the
methine proton of the oxirane ring (6=3.05—3.30 ppm, 1H), and the protons of the methylene of
the oxirane ring (6= 2.75-2.90 and 2.55-2.70 ppm, 2H) for GMA and vinyl protons (6=4.65-5.45
ppm, 2H) for myrcene (Figure A 12).

The overall conversion (using Equation 3.1) was Xcopolymer = 0.56 (individual conversions: Xama
= 0.65 and Xus = 0.55) at the end of the experiment (t = 360 min). Also, FTIR was used to
confirm the presence of GMA in the copolymer. The molar composition of GMA in the final

abovementioned copolymer was Foma=0.093.
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Xcopolymer = XMyrfMyr,O + XGMAfGMA,O (3.1)

The final copolymer was found to have M= 6200 g mol™! and dispersity (D) of 3.2, using gel
permeation chromatography (GPC), calibrated relative to narrow molecular weight distribution
poly(methyl methacrylate) (PMMA) standards (M, range of 875 to 1677000 g mol™!, Varian
Polymer). Figure A 1a shows the schematic of the copolymerization and its carbonation reaction
alongside with diamine addition to the carbonated copolymer.

Carbonation of Myr/GMA copolymers: The synthesis of carbonated Myr/GMA copolymer was
carried out by an addition reaction of CO2 with poly(Myr-co-GMA) using TBAB as catalyst
(Figure A 1b). TBAB (0.0034 mol, 5 mol% with respect to number of epoxy groups on a chain)
was added to a 150 ml three-necked round-bottom flask containing poly(Myr-co-GMA) (95.42
g). The reactor was equipped with a thermal well and a magnetic stir bar and the whole setup
was placed on a heating mantle on a magnetic stirrer. Next, the mixture was purged with CO: to
de-oxygenate the reactor. After 30 minutes of purging with COz, the temperature was increased
to 120°C and the mixture was stirred under a stream of CO; (5 psi) for 24 hours. To monitor the
reaction conversion, samples were taken every 6 hours and were characterized by NMR. Finally,
the final product was precipitated in excess methanol to remove the catalyst entrained in the
polymer (additional methanol was added until the supernatant layer was clear to reprecipitate the
polymer) and the polymer was then dried in the vacuum oven at 40°C overnight. The overall

conversion was calculated as Xcarvonarion=0.97 at the end of the reaction by NMR.
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Synthesis of non-isocyanate polyurethane (NIPU) from Jeffamine D-4000: An example is given
showing the addition of Jeffamine D-4000 to a carbonated poly(Myr-co-GMA). Jeffamine D-
4000 (53.12 g, 0.0060 mol) was added to a 150 ml three-necked round-bottom flask containing
carbonated Myr/GMA-90 (23.63g) (diamine / cyclic carbonate: 1.2:1). Jeffamine D-4000 was
added in excess to prevent any crosslinking reactions during polyaddition of diamine to cyclic
carbonate. Since it was experimentally observed that cyclic carbonate-to-amine ratio of 1, leads
to crosslinked polymer in the reactor over the time of the reaction. The reactor was equipped
with a thermal well and a magnetic stir bar and the whole setup was placed on a heating mantle
on a magnetic stirrer. Next, the mixture was purged with nitrogen to de-oxygenate the contents.
After 30 minutes of purging, the temperature was increased to 120°C while continuing nitrogen
purging. Figure A 1c shows reaction of the cyclic carbonates with Jeffamine D-4000 to produce
the corresponding NIPUs. The reaction ran for six hours in order to prevent crosslinking
reactions in the reactor. It should be mentioned that NIPU in this work refers to the formulation
in which urethane linkages are formed on the side chains after addition of diamine to cyclic
carbonates.

End-Capping of synthesized NIPUs: Synthesized NIPUs with Myr/GMA backbones containing
10%, 20% and 30% of GMA in the initial monomer mixture (NIPU-10, NIPU-20 and NIPU-30)
were chosen for end-capping as their respective viscosities were suitable for further reactions
occurring in bulk. The amount of end-capper to be used was set to one molar equivalent per mole
of diamine used in the respective NIPUs to make sure that there is enough GLYMO to react with
all amine functional groups. NIPU-90 (14.65 g) was added to a 50 ml three-necked round-bottom
flask. The reactor was equipped with a thermal well and a magnetic stir bar and the whole setup

was placed on a heating mantle on a magnetic stirrer. Next, the mixture was purged with nitrogen
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for 30 minutes to de-oxygenate the contents. Once the mixture reached 120°C, it was mixed with
one molar equivalents of GLYMO, depending on the moles of Jeffamine D-4000 in the NIPUs.
The reactions were run for one hour and then 2 wt% of the catalyst with respect to NIPUs weight
was added to the mixture and mixed for five minutes. Finally, the end-capped polymer was
applied on a Teflon sheet. The reaction time was optimized for this step. Gelation was observed
for reaction times of more than one hour. The mechanism of the end-capping reaction using
moisture sensitive silane (GLYMO) is shown in Figure A 13.

Proton Nuclear Magnetic Resonance ('H NMR) Spectroscopy: Solution-phase NMR spectra
were recorded on a Bruker 500 MHz spectrometer (32 scans) at ambient temperature using
CDClI; as solvent.

Fourier Transform Infrared (FTIR) Spectroscopy: A Nicolet iS50 FTIR Spectrometer equipped
with a single bounce diamond attenuated transmission reflectance (ATR) for solids. Thirty-two
scans were recorded for each sample over the range 4000-500 cm™ with a normal resolution of 4
cm’!
Size Exclusion Chromatography (SEC): Gel permeation chromatography (GPC, Water Breeze,
differential refractive index RI 2414 detector, 40°C) using HPLC grade THF as the mobile phase
(flow rate 0.3 mL min™') was used to determine the number-average molecular weights (M,) and
dispersities (P = Mw/M,). My, values were calculated relative to narrow molecular weight
distribution PMMA standards (Varian Polymer Standards, molecular weights ranging from 875
to 1677000 g mol™). It should be noted that poly(Mry) and poly(GMA) contribution to My
extracted from GPC were converted to absolute molecular weight using Mark- Houwink-

Sakurada (MHS) coefficients. MHS coefficients for PMMA at 35°C with THF eluent '?° are:

Kpmma = 12.19 * 10° dL g™ opmma = 0.683, MHS coefficient for P(Myr) at 30°C with THF
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eluent 2! are: Kpoyr = 0.746 * 10 dL g™, apsyr = 0.772, MHS coefficients for GMA at 30 °C
122 with THF eluent: Koma =27.8 * 10° dL g, agma= 0.537. Thus, M, reported are calculated

by the Mark-Houwink relationship !>} using Equation 3.2:

1 1
KpMma) p 1 2P(MMA)+11 /(ap +1) KpMMA)y » r XP(MMA) +11 /(o +1)
M (Myr) —PMMANM P(GMA)
Kp(myr) ) n,GPC ] . +Fom [(KP(GMA)) n,GPC ] (3-2)

Mp mus = Fuyr[(
where Fus- and Fouma are the final molar fraction of Myr and GMA in the copolymer, respectively.
Thermogravimetric Analysis (TGA): A TA Instruments Discovery 5500 thermo-gravimetric
analyzer was used to analyze the degradation of synthesized materials at a heating rate of 10°C
min! from ambient temperature to 700°C under a nitrogen atmosphere in platinum pans.
Rheology: Viscosity and curing studies were conducted using an Anton Paar Instruments
Rheometer (MCR 302) with parallel plates of 25 mm diameter (PP 25) configuration with gap of
1 mm. The curing kinetics of the NIPUs were assessed using the same geometry. This evaluation
was conducted at a frequency of 1 Hz and a strain level of 1%. The measurements were
performed under ambient conditions (approximately 22 °C) with a humidity range of 20—-30%.
The evolutions of key parameters including storage modulus (G"), loss modulus (G") and
damping factor (tand = G"/G") were continuously monitored over a period of 24 hours. Prior to
conducting these measurements, the samples were allowed to equilibrate to room temperature.
Dynamic mechanical thermal analysis (DMTA) was conducted on the cured samples using
torsion configuration (SRF 12) with a temperature ramp rate of 5°C min™ (from 25 to 120°C),
with an oscillation strain of 1% and a frequency of 1 Hz. Molecular weight between crosslinks

(M.) can be calculated using Equation 3.3 142143

77



(3.3)

where E;. is the storage modulus in the rubbery region from the DMTA experiments, R is the gas
constant, 7 is the absolute temperature, and p is the density of the cured NIPUs.

Mechanical testing: Tensile properties were measured at ambient temperature using an EZ Test
(Shimadzu) tensile machine at speeds of 5 mm min™! on the cured samples. Young’s modulus
(E), tensile strength (omax), and elongation at break (EB%) were determined by the average of at
least three repeated samples. Three dog-bone shaped samples with dimensions shown in Figure
3.7 were cut out to perform tensile testing. Figure A 7 shows the actual dog-bone shaped

samples which were cut from the cured NIPUs.

7.
7.4 17.8 mm

I H"‘-\. — .l___.-"
9.8 mm 35mm

4.0 mm

Figure 3.7. Dog-bone shaped samples dimensions for tensile testing.

Swelling ratio: Three samples of around 30 mg each were separately put in THF and purified

water for 24 hours. The swelling ratio (SR) was calculated using Equation 3.4:

SR="2T (3.4)

my
where m; and m; are the initial mass of the material and mass of the material after swelling in
THF or water, respectively.
Gel content: After SR measurements, the three samples were dried in a vacuum oven at room

temperature for 24 hours. The gel content (GC) was calculated using the Equation 3.5, where m;3
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and m are the mass of the material after drying in the oven and the initial mass of the material,

respectively.

GC% = =2 x 100 (3.5
my
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4. CHAPTER 4

DESIGN OF CROSSLINKED NETWORKS WITH
HYDROXYURETHANE LINKAGES VIA BIO-BASED
ALKYL METHACRYLATES AND DIAMINES

Following the successful establishment of the hybridization proof of concept, the focus shifted
towards enhancing the mechanical properties of the crosslinked networks. It was observed that
the Myr/GMA crosslinked networks displayed poor mechanical performance attributed to the
inherent flexibility of both the backbone and side chains. To address this limitation, a network
featuring a flexible backbone and rigid side chains was synthesized in this chapter. The primary
objective was to investigate the influence of side chain rigidity on the mechanical properties of
the resulting networks. This study aimed to uncover valuable insights into the relationship
between the structural characteristics and mechanical behavior of the crosslinked networks,
paving the way for the development of materials with improved performance in various
applications. The manuscript of this chapter was published in Journal of Applied Polymer
Science in 2023 (Farkhondehnia, M. and Mari¢, M., Design of crosslinked networks with
hydroxyurethane linkages via bio-based alkyl methacrylates and diamines. Journal of Applied
Polymer Science, 2023, 140, e54039) 4. The supporting information of this publication is given

in Appendix B.
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4.1. Abstract

Hybrid methodology to combine the favourable properties of non-isocyanate polyurethane
(NIPUs) with polymerized methacrylates is used to attain partially bio-based thermoset hybrid
resins with hydroxyurethane linkages (HNIPU)s which are environmentally benign and are
synthesized from cyclic carbonated copolymer templates derived from atom transfer radical
polymerization (ATRP) of alkyl methacrylate (C13MA with average side-chain length of
13)/glycidyl methacrylate (GMA) mixtures (initial GMA mol fraction = 0.1-0.4). The resulting
flexible resins with pendent epoxy functional groups were subsequently carbonated and then
reacted with 1,10-diaminodecane (DAD) (90°C, 24 h) to form rigid side chains via
hydroxyurethane linkages. By manipulating template functionality (2-11 urethane linkages out of
35 backbone units), crosslinked networks were achieved with Young’s moduli ranging from 0.1
MPa to 71.9 MPa and decreasing tensile elongation at break from 105% to 10%. Also, swelling
ratios (SR) of the networks in tetrahydrofuran (THF) decrease as the number of urethane linkages
increases, indicating tighter networks, consistent with the rheologically obtained molecular
weight between crosslinks (M, ranging from 3400 to 1700 g-mol™). Gel content (GC) indicated
less than 15% of the networks are soluble in THF. Expectedly, tighter crosslink networks limited
polymer chain intermolecular mobility, resulting in glass transition temperatures (7g) increases of

the networks.
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4.2. Introduction
Polyurethanes (PU)s, with a global market size of $72.82 billion USD in 2021, are an extremely
versatile family of polymers 397195145 Depending on the precursors used to make PUs, they can
be utilized in foams, sealants, adhesives, coatings and stimuli-responsive polymers >!#6. PUs are
commonly synthesized by polyaddition reactions of di- or multi-functional isocyanates and di- or
multi-functional alcohols *!'4. However, toxicity issues associated with the production and use of
isocyanates raises major environmental and health-related concerns *3#!48, Hence, an acute need
has emerged to develop thermoplastic and thermoset isocyanate-free PUs that avoid these
dangers.
Non-isocyanate polyurethanes (NIPUs) have surfaced as a contending replacement for

conventional PUs. Although there are different methods to prepare NIPUs %%

, reaction of amine
and cyclic carbonate groups is the most prevalent one '3:192:106.150-152 "Both Jinear and branched or
crosslinked networks can be synthesized via polyaddition reaction of cyclic carbonates and
amines (e.g. thermosets are prepared via reaction of multi-functional cyclic carbonates and
amines which is similar to reaction of multi-functional isocyanates and diols in traditional PUs).
A significant benefit of this method is that the majority of cyclic carbonates and amines used in
NIPUs are safer than isocyanates, which minimizes the need for special handling due to safety
concerns '>3. Another advantage is that polyaddition of cyclic (poly)carbonates with
(poly)amines leads to formation of urethane linkages with secondary hydroxyl groups in their
chain, thereby giving NIPUs an alternative classification as poly(hydroxyurethane)s (PHUs).
PHUs exhibit higher stiffness, improved chemical and mechanical properties compared to

conventional PUs due to intermolecular and intramolecular hydrogen bonds '®!°. To synthesize

PHUs, five-, six- or seven-membered cyclic carbonates are typically used to react with amines
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154 Previous investigations showed that ring strain is important, as addition reaction rate
increases with increasing cyclic carbonate ring size **. Although six- and seven-membered cyclic
carbonates are more reactive, hazardous reagents are used to prepare them 2, while the synthesis
of five-membered cyclic carbonates is often favored, as such rings can be prepared via reaction
of carbon dioxide (CO.) with epoxides '*°. The carbonation step is often viewed as an advantage
since fixation of CO; can alleviate greenhouse gas effects *°, and the relative abundance of CO,
makes it a cost-effective reagent '*°.

Recently, more sustainable methods to prepare NIPUs from bio-based precursors have emerged
to complement the lower toxicity expected of NIPUs. In this context, bio-based alternatives for
cyclic carbonate containing reagents such as the use of vegetable oils, bio-polyols and terpenes
have been extensively studied 3*!5!. Synthesis of bio-sourced diamines from plant-based fatty
acids has been also investigated and some of them are commercially available **. Therefore, it
can be said that PHUs are a promising alternative to conventional PUs since their precursors can
be derived from bio-based materials and the use of cyclic carbonates eliminates production of
by-products such as urea, water and CO, >*>!5!, The final properties of PHUs are manipulated by
the choice of cyclic (poly)carbonates, diamines and the cyclic carbonate-to-amine ratio *7. For
example, Javni et al.*® investigated curing of carbonated soybean oil with a variety of diamines
and different amine-to-carbonate ratios to produce crosslinked NIPUs with tensile strengths
varying from 0.49 MPa to 5.77 MPa. Biihr et al."*! also studied polyaddition of blends of
carbonated linseed oil and carbonated soybean oil at different ratios with various rigid diamines
to prepare crosslinked PHUs spanning a wide range of Young’s moduli from 2 MPa to 1460
MPa. However, most examples of these thermoset PHUs are from vegetable oils with a fixed

number of cyclic carbonate functionality in their structures and the factors which can alter the
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mechanical properties of crosslinked PHUs are generally limited to diamine-to-carbonate ratio
and type of diamine.

To improve the properties of synthesized bio-based NIPUs, hybrid NIPUs have become
increasingly prominent *®. The definition of hybrid NIPUs varies. It could be hybrid in the
chemical structure, reacting with an inorganic polymer, for example, by introducing moisture-
sensitive silanes into the structure. Alternatively, utilizing a different kind of polymerization
method to incorporate desired functionality can be termed as a hybrid too (e.g combination of
radical polymerization and polyaddition) *!!!,

Previously, we investigated synthesis of partially bio-based resins with flexible side chains
which are bonded through urethane linkages to a flexible backbone. Those resins were end-
capped via moisture sensitive silanes to provide crosslinked networks but were excessively soft !.
However, in this study our goal is to use the chemistry of polyaddition of multi-functional cyclic
carbonates with amines to produce a network with rigid side chains and a flexible backbone in
which the concentration of cyclic carbonates can be manipulated easily and thus improve the
range of mechanical properties desired.

Specifically, we aim to synthesize a hybrid crosslinked network which is bonded through
urethane linkages using a different kind of polymerization. Atom transfer radical polymerization
(ATRP) is used to copolymerize C13MA (a vegetable oil-derived alkyl methacrylate) with GMA
to make a soft backbone in which epoxy functional groups are introduced via GMA. GMA
provides grafting sites on the copolymer and manipulation of GMA content in the copolymer can
control the density of the grafting sites. Then, CO: is fixed into the synthesized poly(C13MA-co-
GMA)s to provide the required cyclic carbonate sites !5, Cyclic carbonates in the synthesized

copolymers were then reacted with 1,10-diaminodecane, which is a diamine that can be derived
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from castor bean oil '*7, to form urethane linkages. The final network, which is crosslinked
through urethane linkages, exhibits interesting properties due to its specific microstructure. First,
as shown in Figure B 1, C13MA is a hydrophobic methacrylate monomer with an average
aliphatic side chain length of 13 carbon units. This “bottle-brush” structure provides a greater
impact resistance and due to steric hindrance of these relative long alkyl side chains and
hydrophobicity of C13MA, the access of water molecules to the crosslinked urethane network is
limited, making it promising for moisture-resistant applications '*®. Secondly, since a short chain
diamine is used to form the urethane linkages, the final crosslinked network has stiff side chains
attached to the flexible backbone (Figure B 1). Moreover, in contrast to our prior study where -
myrcene was copolymerized via free radical polymerization (FRP), the current study utilizes
C13MA copolymerized with GMA through atom transfer radical polymerization (ATRP). The
implementation of ATRP instead of FRP resulted in a more uniform distribution of polymer
chains, leading to formation of crosslinked samples with a more homogeneous network. The
networks formed with poly(C13MA) can exhibit higher resistance to oxidation when compared
to those formed with poly(myrcene), attributed to the absence of carbon double bonds in its
structure. Using this paradigm, we intend to show the wide mechanical property window that can
be attained using the combination of stiff grafts and flexible backbones via the density of cyclic

carbonate sites to make partially bio-based HPU networks.
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4.3. Results and discussion

4.3.1. Preparation of C1I3MA/GMA copolymers
A partially bio-based copolymer was synthesized as a template with distribution of epoxy groups
that can be subsequently carbonated and then made into a crosslinked network with
hydroxyurethane linkages . The copolymerization of C13MA/GMA at different feed ratios was
conducted using atom transfer radical polymerization (ATRP). It is important to note that
temperature control in conventional radical polymerization is critical in bulk or concentrated
solution since most free radical polymerizations are exothermic. Therefore, these
polymerizations require good heat transfer characteristics; without proper heat removal,
polymerizations may run away and one effect is a broadening of molecular weight distribution
and unexpectedly higher average molecular weight '°°. Initially, we applied conventional free
radical polymerization to synthesize C13MA/GMA copolymers both in bulk and solvent (50
wt% with respect to the weight of monomers), but was extremely exothermic, with the reaction
temperature exceeding the temperature set-point by 50°C, leading to a highly viscous mixture in
less than five minutes (Figure B 2). As it can be seen from Figure B 2, after only two minutes,
the copolymers synthesized via free radical polymerization had M, values of approximately
12000 g mol! with an overall conversion of more than 90%. Thus, ATRP which is a reversible
deactivated radical polymerization (RDRP), was used to overcome this issue. ATRP was chosen
as it is an efficient route to synthesize polymers with well-controlled composition, active chain
ends and narrow molecular weight distributions . The fast and reversible equilibrium between
radicals and dormant species results in comparatively low radical concentration, virtually
eliminating autoacceleration effects, and enabling control of microstructure with relatively short

olymerization times '°'. The characterization of all synthesized copolymers are reported in
polym yn polym p
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Table 4.1 and the copolymer conversions were calculated by '"H NMR (Figure 4.1). The
copolymers had My= 6500-10500 g mol! and P=1.19-1.47 (relative to poly(methyl
methacrylate) (PMMA) standards by GPC in THF at 40°C, Figure B 3). Although all
copolymers were synthesized under the same conditions, GMA-rich copolymers had higher
apparent molecular weights which can be due to differences in propagation rates and monomer
concentrations, leading to faster reaction. Reported values of bulk propagation rate coefficients
(kp) of GMA and the C13MA-related C17MA at 50°C via pulsed laser polymerization, revealed
kps of 1249 L mol's! and 910 L mol!s™!, respectively '*!%, and it must be mentioned that there
is a positive correlation between ester side chain length of methacrylates and k;, '>. Furthermore,
the reactivity ratios of CI3MA and GMA with a terminal copolymerization model were reported
using nitroxide mediated polymerization (NMP) using different calculation methods '%*. The
reported reactivity ratios are rgma = 1.17£0.09 and rci3ma = 0.65£0.09 %4 indicating that
CI3MA/GMA behaved in an essentially statistical fashion. Kinetic results are shown in Figure
B 4. Figure B 4b shows that both C13MA and GMA have conversions below 100% at the end of
the reaction, indicating that the epoxy groups are generally distributed through the copolymer
chains. We did not observe significant compositional drift as observed previously in methyl
methacrylate (MMA)/GMA, C13MA/GMA and S-myrcene/GMA copolymerizations 164165,
Notably, since the GMA concentration in the mixture is lower than C13MA for our study,
sequence distribution of the copolymer will favor C13MA incorporation at high conversions, as
progressively less GMA is available to react with the growing macroradical. Figure B 4¢
indicates that the D of copolymers changes from 1.19 to 1.37 as the GMA initial molar fraction
increases from 0.1 to 0.6. Such behavior has been reported for both copolymerizations of

MMA/GMA using ATRP and C13MA/GMA by NMP #4165 Tt was suggested that side reactions
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including chain transfer reactions and termination, which affected the broadening of D, became

more prevalent as the GMA molar fraction increased '%.
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Figure 4.1. "H NMR spectrum for C13MA/GMA-70 after two hours polymerization at 70°C. '"H NMR
(CDCls, ppm): 6.13-6.20 ppm (m, 1HSM%), 6.04-6.12 ppm (m, 1H3MA)'5.50-5.65 ppm (m, 1HMA),
5.48-5.61 ppm (m, 1H®3MA) 4. 20-4.45 ppm (m br, 1H?CMA) 3.87-3.98 ppm (s, 2HPC13MA)) 3 10-3.30
ppm (s, 1THPCMA) 2 80-2.90 ppm (s, 1HPCMA) 2. 55-2.70 ppm (s, IH'CMA) 1.83-2.10 ppm (m,

2HPCI3MAY) 1 57-1.75 ppm (m, 23HPCI3MA) 1.05-1.28 ppm (m, 3HPC13MA),
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Table 4.1. Copolymer characterization for statistical C13MA/GMA copolymers using ATRP in 70°C.

ID ® fcizma Fcisma | Xciama (%) | Xoma (%) Xeopolymer M, D
(%) (g'mol™)
CI3MA/GMA-100 1 1 50 - 50 6500 1.20
CI3MA/GMA-90 0.9 0.91 80 90 90 8000 1.19
CI3MA/GMA-80 0.8 0.87 94 72 90 7800 1.21
CI3MA/GMA-70 0.7 0.66 97 95 96 9300 1.25
CI3MA/GMA-60 0.6 0.56 97 92 95 8800 1.26
CI13MA/GMA-50 0.5 0.48 98 95 96 9600 1.29
CI13MA/GMA-40 0.4 0.37 100 100 100 10500 1.37
C13MA/GMA-0 © 0 0 - 98 98 7800 1.47

(® Experimental identification given by C13MA/GMA-XX, where XX refers to the rounded % initial molar fraction of CI13MA
in the mixture (fc13ma,0)); (' Target number average molecular weight for all experiments (Mh theoritical)=5000 g mol! | all reported
molecular weights (Mn) and dispersity (D) were determined using GPC relative to poly(methyl methacrylate) (PMMA) standards
in tetrahydrofuran (THF) at 40°C); (® Reaction was performed for 1.5 hours since the polymer became highly viscous and thus

the reaction was terminated earlier to facilitate removal).

The thermal stability of synthesized CI3MA/GMA copolymers were analyzed by DSC and TGA
to investigate the effect of carbonation and diamine addition on thermal stability and 7gs of the
products produced in the succeeding steps. This is also beneficial towards selecting a proper
window of curing temperatures (7cure) for the thermoset networks. It is ideal to run the reactions
above T of the polymers to have the maximum reaction rate, since chain mobilities in the glassy
state are limited and the reaction/cross-linking reaction rates will be decelerated '°. Table 4.2
reports the 7gs, melting temperatures (7m)s and decomposition temperatures (7dec)s. DSC curves
for synthesized poly(C13MA-co-GMA)s and carbonated poly(C13MA-co-GMA)s are also
shown in Figure B 5a with -64°C<T7,<-33°C and -44°C<T3<60°C measured for poly(C13MA-
co-GMA)s and carbonated poly(C13MA-co-GMA)s, respectively. By comparison, Ty = 44-76°C

for poly(GMA) (M, range of 9600 g mol™! to 20400 g mol ™) and T, = -46°C poly(tridecyl
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methacrylate) (Mn = 48 kg mol™) 177170 Poly(C13MA-co-GMA) copolymers showed two
different 7s when Foma> 0.5. Initially, two Tgs suggest possible microphase separation or a
blend of two homopolymers. The solubility parameters (J) of CI3MA/GMA (dci3ma = 15.43
MPa%? and doma = 19.25 MPa®?) are different enough to suggest possibility of micro-phase
separation !”! but the statistical nature of the microstructures seems to preclude micro-phase
separation while the GPC traces indicated monomodal peaks and contamination with a
homopolymer was not observed. The Tgs at higher temperatures can be due to backbone
segmental motion and 7T,s at lower temperatures can be attributed to alkyl side chains 72174,

Tws for statistical poly(C13MA-co-GMA)s were also observed, when Fci3ma>0.5 in the
copolymer composition. The appearance of Ty, in the synthesized C13MA/GMA copolymers was
due to crystallization of alkyl chains of C13MA, which has been reported elsewhere. 104175177,
Decomposition temperatures are also listed in Table 4.2 and TGA curves are plotted in Figure B
6a. Different peaks were observed in the TGA curves and their derivatives. The first
decomposition peak was in the temperature range of 170-200°C and the second peak was
between 300°C and 350°C. Appearance of more than one degradation peak in the TGA curves of
GMA-based copolymers is common 4178, The first degradation peak could be due to
degradation of poly(GMA) breaking into smaller fragments as observed in previous studies
concerning copolymerization of bis[4(2-hydroxy-3-methacryloyloxypropoxy)phenyl]sulfide with
GMA 7. The second decomposition peak could be associated with the degradation of ester
bonds and loss of CO> and eventually degradation of the copolymer '**!7°. Generally, epoxy
rings are insensitive to thermally induced ring-opening cross-linking. However, the presence of

quaternary carbon atoms in the chains due to the GMA moieties facilitates decomposition by an

unzipping mechanism '*°. As seen from Table 4.2, as the CI3MA content increased in the
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copolymer, maximum decomposition temperature (7dec,max) shifted to higher temperatures but no

correlation was observed between GMA or C13MA content and T¢ec for 10% weight loss

(Tdec,l()%)-

Table 4.2. Thermal characterization of C13MA/GMA copolymers via ATRP in anisole as solvent.

Sample ID T To® | Taee10%? | Taeemax® | Taeea® | Taec2® Taecsinal® | Foma® Ash
O | (CO) (°C) (°C) °C) °C) (°C) content
(o)
CI3MA/GMA-90 -32.5 -22 193 374 211 374 506 0.17 0
CI3MA/GMA-80 -44 -29 195 351 171 351 564 0.29 0
C13MA/GMA-70 -53.5 -36 199 350 172 350 590 0.44 0
C13MA/GMA-60 -58 -38 195 348 185 348 543 0.53 0
C13MA/GMA-50 -60, - 183 338 175 338 460 0.62 0
0.5
C13MA/GMA-40 -64, - 185 335 178 354 595 0.71 0
1.5
Carbonated -44 -30 242 351 - 345 522 0.17 0
C13MA/GMA-90
Carbonated -50 -36 249 352 - 347 560 0.29 0
C13MA/GMA-80 8.5
Carbonated -53, - 246 335 - 340 562 0.44 0
C13MA/GMA-70 31
Carbonated -52, - 275 330 - 341 573 0.53 0
C13MA/GMA-60 50
Carbonated -56, - 260 341 179 344 528 0.62 0
C13MA/GMA-50 60
Carbonated 59 - 257 340 153 322 595 0.71 0.2
C13MA/GMA-40

(¥ Glass transition temperature (7¢) and melting temperature (7m) determined by DSC under nitrogen atmosphere using three
cysle (heat/cool/heat) with heating rate of 5°C min™"); () Tiec,10% (decomposition temperature for 10% weight 10ss), Tdec,max
(temperature at maximum decomposition rate), Tdec,1 and Tuec,2 (the first and second peaks in derivative weight (%/°C) versus
temperature (°C) obtained from TGA) and Tec final (temperature at the end of decomposition) measured by TGA under nitrogen

purge at a heating ramp rate of 10°C min™'); (9 Final molar composition of GMA in C13MA/GMA copolymers).
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Lastly, the effect of GMA mole fraction on poly(C13MA-co-GMA) was investigated (Figure B
7) as it affects the leveling of the final synthesized polyurethanes. Leveling is a critical factor to
achieve a smooth and uniform coating and it is favored when the polymer melt viscosity is low
127 Viscosity measurements were done for the samples which were soft at ambient temperature.
As seen in Figure B 7a, there was a positive correlation between GMA content in the copolymer
and the viscosity. The viscosity of C13MA/GMA-90 increased from 4000 mPa s to 3x10° mPa s
for CI3MA/GMA-60 (Figure B 7b), as more GMA in the copolymer made the chains stiffer.
The same trend was also observed in copolymerizations of tert-butyl acrylate with GMA and
acrylonitrile with GMA '8!, Since C13MA/GMA-60 has higher GMA incorporation compared to
CI3MA/GMA-90, it was more viscous. It is also expected that C13MA/GMA-60 has higher 7
compared to C13MA/GMA-90. However, as it can be seen from Table 4.2, C13MA/GMA-60
has a lower Tg; and also two Tgs for copolymers with Foma>0.5 was observed (with the higher
GMA incorporation, the higher the second observed 7g). The higher 7§ can be attributed to the
segmental motion of the copolymer backbone, while the lower 7§ is caused by the crystallization
of alkyl side chains (e.g. C13MA/GMA-40 has two T,s of -64°C and 1.5°C). Lower 7; for
C13MA/GMA-60 compared to C13MA/GMA-90 could be due to overlapping of the 73s of
CI3MA/GMA-60 with the Ty, of the copolymer (C13MA/GMA-60). Thus, the 7y measured for
these copolymers must be treated with precaution, but are generally in agreement with previous
studies %4,

All poly(C13MA-co-GMA)s and carbonated poly(C13MA-co-GMA)s have Newtonian plateaus
for shear rates between 0.1 to 10 s™!, indicating that they are all below their entanglement

molecular weight (entanglement molecular weight (M.) for a comparable poly(n-dodecyl
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methacrylate) is 155 kg mol™!, and a positive correlation between alkyl group length and M.

values was reported !5?).

4.3.2. Synthesis of carbonated poly(C13MA-co-GMA)s

After synthesizing the series of poly(C13MA-co-GMA) copolymers, they were treated with CO»
and tetrabutylammonium bromide (TBAB) to convert the epoxy groups to cyclic carbonates °!.
Carbonation of poly(C13MA-co-GMA)s was confirmed using FTIR and 'H NMR (Figure B 8,
Figure B 9 and Figure B 10). FTIR analysis of poly(C13MA-co-GMA) and carbonated
poly(C13MA-co-GMA) (Figure B 9) show the disappearance of characteristic epoxy group
peaks at 845 cm™! and appearance of new peaks associated with cyclic carbonate groups at 1800
and 1050 cm™!, which are assigned to C=0O carbonyl stretching and C-O stretching of cyclic
carbonate functionalities *>. Carbonation was also confirmed using 'H NMR via the
disappearance of the peak at 2.55 ppm assigned to the epoxy ring and appearance of new peaks
at 4.65 ppm attributed to the C-H resonance in the a-position of the cyclic carbonate groups. The
carbonation conversion was also determined by integrating the two aforementioned peaks (2.55

ppm for epoxy and 4.65 ppm for cyclic carbonate) using Equation 4.1.

Where A is the integral of the signal assigned to cyclic carbonate (4.65 ppm) and B is the
integral of the signal for epoxy functional group (2.55 ppm).

Finally, it can be concluded that the carbonation reaction was complete after 24 hours at 120°C
without any thermal degradation since the GPC peak for the carbonated copolymer remains
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monomodal and does not broaden significantly compared to the pre-carbonated copolymer
(Figure B 11). There is a slight shift in the carbonated copolymer’s chromatogram due to the
different solubility of the carbonated copolymer in the eluent.

Once carbonation of the copolymers was done, thermal stability of the carbonated copolymers
was investigated using TGA and 7gs and Tins were extracted using DSC. Figure B 5b shows the
DSC curves for the carbonated poly(C13MA-co-GMA)s. Tgs of the carbonated poly(C13MA-co-
GMA)s are tabulated in Table 4.2. The 7} values of the carbonated copolymers are clearly
higher compared to the Tys of C13MA/GMA copolymers. This increase in 7gis derived from the
cyclic carbonate groups limiting polymer chain mobility. This trend was also observed in
carbonation of poly (BA-co-MMA-co-GMA), poly(GMA-co-styrene) and poly(GMA-co-butyl
acrylate) %183 Appearance of two Tgs for the carbonated copolymers is likely similar to that
observed with the pre-carbonated copolymers. The T, at lower temperatures (e.g. -50°C for
carbonated C13MA/GMA-80) is attributed to the alkyl side chains of C13MA while the 7
observed at higher temperatures (e.g. 8.5°C for carbonated C13MA/GMA-80) is due to backbone
segmental motion. Melting points for the carbonated copolymers are due to the crystallization of
alkyl chains as mentioned before and observed elsewhere 7177

Decomposition temperatures are listed in Table 4.2 and TGA plots are shown in Figure B 6b.
The polymers with higher cyclic carbonate concentration showed a two step degradation in their
TGA profiles. This is due to the elimination of CO; from the cyclic carbonate rings at first,
followed by degradation of the polymer backbone. Based on Figure B 6b, the rate of
decomposition increased sharply after almost 260°C (Tdec,10%) Which is likely due to the release

of CO; from the cyclic carbonate structure 34183,
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Rheological studies were also done on the carbonated copolymers in order to choose samples
with appropriate viscosity to be used for subsequent hydroxyurethane coupling. Carbonation of
copolymers led to a significant increase in viscosity (Figure B 6b). For example, the viscosity of
C13MA/GMA-90 increased from 4x10° mPa s to 10° mPa s after carbonation at 30°C
(carbonated C13MA/GMA-90). The rise in viscosity is due to the intermolecular hydrogen
bonding between carbonyl groups of cyclic carbonate, leading to a decrease of mobility of the
carbonated copolymers '°!. Samples with lower viscosities and lower cyclic carbonate content
were chosen for the diamine addition reaction step to prepare crosslinked networks bonded with
urethane linkages, since high viscosity causes processing problems and samples with higher
cyclic carbonate functionalities lead to much shorter gel times, especially when reacting with a
reactive diamine such as DAD. This led to challenges in molding into desired shapes such as
tensile bars '°!.

4.3.3. Synthesis of crosslinked networks bonded with urethane linkages using

1,10- diaminodecane

After preparation of carbonated poly(C13MA-co-GMA)s, a series of crosslinked networks were
synthesized via polyaddition with 1,10-diaminodecane (Scheme 1a, prepared samples are called
NIPU-xx, where xx refers to the rounded % initial molar fraction of CI3MA in poly(C13MA-co-
GMA)). Since the reactivity of cyclic carbonates with amines is quite low, the reaction rate can
be accelerated by increasing temperature or diamine concentration 315218 For example, by
increasing the amine:carbonate ratio, the conversion of cyclic carbonate groups to urethane was
increased in polyaddition of carbonated soybean oil with p-xylylene diamine *°. However, excess
diamine can form amine terminated urethane linkages which do not participate in the crosslinked

networks, leading to lower tensile strengths. Excess diamine can also react with ester groups
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available in the C13MA structure or carbonated GMA structure and form amides, providing a
network with lower crosslinking density, containing unreacted free species due to aminolysis of
the ester groups which cannot be removed from the network (Scheme 1b) '¥7. Doley et al.'*’
investigated the effect of amine:carbonate ratio on mechanical properties of NIPUs produced
from polyaddition of carbonated sunflower oil and different diamines such as 1,2-
ethylenediamine (EDA). Lower tensile strengths were observed for NIPUs with higher amine-to-
carbonate ratios due to ester group aminolysis. Therefore, an amine: carbonate ratio of 1:1 was
chosen to achieve better mechanical properties by avoiding formation of free species in the
network and amine-terminated urethane linkages.

Reaction rates between diamine and cyclic carbonate functional groups are accelerated at higher
temperatures, which led to attainment of higher viscosities faster. This makes stirring and
subsequent processing difficult (eg. shaping the product into tensile bars) '*2. Therefore, the
crosslinking conditions were subsequently kept at 90°C (above the melting point of 1,10-
diaminodecane) for 24 hours with the cyclic carbonate: amine ratio = 1.

In Figure 4.2, the FTIR spectra of NIPU-70 (the crosslinked networks which are bonded through
urethane linkages are called NIPUs here although a polymeric repeating unit containing multiple
urethane linkages is not present) and carbonated C13MA/GMA-70 are shown. Characteristic
absorption peaks for the synthesized network are observed at 3370 cm™! due to the OH stretching
of the hydroxyl group, 1720 cm™' due to C=0 stretching of the urethane group which is formed
by the ring-opening of cyclic carbonate groups, and 1525 cm™! due to the NH deformation of the
urethane group (Figure 4.2b). A weak peak of residual carbonate at 1800 cm™ was observed,
suggesting that the conversion of cyclic carbonate to urethane was not complete, which has been

seen elsewhere 3472188189 Eor example, unreacted cyclic carbonate groups were also observed
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in polyaddition of carbonated soybean oil with p-xylylene diamine and addition of
hexamethylenediamine to carbonated soybean oil %. The absence of an absorption peak at
approximately 1650 cm™ for the amide indicates that the aminolysis of ester groups did not
occur.

Noticeably, the graft copolymers derived from carbonated poly(C13MA-co-GMA)s with higher
cyclic carbonate concentration needed a lower degree of cyclic carbonate conversion to reach the
gel point. In order to investigate the gel points of the crosslinked networks, curing tests were
done at 90°C for 24 hours. As shown in Figure 4.3, gel time of the crosslinked networks
decreased as the number of cyclic carbonates on the backbone increased. NIPU-60, whose parent
C13MA/GMA copolymer contained 11 units of epoxy functional groups on the backbone, has a
gel time of 0.8 minutes (intersection of G” with G" or where tand < 1). In contrast, NIPU-90,
NIPU-80 and NIPU-70 cured more slowly due to lower concentration of pendent cyclic

carbonate groups. The gel times for the synthesized networks are tabulated in Table 4.3.
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Figure 4.2. FTIR spectra for carbonated C13MA/GMA-70 and NIPU-70; a) carbonated CI3MA/GMA-

70, b) NIPU-70.
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Figure 4.3. Loss factor as function of time for the crosslinked networks (experimental identification given
by NIPU-xx, where xx refers to the rounded % initial molar fraction of CI3MA in poly(C13MA-co-

GMA)).
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Table 4.3. Gel time and mechanical properties® of crosslinked NIPUs.

Sample # of Gel E9 EBY | Ultimate | T, M, Swelling | Swelling Gel
DY urethane time | (MPa) (%) stress (°C) | (gmol™) ratio in ratioin | content
linkages | (min) (MPa) THF water (%)
on each (%) (%)
backbone
NIPU- 2 254 | 0.08 £ | 105 £ | 0.05 £ 61 3400 4909 + | 3727+ | 952
90 0.02 12 0.03 26 5.61 2.1
NIPU- 5 417 | 031 £ | 95 + 0.28 + 73 3000 392.1 £ | 3276 £ | 983 %+
80 0.02 11 0.02 27 4.24 1.5
NIPU- 9 195 | 144 £ |29 £2 | 445 £ 77 2030 3019 + | 2532 + | 884 +
70 0.1 0.1 21 3.23 1.6
NIPU- 11 083 | 719+ | 10 + 7.34 + 79 1700 1755 £ | 19.73 + | 858 +
60 1.1 0.5 0.5 31 5.19 3

((® Three replicates for each crosslinked NIPU were applied); (® Experimental identification given by NIPU-xx, where xx refers

to the rounded % initial molar fraction of C13MA in poly(C13MA-co-GMA)); ( © Young’s modulus, £ values are calculated in

the linear region of stress-strain curve for 2% elongation); (¥ Elongation at break))

The viscoelastic properties of the crosslinked networks were characterized via DMTA at constant

strain of 1% and frequency of 1Hz at various temperatures. Figure 4.4a and Figure 4.4b show

storage moduli of the networks and tand response, respectively. For the crosslinked networks, T

increased as the number of urethane linkages increased in the backbone. T for NIPU-60, with 11

urethane linkages on the backbone, is 18°C higher than NIPU-90 which contains only two

urethane linkages on its backbone (Table 4.3). Among all crosslinked samples, the highest T

was observed in NIPU-60 and can be attributed to the lower average molecular weight between
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crosslinks (M.) %, since NIPU-60 has the highest urethane linkage concentration and thus the
densest network.

Variations in the cross-link density in the synthesized networks which contain urethane linkages
are seen in Figure 4.4a. Using the theory of rubber elasticity '*°, the relationship between
average molecular weight between cross-links (M.) and G’ is given by the equation provided in
experimental section. M. values for all crosslinked networks are given in Table 4.3. It can be

seen that the predicted M. are in agreement with the trend in 7, which was extracted from the

tand response.

a) 13- b) os-
100 4 0.5
©
a
= 80 0.4
.
é 60 4 g 0.3 1
o
& 40 0.2+
8
»n
20 0.1+
0 T T T T T T 1 0.0 T T T T T T 1
40 60 80 100 120 140 160 40 60 80 100 120 140 160
Temperature (°C) Temperature (°C)
—— NIPU-90 —— NIPU-90
—— NIPU-80 —— NIPU-80
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—— NIPU-60 —— NIPU-60

Figure 4.4. DMTA results of the crosslinked samples showing a) storage modulus versus temperature, b)

tand as function of temperature.
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Swelling test experiments were also conducted on the cured samples to evaluate the cross-linking
density. Table 4.3 shows the swelling ratio of the crosslinked samples in THF and water.
Extracted swelling ratios (SR) in THF are consistent with the DMTA results. NIPU-90 swelled to
a higher degree due to the presence of longer chains between crosslinks but NIPU-60 swelled
less, signifying a tighter crosslink network '3°. Swelling ratios in water were also measured.
Water uptake is an important factor for the application of NIPUs, since they contain hydroxyl
functionalities, which increases with higher cyclic carbonate content. The reported swelling ratio
values in water are close to the reported values for conventional polyurethanes '*!. Although
NIPU-60 has the highest hydroxyl group content, it showed the lowest water uptake which is due
to incorporation of the more hydrophobic DAD into its crosslinked network.

Gel content (GC) values are also reported in Table 4.3. All the reported GC values are above
85%, indicating that soluble material in THF was less than 15%. This implies relatively high
cyclic carbonate conversion to urethane linkages. The lower GC value for NIPU-60 is due to

higher viscosity of its carbonated copolymer parent, retarding the movement of the chains.
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Scheme 4.1. Reaction of cyclic carbonate with DAD to form a) urethane and b) amide.

The mechanical properties of the four crosslinked networks were characterized using tensile
tests. Engineering stress-strain curves are shown in Figure 4.5. The stress-strain data showed
different behavior based on the crosslink density of the network. As expected, a positive
correlation between Young's moduli of the crosslinked networks and the number of urethane
linkages on the backbone (i.e. density of the crosslinked networks) was observed.

The brittle behavior of samples with lower Mcs, is related to their relatively high cross-link
densities. Polymer chain molecular mobility and chain disentanglements are limited with cross-
links ®. For example, NIPU-60 with the highest crosslink density showed elongation at break of
10%, whereas NIPU-90 with the lowest crosslink density had elongation at break of 105%.
These results are consistent with expectations based on the differences in cross-link density.

Young’'s moduli and elongation at break for all samples are provided in Table 4.3.
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NIPU-60 was the toughest crosslinked network (highest ultimate stress), which has the highest
crosslink density and urethane linkage concentration, enhancing the toughness of the network. It
is well-known that intermolecular hydrogen bonding between urethane groups improves the

toughness of the NIPUs by converting mechanical energy to heat by breaking and forming of

hydrogen bonds '°!.
8 -
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Figure 4.5. Engineering stress-strain results for crosslinked networks bonded through urethane linkages.
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Finally, thermal stability of the four samples were characterized using TGA under nitrogen
atmosphere. TGA curves are presented in Figure B 12 and decomposition temperatures for
different levels of weight loss are summarized in Table 4.4. As reported in Table 4.4,
crosslinked networks showed slightly higher thermal stability compared to their parent
carbonated copolymers. As an example, Tdec,10% for NIPU-60 is 7°C higher than carbonated

CI3MA/GMA-60.

Table 4.4. Decomposition temperatures for crosslinked networks.

Sample ID Tec,5% (°C) Tec,10% (°C) Tiec.50% (°C) Tgec finat (°C)
NIPU-90 278 305 380 590
NIPU-80 260 295 394 595
NIPU-70 271 298 398 625
NIPU-60 237 282 400 620
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4.4. Conclusion
Partially bio-based thermoset NIPU-like networks derived from poly(C13MA-co-GMA)
precursors were studied. CI3MA/GMA copolymers were synthesized via atom transfer radical
polymerization (ATRP) at moderate temperatures at various compositions. Epoxy functional
groups of the copolymers were converted to cyclic carbonate using CO> and TBAB as catalyst,
with nearly 100% conversion achieved after 24 hours. Synthesized carbonated copolymers were
reacted with 1,10-diaminodecane to provide crosslinked networks with varying urethane linkage
concentrations and crosslink densities. Curing studies of the crosslinked networks (loosely
termed NIPUs here) at 90°C for 24 hours showed that the NIPU with 2 urethane links in the side
chains had a gel time of 254 minutes, while the one with 11 urethane links reached the gel point
in just 0.84 minutes. Swelling ratio results supported these findings. Young’'s moduli of the
samples improved from 0.1 MPa to 71.9 MPa as the concentration of urethane linkages
increased. Samples with higher urethane linkage concentrations exhibited more brittle behavior
due to the limited polymer chain mobility which is the result of a denser crosslink network.
Crosslink density also affected the glass transition temperature (7;) of the synthesized NIPUs.
The NIPU with the highest crosslink density had T of 79°C, whereas the NIPU with the lowest
crosslink density showed T of 61°C. Overall, NIPU-60 which had the densest network, provided
the toughest and highest strength NIPU from the series studied.
Since synthesized partially bio-based crosslinked NIPUs show varying mechanical properties by
altering the number of epoxy functional groups on their parent CI3MA/GMA copolymers, they
can be engineered for a wide degree of applications, ranging from soft rubbery-like materials to
tough coatings. This study investigated crosslinked networks bonded via urethane linkages with
only two urethane linkages in the side chains. It is the initial step towards producing NIPUs with
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longer poly(urethane) containing side chains. Currently, we are synthesizing bottle-brush
polymers using a grafting-to approach with separately synthesized NIPU side chains, and the
findings will be reported soon.

4.5. Experimental section
Materials: Basic and neutral alumina (Al>O3, Brockmann, Type II 150 mesh), calcium hydride
(CaHa, 90-95% reagent grade), ethyl a-bromoisobutyrate (EBiB, 98%), copper (I) bromide
(Cu(I)Br, 99%), 4,4'-dinonyl-2,2'-dipyridyl (dNbpy, 97%), tetrabutylammonium bromide
(TBAB), chloroform (CHCI3, >99.8% contains ethanol as stabilizer), deuterated chloroform
(CDCl3, 99.8%) and anisole were purchased from Sigma-Aldrich and used without further
purification. Methanol (MeOH, >99%)), heptane, tetrahydrofuran (THF, 99.9% HPLC and
certified grades) and 1,10-diaminodecane (DAD, 98%) were purchased from Fisher Scientific
and used as received. Glycidyl methacrylate (GMA, 97%), C13 alkyl methacrylate (C13MA, n-
alkyl average chain length of 13.0 units, >99%, Visiomer Terra C13-MA) were obtained from
Sigma-Aldrich and Evonik (via TRC), respectively. The monomers were purified by passing
through a column of basic alumina mixed with 5 wt % calcium hydride and then kept in a sealed
flask under nitrogen atmosphere in a refrigerator. Syntheses were all carried out under nitrogen
atmosphere with high purity (99.99%, Praxair). Carbon dioxide (CO>) with a purity of 99.99%
was also purchased from Praxair and used as received.
CI3MA/GMA copolymerization by atom transfer radical polymerization (ATRP): All
copolymerization reactions were done in a 250-ml three-necked round-bottom flask. CI3MA,
GMA, dNbpy and Cu(I)Br were dissolved in 20 vol.% of anisole and placed into the reactor
equipped with a thermal well and a magnetic stir bar. The whole setup was placed on a heating

mantle atop a magnetic stirrer. A condenser, which circulates a mixture of ethylene glycol/water
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(the water is purified by reverse osmosis) (50:50 vol.%), was used to prevent evaporation of
monomers and any solvent. Next, the mixture was purged with nitrogen to minimize oxygen
contamination for 30 minutes prior to heating and the purge was vented via a needle through a
rubber septum at the top of the reflux condenser. A thermocouple connected to a temperature
controller was inserted into the thermal well and the reactor was heated to the desired
polymerization temperature of 70°C. When the mixture reached 70°C, EBiB was added to the
mixture. After five hours, the highly viscous polymer solution was observed and the
polymerization was stopped and cooled down by exposure of the mixture to air and then diluted
with chloroform and passed through a column of neutral alumina to remove the copper catalyst.
After removing the catalyst, the polymer was precipitated in excess methanol or heptane to
remove unreacted reagents from the final product (heptane was used as a precipitant for
copolymers with higher concentrations of GMA). Proton nuclear magnetic resonance (\H NMR)
was used to confirm the removal of the monomers from the final product (methanol was added to
the mixture until the supernatant layer was clear to reprecipitate the polymer). Finally, the
copolymer was dried in a vacuum oven at 40°C overnight. All CI3MA/GMA copolymers
properties are tabulated in Table 4.1.

For every reaction, the initial molar ratio of monomers to initiator (EBiB) was calculated to give
C13MA/GMA copolymers with target number-average molecular weight M theoretical=
(foma,oMamatfcismao Mcisma)DPy= 5000 g mol™! at complete overall monomer conversion (X
=1), where fci3ma,0 and foma o are the initial molar fractions of C13MA and GMA, and DP, is
number average degree of polymerization, respectively. CI3MA/GMA : 90/10 mol% is given as
an example here (experiment C13MA/GMA-90, Table 4.1). CI3MA (72.40 g, 0.27 mol), GMA

(4.26 g, 0.03 mol), Cu(I)Br (0.11 g, 7.49x10™* mol), dNbpy (0.61 g, 0.0015 mol) and anisole
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(17.25 ml, 0.154 mol) were added into the reactor and then the setup was prepared as mentioned
above. When the reactor reached 70°C, EBiB (2.93 g, 0.015 mol) was added to the reactor to
start the polymerization (time = 0). Samples were taken every one hour until the end of the
experiment. For each sample withdrawn, NMR and gel permeation chromatography (GPC) were
used to determine composition and molecular weight distribution, respectively. The (overall)
monomer conversions (Xcisma and Xoma) were determined by '"H NMR. To find conversion of
GMA, the nonequivalent protons corresponding of the methylene group of the oxirane ring (8 =
2.55-2.70 ppm and 2.75-2.90 ppm, 2H) was used to calculate the conversion of GMA in the
polymer. By the evaluation of the signal corresponding to methylene protons in the C13MA
segment (6 = 3.9-4.05 ppm, 2H), conversion of CI3MA in the copolymer was calculated (Figure
4.1). The microstructure of the synthesized copolymers was also determined by integrating the
same signals as mentioned above of the dried, purified copolymers.

Equation 4.2 was used to calculate the overall conversion of the synthesized copolymers, where
Xoma, Xcizma and Xeopolymer are the individual conversions of GMA, C13MA and the overall
copolymer conversion, respectively. All conversions for different sets of copolymers along with
the determined average number molecular weight (M,) and dispersity (£), using gel permeation
chromotography (GPC) which is calibrated relative to narrow molecular weight distribution
poly(methyl methacrylate) (PMMA) standards (M, range of 875 to 1677000 g mol™!, Varian
Polymer) are tabulated in Table 4.1. For example, overall conversion of C13MA/GMA-90 at the
end of the experiment was determined 90% (Xcopolymer = 0.9), where, individual conversions were
82% and 90% for GMA and C13MA, respectively. The final molar composition of GMA in

CI3MA/GMA-90 was calculated as Foma=0.093, for example.
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Xcopolymer = Xc13mafciamao + Xaomafoma,o 4.2)

Carbonation of C13MA/GMA copolymers: To fix CO2 onto the synthesized poly(C13MA-co-
GMA), TBAB was used as catalyst (Figure B 1). Carbonation of C13MA/GMA-90 is given as
an example. TBAB (0.21g, 6.51x10 mol, 5 mol% with respect to number of epoxy groups on
copolymer chain) was added to a 150 ml three-neck round-bottom flask containing
poly(C13MA-co-GMA) (51.37g, 0.0064 mol). The reactor was equipped with a thermal well and
a magnetic stir bar and the whole set-up was placed on a heating mantle and was sealed with
rubber septa. Next, the mixture was purged with CO: to remove oxygen for 30 minutes prior to
heating. After 30 minutes of purging, the temperature was increased to 120°C and the mixture
was stirred under a stream of CO; with pressure < 5 psi for 24 hours. After 24 hours, the reaction
was stopped and cooled down by exposure of the mixture to air and the catalyst was removed by
precipitating the final product in excess methanol (additional methanol was added until the
supernatant layer was clear to reprecipitate the polymer) and the polymer was then dried in the
vacuum oven at 40°C overnight. The overall conversion of the carbonation (Xcarbonation) at the end
of the reaction was > 95% according to 'H NMR (Figure B 8). From Figure B 8, the epoxy
peaks had disappeared after 24 hours.

Synthesis of urethane functional grafts from 1,10-diaminodecane: Addition of 1,10-
diaminodecane (DAD) to carbonated C13MA/GMA-90 is given as an example. Carbonated
C13MA/GMA-90 (2.34 g, 2.89x10*mol) and DAD (0.06 g, 2.99x10*mol) were added to a 50
ml three-necked round-bottom flask (diamine / cyclic carbonate: 1:1). The reactor was equipped
with a thermal well and a magnetic stir bar and the whole setup was placed on a heating mantle

on a magnetic stirrer. Next, the mixture was purged with nitrogen to de-oxygenate the contents.
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After 30 minutes of purging, the temperature was increased to 90°C, which is higher than the
melting point of DAD (70°C). After one hour, the mixture was removed from the reactor and put
into tensile test bar molds and pressed to prepare tensile bars with dimensions that are mentioned
in mechanical testing section. Once the bars were well-mixed and had homogonous texture, they
were placed in an oven at 90°C for 24 hours to make sure that all cyclic carbonates reacted with
amines. Appearance of urethane linkage was confirmed by FTIR (Figure B 13).

Proton Nuclear Magnetic Resonance ('H NMR) Spectroscopy: Solution-phase NMR spectra
were recorded on a Bruker Avance III HD (500 MHz, 32 scans) spectrometer at room
temperature using CDClI3 as solvent.

Fourier Transform Infrared (FTIR) Spectroscopy: A Nicolet iS50 FTIR Spectrometer equipped
with a single bounce diamond attenuated transmission reflectance (ATR) for solids was used to
identify functional groups involved in reactions. Thirty-two scans were recorded for each sample
over the range 4000-500 cm™' with a normal resolution of 4 cm™.

Size Exclusion Chromatography (SEC): Gel permeation chromatography (GPC, Water Breeze,
differential refractive index RI 2414 detector, 40°C) using HPLC grade THF as the mobile phase
(flow rate 0.3 mL min™') was used to determine the number-average molecular weights (M,) and
dispersities (P = Mw/M,). M, values were calculated relative to narrow molecular weight
distribution PMMA standards !.

Differential Scanning Calorimetry (DSC): A TA Instrument Discovery 2500 differential
scanning calorimeter using standard hermetic aluminum pans (pan top with a pinhole), calibrated
with indium and nitrogen purge was used to measure the glass transition temperature (7)) and
melting point (7m) of the synthesized copolymers. A heat-cool-heat cycle was conducted with

heating rate of 5°C min™! and cooling rate of 10°C min™'. The temperature was increased to
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160°C in heating cycles and cooled down to -90°C in cooling cycles. All data was extracted from
the second heating cycle. Universal Analysis and Trios software were used to analyze the results.
Thermogravimetric Analysis (TGA): A TA Instruments Discovery 5500 thermo-gravimetric
analyzer was used to analyze the degradation of synthesized materials at a heating rate of 10 °C
min’! from ambient temperature to 700°C under nitrogen purge in platinum pans. The 5%
degradation temperature (745%) and 10% degradation temperature (74,10%) were extracted from
this test.

Rheology: Viscosity and curing tests were conducted on synthesized copolymers and crosslinked
networks using an Anton Paar Instruments Rheometer (MCR 302) with parallel plates of 25 mm
diameter (PP 25) configuration with gap of 1 mm at 30°C. Dynamic mechanical thermal
analysis (DMTA) was conducted on crosslinked networks using torsion configuration (SRF 12)
with a temperature ramp rate of 5 °C min™' (from ambient temperature to 120°C), with an
oscillation strain of 1% and a frequency of 1 Hz. Molecular weight between crosslinks (M) were

calculated at room temperature using Equation 4.3 14*;

M, = KT 4.3)

where E;. is the storage modulus in the rubbery region from the DMTA experiments, R is the gas
constant, 7 is the absolute temperature, and p is the density of the crosslinked samples. All
DMTA tests were conducted under a nitrogen atmosphere using a CTD 450 convection oven.

It should be mentioned that £’ values used in the equation were taken at a temperature 30°C

above the T as determined from the peak maximum of the tand curve.
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Mechanical testing: Tensile properties were measured at ambient temperature using an EZ Test
(Shimadzu) tensile machine at speeds of 5 mm min™! on the crosslinked urethane functional
networks. Young's modulus (E), tensile strength (omax), and elongation at break (£B%) were
determined by the average of at least three repeated samples. Three dog-bone shaped samples
were cut out to perform tensile testing using ASTM standards (ASTM D638, type V).

Swelling ratio (SR). Three samples of around 30 mg each were separately put in THF and

purified water for 24 hours. The swelling ratio (SR) was calculated using Equation 4.4:

SR =2~ (4.4)

my

where m; and m are the initial mass of the material and mass of the material after swelling in
THF or water, respectively.

Gel content: After SR measurements, the three samples were dried in a vacuum oven at room
temperature for 24 hours. The gel content (GC) was calculated using the Equation 4.5, where m3
and m; are the mass of the material after drying in the oven and the initial mass of the material,

respectively.

GC% = =2 x 100 (4.5)
my

Hot press: The pressing was performed with a Carver hydraulic unit model #3925 at 90 °C for

the synthesized crosslinked urethane functional networks using three cycles of 5,10 and 15

metric tons for five minutes for each cycle.
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Oven: To cure the crosslinked networks at 90°C for 24 hours, a Fisherbrand Isotemp model

281A oven was used.
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5. CHAPTERS

EFFECT OF ALKYL METHACRYLATE/GLYCIDYL
METHACRYLATE COPOLYMER BACKBONE
STRUCTURE ON MECHANICAL PROPERTIES OF
HYDROXYURETHANE-CROSSLINKED
NETWORKS

After thoroughly investigating the influence of side chain rigidity on the mechanical properties
of the crosslinked networks, the focus of the thesis shifted towards examining the impact of
backbone rigidity on both mechanical and rheological properties. This was achieved by
synthesizing binary copolymers of methyl methacrylate (MMA), ethyl methacrylate (EMA), and
butyl methacrylate (BMA) with glycidyl methacrylate (GMA) providing the epoxy groups that
will be carbonated, yielding a methacrylic backbone with multi-functional carbonate
macromonomer. It is important to note that the rigidity of the backbone decreases progressively
from MMA to BMA, resulting in a range of copolymers with varying levels of flexibility.
Additionally, the study delved into characterizing the microstructure of the synthesized
copolymers. To this end, the reactivity ratios of EMA/GMA and BMA/GMA were calculated,
providing insights into the random nature of the copolymer microstructure. The manuscript of
this chapter was published in Reactive and Functional Polymers in 2023 (Farkhondehnia, M. and
Mari¢, M., Effect of alkyl methacrylate/glycidyl methacrylate copolymer backbone structure on
mechanical properties of hydroxyurethane-crosslinked networks. Reactive and Functional
Polymers, 2023, 191, 105683) '°2. The supporting information of this publication is given in

Appendix C.
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5.1. Abstract
The effect of cyclic carbonate functionalized polymer backbones on mechanical and rheological
properties of hybrid thermoset resins with hydroxyurethane linkages via vegetable-oil derived
diamine were investigated. Atom transfer radical polymerization (ATRP) of binary methyl, ethyl,
butyl methacrylate (MMA, EMA, BMA) mixtures with glycidyl methacrylate (GMA) with
various GMA initial molar fractions (foma = 0.1-0.9) were performed at 70 °C to create precursor
backbones with modulated glass transition temperature (Tg). The copolymer compositions were
essentially statistical as demonstrated by estimated reactivity ratios. MMA/GMA reactivity ratios
were rmva = 0.80 + 0.09 and rgma = 1.35 £ 0.09, which agreed with earlier studies while
previously unreported EMA/GMA reactivity ratios were 7gma = 1.10 £ 0.09 and rgma = 0.31 £
0.09 and BMA/GMA reactivity ratios were rma = 0.67 £ 0.09 and rgma = 1.45 £ 0.09. The
synthesized copolymers were then carbonated, converting the pendent epoxy functional groups
to cyclic carbonates. The carbonated copolymers were reacted with the vegetable oil-derived
diamine Priamine 1074 to form relatively rigid side chains via hydroxyurethane linkages to the
backbone. Degree of flexibility of backbones and cyclic carbonate functionality were
manipulated to synthesize crosslinked networks with Young's moduli ranging from 395 MPa to 1

250 MPa.

116



5.2.Introduction
Polyurethanes (PUs), which have a global market size of $72.82 billion USD in 2021 %7, are a

diverse class of polymers used in foams, coatings, adhesives, sealants and elastomers !°31%4,

Among these applications, more than 70 wt% of PUs are used as thermosetting materials >,
Despite the fact that PU use dates back almost a century, their synthesis remains largely
unchanged, with the majority of commercially available PUs still being prepared through the
polyaddition reaction of di- or multi-functional isocyanates with di- or multi-functional alcohols
16147 However, toxicity issues associated with the production and use of isocyanates have
become a significant drawback in synthesis of traditional PUs %1% To address this problem in
todays’s more eco-conscious landscape, researchers have investigated more environmentally
benign approaches for PU synthesis, like non-isocyanate polyurethanes (NIPUs).

While several routes have been suggested to prepare NIPUs *!4°, the most promising method is
the polyaddition of cyclic carbonates with amines yielding poly(hydroxy urethane)s, PHUs
94104108 "Typical PHU thermosets are prepared via reaction of multi-functional cyclic carbonates
and amines (similar to reaction of multi-functional isocyanates and diols in traditional PUs),
leading to formation of pendent hydroxyl groups adjacent to the urethane linkages 2!'%°. The
presence of the secondary hydroxyl groups can enhance both the mechanical properties and
reprocessability of PHU thermosets by facilitating associative transcarbomylation 2%13%,

Five-, six- and seven- membered cyclic carbonates are most commonly used to produce PHUs
886,107 Studies revealed that due to ring strain, addition reaction rate increased with increasing
cyclic carbonate ring size '%’. Despite the fact that six- and seven-membered cyclic carbonates

exhibit better reactivity, hazardous reagents such as ethyl chloroformate and triphosgene are used

to synthesize them %22, In contrast, five- membered cyclic carbonates can be formed via reaction
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of carbon dioxide (CO;) with an epoxide and is often considered advantageous as it enables

the fixation of CO,, reducing greenhouse gas effects *°, while also being cost-effective due to the
relative abundance of CO, '%°,

Several factors can influence the ultimate thermomechanical and mechanical properties of PHU
thermosets, including the nature of the building blocks, the selection of cyclic (poly)carbonates
and diamines, and the cyclic carbonate-to-amine ratio #2%3¢. Aromatic building blocks impart the
necessary rigidity to networks for high-performance applications, whereas aliphatic building
blocks typically offer resistance against weather and ultraviolet light 2%13%193 For example,

Janvier et. al. 2°

investigated thermoset PHUs using carbonated syringaresinol, which contains
aromatic building blocks and two cyclic carbonate functional groups in its structure, and a
triamine which led to a thermoset with high 7 of 62 °C and high thermal stability (7g,5% = 225
°C). However, since the samples were excessively brittle, mechanical testing was not performed.
Samanta et. al. ® also studied the curing of carbonated soybean oil with a variety of diamines
with amine-to-cyclic carbonate ratio of 1:1 to produce crosslinked PHUs with tensile strengths
varying from 3.6 MPa to 17 MPa. Javni et. al. > investigated the effect of amine-to-carbonate
ratio on the polyaddition of carbonated soybean oil with various diamines. This study led to
preparation of thermosets with Young’s moduli of 0.49 MPa to 5.77 MPa. Biihr et al. '* studied
the effect of blends of carbonated linseed and soybean oils at different ratios reacted with several
diamines, with a focus on mechanical properties of the resulting thermosets. Their study led to
crosslinked PHUs spanning a wide range of Young’s moduli from 2 MPa to 1 460 MPa.
However, most of the abovementioned examples are vegetable oils in which the number of

cyclic carbonates are fixed, and the only critical factors to manipulate the mechanical properties

of the thermoset PHUSs are diamine structure or amine-to-carbonate ratio.
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Recently, a promising approach to enhance the mechanical properties of PHUs has been the
design of hybrid formulations (i.e. hybrid poly(hydroxyurethanes) (HPHUs)) ®. The term
"hybrid" can be interpreted in several ways, such as a reaction with an inorganic material or the
use of a different polymerization method to incorporate desired functionality (e.g combination of
radical polymerization and polyaddition) '*°. We are effectively using the latter definition in the
study presented here.

We recently reported partially bio-based resins with flexible side chains that are bonded to a
flexible backbone via urethane linkages !'. Additionally, we have created partially bio-based
"bottle brush-like" networks that are crosslinked through urethane linkages, with rigid side
chains and flexible backbones '**. However, in many applications, much stiffer yet still
somewhat flexible polymers are required, and the work presented here aimed to investigate more
deeply the impact of backbone flexibility on the rheological and mechanical properties of
networks crosslinked via urethane linkages.

Specifically, we utilized different polymerization methods to prepare our crosslinked networks,
in order to better control the compositional uniformity of the template used to make the hybrid
materials. Atom transfer radical polymerization (ATRP) was used to copolymerize methyl, ethyl,
butyl methacrylate (MMA, EMA, BMA) with glycidyl methacrylate (GMA), resulting in
backbones with different degrees of flexibility and varying pendent epoxy functional groups.
GMA provides grafting sites, and controlling the content of GMA in the copolymer allows for
manipulation of the density of the grafting sites. After preparation of the epoxy-functional
copolymers, CO, was used to convert the epoxides to cyclic carbonates '3, Then the carbonated

copolymers were reacted with a bio-based diamine (Priamine 1074) '°7 to form urethane linkages

used to crosslink the networks. The final networks are interesting for two reasons. Firstly,
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networks with longer alkyl side chains exhibited higher hydrophobicity due to the restricted
access of water molecules to the crosslinked urethane network caused by the side chains %!,
Secondly, by using Priamine 1074 to form urethane linkages, the resulting networks exhibit
relatively rigid side chains that are attached to backbones with varying levels of flexibility. By
employing this paradigm, we demonstrate a broad spectrum of mechanical properties can be
achieved through the HPU networks, derived from the density of cyclic carbonate sites and the

types of monomers used in the prepolymer.

5.3. Experimental section

5.3.1. Materials
Basic and neutral alumina (Al>O3, Brockmann, Type II 150 mesh), calcium hydride (CaH», 90-
95% reagent grade), ethyl a-bromoisobutyrate (EBiB, 98%), copper (I) bromide (Cu(I)Br, 99%),
4,4'- Dinonyl- 2,2'-dipyridyl (dNbpy, 97%), tetrabutylammonium bromide (TBAB), chloroform
(CHCl3, >99.8% contains ethanol as stabilizer), deuterated chloroform (CDCl3, 99.8%) and
anisole were purchased from Sigma-Aldrich and used without further purification. Priamine
1074 was provided by Cargill and used as received. Methanol (MeOH, >99%), heptane and
tetrahydrofuran (THF, 99.9% HPLC and certified grades), ethyl methacrylate (EMA, 99%), butyl
methacrylate (BMA, 99%) and N, N-Dimethylformamide (DMF) were purchased from Fisher
Scientific and was used as received. Glycidyl methacrylate (GMA, 97%) and methyl
methacrylate (MMA, 99%) were obtained from Sigma-Aldrich. The monomers were purified by
passing through a column of basic alumina mixed with 5 wt % calcium hydride and then kept in
a sealed flask under nitrogen atmosphere in a refrigerator. Syntheses were all carried out under a
high purity nitrogen atmosphere (99.99%, Praxair). Carbon dioxide (CO2) with a purity of
99.99% was purchased from Praxair and used as received.
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5.3.2. Methods
Monomer conversions (X), carbonation conversion (Xcarbonation) and polymer compositions were
characterized by solution-phase proton NMR (‘H NMR). 'H NMR spectra were recorded on a
Bruker Avance III HD (500 MHz, 32 scans) spectrometer at room temperature using CDCI; as
solvent. Approximately 3 mg of the copolymer was dissolved in 1 ml of CDCl; and then was
transferred into an NMR tube. The analysis was conducted using a zg30 pulse sequence. The
resulting spectra were analyzed using Mestrelab MNova software.
Fourier transform infrared (FTIR) was performed on all the synthesized polymers including
copolymers, carbonated copolymers and the synthesized crosslinked networks containing
urethane linkages. A Nicolet iS50 FTIR Spectrometer equipped with a single bounce diamond
attenuated transmission reflectance (ATR) for solids. First, a background reading was performed
on a clean diamond to acquire an accurate baseline. Thirty-two scans were recorded for each
sample over the range 4000-500 cm™! with a normal resolution of 4 cm™.
Gel permeation chromatography (GPC, Water Breeze, differential refractive index RI 2414
detector, 40°C) using HPLC grade THF as an eluent with flow rate 0.3 mL min™' was used to
determine the number-average molecular weights (M,) and dispersities (P = Mw/M,). The
instrument is equipped with three Waters Styragel HR columns: HR1 for molecular weights
ranging from 107 to 5 x 10°> gmol™!, HR2 for molecular weights ranging from 5 x 10? to
2 x 10* gmol’!, and HR4 for molecular weights ranging from 5 x 10% to 6 x 10°> g mol!. It also
includes a (RI 2414) refractive index detector and a guard column 2%, The columns were
maintained at a temperature of 40 °C while passing an injection of 10 pl of dissolved samples

through. The elution time for the samples was 60 min. M, values were calculated relative to

121



narrow molecular weight distribution poly(methyl methacrylate) (PMMA) standards (Varian
Polymer Standards, molecular weights ranging from 875 to 1677000 g mol™').

Glass transition temperatures (7;)s of the synthesized copolymers were measured by Differential
Scanning Calorimetry (DSC). A TA Instrument Discovery 2500 differential scanning calorimeter
using standard hermetic aluminum pans (pan top with a pinhole), calibrated with indium and
nitrogen purge was used. A heat-cool-heat experiment was conducted with heating rate of 5°C
min! and cooling rate of 10°C min™!. The temperature was increased to 160°C in the heating
cycles and then reduced to -90°C in cooling cycles. All data was extracted from the second
heating cycle after thermal history was removed during the first heating cycle. T,s were
calculated by the inflection method 2. Universal Analysis and Trios software were used to
analyze the results.

Thermal stability of the synthesized polymers was investigated by thermogravimetric analysis
(TGA) test. A TA Instruments Discovery 5500 thermo-gravimetric analyzer was used to analyze
the degradation of synthesized materials at a heating rate of 10°C min™' from ambient
temperature to 700 °C under nitrogen purge in platinum pans. To begin the process, a small
platinum pan was cleaned with a blow torch to eliminate any residue from prior samples. The
pan is then weighed and tared. After that, 3-10 mg of the sample was added into the pan. Finally,
the sample was placed into the furnace chamber and heated under a nitrogen atmosphere. The
5% degradation temperature (74,5%), 10% degradation temperature (74,10%), 50% degradation
temperature (74,50%), final decomposition temperature (7.final) and ash content were extracted
from this test. Universal Analysis and Trios software were used to analyze the results.

Dynamic mechanical thermal analysis (DMTA) was also conducted on the networks using

torsion configuration (SRF 12) with a temperature ramp rate of 5°C min! (from ambient
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temperature to 120 °C under nitrogen atmosphere using a CTD 450 convection oven with air
flow of 1 400 NL h™! for the cooling shaft and 850 NL h™! for nitrogen purge to the furnace, It is
important to note that the testing of BMA-based crosslinked networks was limited to
temperatures up to 90 °C. This was attributed to the inherent softness of the samples, which
resulted in their breakage at higher temperatures), with an oscillation strain of 1% and a
frequency of 1 Hz on an Anton Paar instruments rheometer.
An EZ Test (Shimadzu) tensile machine equipped with a 500 N load cell was used for tensile
tests on the crosslinked networks. Tensile properties of the crosslinked networks were measured
at ambient temperature at speeds of 10 mm min™'. Young’s modulus (E), tensile strength (Gmax),
and elongation at break (EB%) were calculated by the average of at least three repeated samples.
Three dog-bone shaped bars for each sample with standard dimensions were cut out to perform
tensile testing (ASTM 638, type V). For tensile and DMTA tests, crosslinked urethane functional
networks were molded into tensile bars and rectangular bars using a Carver hydraulic unit model
#3925 at 90 °C. The process included three cycles of applying 5, 10, and 15 metric tons of force
for ten minutes for each cycle. Then, the networks were left to fully cure in a Fisherbrand
Isotemp model 281A oven at 90 °C for 24 hours.

5.3.3. Copolymerizations of MMA/GMA, EMA/GMA and BMA/GMA by

atom transfer radical polymerization (ATRP)

Atom transfer radical polymerization (ATRP) was used to synthesize all sets of copolymers.
Monomers, dNbpy and Cu(I)Br were dissolved in anisole at a volume ratio of 20% relative to the
total volume of monomers and placed into a 250-ml three-necked round-bottom flask, equipped
with a thermal well and a magnetic stir bar (a smaller reactor (50 ml) was used for the
experiments which were done to calculate reactivity ratios). The setup was placed on a heating
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mantle with a magnetic stirrer for mixing the solution. To prevent evaporation of the monomers
and solvent, a condenser, which circulates a mixture of ethylene glycol/ water (purified by
reverse osmosis) (50:50 vol.%), was connected to the setup. Next, the mixture was purged with
nitrogen for 30 minutes to remove dissolved oxygen and a needle at the top of the reflux
condenser was used to vent the nitrogen purge. A thermocouple connected to a temperature
controller was inserted into the thermal well and the reaction temperature was set to 70 °C. When
the mixture reached 70 °C, EBiB was added to the mixture. After four hours (or less than four
hours for the copolymers with higher GMA content), the polymerization was stopped due to the
high viscosity of the reaction mixture and cooled down and then diluted with chloroform and
passed through a column of neutral alumina to remove the copper catalyst. The color of the
mixture transitioned from green to transparent as it passed through the column, indicating the
successful removal of the copper catalyst. After removing the copper catalyst, chloroform was
removed via rotary evaporation and then excess amount of methanol or heptane (heptane was
used for copolymers with higher GMA content) was added to the copolymers to remove
unreacted monomers from the mixture and precipitate the polymer. The purification of the
copolymers was confirmed by proton nuclear magnetic resonance (1H NMR) (methanol/heptane
was added to the mixture until the supernatant layer was clear to reprecipitate the polymer).
Finally, the copolymer was dried in a vacuum oven at 40 °C overnight. For every reaction, the
initial molar ratio of monomers to initiator (EBiB) was fixed to give a copolymer with target
number-average molecular weight (M) of 5000 g mol™! at complete overall monomer conversion
(X =1) (e.g. My meoreticar= (foma,oMacma+ funao Mymnia)DP,= 5 000 g mol™!, where fuma o and fGmao
are the initial molar fractions of MMA and GMA, DP, is number average degree of

polymerization, Muma is molecular weight of MMA and Mgwma is molecular weight of GMA).
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Copolymerization of MMA and GMA with initial molar ratio of GMA as 10% (MMA/GMA:
90/10%) 1s given as an example (experiment MMA/GMA-90, where 90 refers to the initial molar
ratio of MMA in the feed). MMA (43.1 g, 0.430 mol), GMA (6.85 g, 0.048 mol), Cu(I)Br (0.17
g, 1.2x10° mol), dNbpy (0.98 g, 2.4x107 mol) and anisole (10 ml) were added into the reactor
and then the setup was prepared as previously mentioned. When the reaction mixture was at
70°C, EBiB (1.95 g, 0.01 mol) was added to the mixture to start the polymerization (time = 0).
Samples were taken frequently until the end of the experiment for kinetic study purposes. For
each sample withdrawn, copolymer composition, (overall) monomer conversions (X and
Xema) and dispersity (P) were characterized using NMR and gel permeation chromatography
(GPC) (relative to narrow molecular weight distribution PMMA standards (Varian Polymer
Standards, molecular weights ranging from 875 to 1 677000 g mol™)). To find conversion of
poly(glycidyl methacrylate) (PGMA), the nonequivalent protons corresponding to the methylene
group of the ring (6 = 2.55-2.70 ppm and 2.75-2.90 ppm, 2H) were used. Conversion of PMMA
was determined by integration of signal corresponding to OCHj3 (8 = 3.55-3.68 ppm, 3H). 'H
NMR spectra for poly(MMA-stat-GMA) is shown in Figure C 1.

'H NMR spectra of poly(EMA-stat-GMA) and poly(BMA-stat-GMA) are also shown in Figure
C 2and Figure C 3, respectively. The microstructure of the synthesized copolymers was also
determined by integrating the same signals (except the ones corresponding to unreacted
monomer as they were not present after purification) as mentioned above for the dried
copolymers.

It should be noted that EMA/GMA copolymers with M tareet of 10000 g mol™! were used for
reactivity ratio calculation. However, EMA/GMA copolymers used for the subsequent

carbonation reaction had M, iurger of 5000 g mol™.
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5.3.4. Carbonation of the copolymers
After synthesis of the copolymers, the ones with initial GMA molar ratios of 0.1, 0.2 and 0.3
were treated with carbon dioxide (COz) and TBAB as catalyst to convert epoxy functional
groups to cyclic carbonates. The carbonation reactions of the copolymers were performed in a
solvent at high temperatures due to the powdery form of the copolymers and the absence of
observed melting points in their DSC analysis. Dimethylformamide (DMF) was chosen as the
solvent for the carbonation reaction due to its high boiling point, which allowed the reaction to
be done at higher temperatures and increased the carbonation rate. Carbonation of BMA/GMA -
80 is given as an example. TBAB (0.45 g, 0.0014 mol, 5 mol% with respect to number of epoxy
groups on copolymer chain), poly(BMA-stat-GMA) (20 g, 0.0035 mol) and DMF (20 g, 0.27
mol) were added to a 150 ml three-neck round-bottom flask. The reactor was equipped with a
thermal well, magnetic stir bar and a reflux condenser, circulating a mixure of ethylene glycol/
reverse osmosis water (50/50 vol.%) to prevent evaporation of the solvent. The whole setup was
placed in a heating mantle and rubber septa were used to seal the reactor. Next, the mixture was
stirred for 15 minutes to dissolve the copolymer in the solvent. After dissolving the copolymer,
the mixture was purged with CO; for 30 minutes to remove any oxygen contamination. Then, the
temperature was increased to 120°C and the mixture was stirred under a stream of CO, with
pressure of no more than 5 psi for 24 hours. After 24 hours, the reaction was stopped and cooled
down by exposure of the mixture to air and the polymer was washed by methanol to remove the
catalyst (additional methanol was added until the supernatant layer was clear to reprecipitate the
polymer) and the polymer was then dried in the vacuum oven at 40°C overnight. The overall
conversion of the carbonation (Xcarbonation) Was calculated via 'H NMR at the end of the reaction.

The carbonation conversion for carbonated BMA/GMA-80 was almost 94% after 24 hours.
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5.3.5. Synthesis of urethane functional grafts using Priamine 1074
Since the carbonated copolymers were solids and Priamine 1074 is a liquid, ethyl acetate was
used as a common solvent for the reaction. Addition of Priamine 1074 to carbonated
BMA/GMA-80 is given as an example. Carbonated BMA/GMA-80 (4.12 g, 5.57x10* mol),
which has eight cyclic carbonate functional groups on its backbone, Priamine 1074 (1.2 g,
2.2x107% mol) and ethyl acetate (6 g, 0.0681 mol) were added to a 50 ml three-necked round-
bottom flask (diamine / cyclic carbonate: 1:1, number of cyclic carbonates: 8 per chain). The
reactor was equipped with a thermal well, a magnetic stir bar and a condenser and the entire
assembly was mounted on a heating mantle with a magnetic stirrer. Next, oxygen was removed
from the mixture by purging the contents with nitrogen for 15 minutes at room temperature.
After the initial purging, the temperature was increased to 65°C, which is below the boiling point
of ethyl acetate (~77°C), while maintaining the purge. After two hours, the mixture was removed
from the reactor and dried under air flow for one hour. Next, the mixture was put in a vacuum
oven at room temperature for two hours to remove residual ethyl acetate. The dried mixture was
put into tensile molds and pressed to prepare tensile bars according to ASTM standards (ASTM
D638, type V). To ensure complete reaction of the cyclic carbonates with the diamine, the bars
were then placed in an oven at a temperature of 90°C for 24 hours. FTIR was used to confirm the

disappearance of cyclic carbonates and appearance of urethane linkages.

5.3.6. Theory

In order to calculate the overall conversion of the copolymers Equation 5.1 was used (the
example is given for MMA/GMA copolymer). In Equation 5.1, Xanz, Xomad, foma, foua and
Xeopotymer are the conversions of MMA, GMA, initial molar ratio of MMA in the feed, initial

molar ratio of GMA in the feed and the overall copolymer conversion, respectively.
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Xcopolymer = XMMAfMMA,O + XGMAfGMA,O (5.1)

Rubber elasticity theory '** (Equation 5.2) was used to calculate molecular weight between

crosslinks (M.) for the crosslinked networks at room temperature:

3RTp
M, = £
3

(5.2)

In Equation 5.2 E;. is the storage modulus in the rubbery region from the DMTA experiments, R
is the gas constant, T is the absolute temperature, and p is the density of the crosslinked samples.
Swelling ratio (SR) of the crosslinked samples was also measured by soaking samples in 2
different media: THF and water for 24 hours. To determine the SR, three samples weighing
approximately 30 mg each were individually placed into a glass jar filled with purified water or
THF and allowed to soak for 24 hours. SR values were calculated using Equation 5.3:

_ MM

SR =TT (5.3)

m;

In Equation 5.3, m; and my are the initial mass of the material and mass of the material after
swelling in THF or water, respectively.

After SR measurements, the samples were placed back into the glass vials. The vials then were
placed into a vacuum oven at room temperature for 24 hours. Gel content (GC) values were
found using the Equation 5.4, where my and m; are the mass of the material after drying in the

oven and the initial mass of the material, respectively.

GC% =72 x 100 (5.4)
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5.4. Results and discussion

5.4.1. Synthesis of MMA/GMA, EMA/GMA and BMA/GMA copolymers
using atom transfer radical polymerization (ATRP) and determination of
EMA/GMA and BMA/GMA reactivity ratios

Atom transfer radical polymerization (ATRP) was used to synthesize copolymers of
MMA/GMA, EMA/GMA and BMA/GMA at various comonomer ratios. We originally aimed to
use conventional radical polymerization but the heat generated was problematic under the
conditions we used initially (e.g. copolymerization of MMA with GMA with 50 wt% dioxane,
we also wished to use minimal solvent). Most radical polymerizations are exothermic with the
heat of reaction about 100-200 kJ mol™! and apparent activation energies of about 10-30 kJ mol’
1202 which can lead to autoacceleration effects '*°. Thus, ATRP was employed due to its
generally lower active radical concentration in addition to its efficacy in synthesizing polymers
with precise composition and narrow molecular weight distributions 2. We thus synthesized a
series of statistical copolymers to serve as precursors for carbonated copolymers.

Statistical copolymers of MMA/GMA, EMA/GMA and BMA/GMA at different comonomer
ratios were prepared using ATRP at 70°C. Kinetic studies were done on the copolymers and
reactivity ratios of EMA/GMA (rem4 and rouma) and BMA/GMA (rgma and reua) were calculated
as they were not readily available from literature. Some of the synthesized copolymers, which
were used as a template with different epoxy distribution in their backbone, were carbonated and
subsequently reacted with a diamine to produce crosslinked networks bonded through urethane

linkages °*.
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All copolymer characterization data for poly(EMA-stat-GMA)s, poly(BMA-stat-GMA)s and
poly(MMA-stat-GMA)s are listed in

Table 5.1, Table 5.2 and Table 5.3, respectively. Lower degrees of polymerization were
targeted to ease subsequent processing. In all cases, distributions were monomodal and possessed
generally narrow molecular weight distributions (MMA/GMA copolymerizations had M, =
5400-6800 g mol ™! and P = 1.20-1.25, while the EMA/GMA copolymers had M, = 7800-9800 g
mol ™! and D =1.28-1.51 and BMA/GMA had M, = 4400-8700 g mol! and D =1.21-1.68
(relative to PMMA standards '). All kinetic results for the copolymerizations are displayed in
Figure C 4 and Figure C 5. Figure C 4a and Figure C Sa indicate first-order kinetics since the
semi-logarithmic plot of conversion versus time is linear. Figure C 4b and Figure C 5b present
M, versus X for all synthesized copolymers. A similar linear growth of M, versus X was also
observed, but M, deviated from the predicted values expected if the polymerization was truly
living at higher conversions. Three reasons are proposed for the observed deviations: 1) using
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PMMA standards to measure M, values by GPC, 2) poor control during the early stages of
polymerization, prior to establishing a sufficiently high concentration of copper to achieve
equilibrium between dormant and active chains and 3) the sample preparation step for GPC to
remove the copper/ligand complex may result in some fractionation. Copolymerizations with
higher fGim4 were less controlled, as deemed by the generally broader molecular weight
distributions (higher P) and M,s as shown in Figure C 4¢ and Figure C 5c. This is attributed to
the increase in copolymerization propagation rate as fou4 increases |. The changes in propagation
rate can be inferred from reported values of bulk propagation rate coefficients (k,) of GMA,
MMA, EMA and BMA at 50°C via pulsed laser polymerization (PLP) are 1249 L mol!'s™!, 649
L mol's?, 723 L mol's!, 794 L mol!' s}, respectively '?2. The influence of the higher ka1 is
apparent when utilizing Fukuda et al’s terminal kinetic model ?* to calculate k, for the binary
copolymerizations, as increasing foamu leads to higher propagation rate, in alignment with our
observations (Figure C 6). Details of the predicted ks is summarized by Equation C1 and
Figure C 6 in the supporting information. Another reason for the broadening of the molecular
weight distributions could be more prevalent side reactions including chain transfer reactions and
termination at higher conversions for copolymers with GMA-rich composition ', It has also
been reported that methacrylic monomers may contain traces of methacrylic acid due to ester
hydrolysis during prolonged storage. These carboxylic acid groups can undergo crosslinking

reactions with epoxy groups, which can adversely affect the control of polymerization 29>2%
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Table 5.1. Copolymer characterizations for statistical EMA/GMA copolymers using ATRP in 70°C.

ID fona? | Fema? | Xema? | Xoma? | Xeopoyme® | M D (g mol™?) DY [EBiB] | [GMA] | [EMA] | [dNbpy] [CuBr]
(mol) (mol) (mol) (mol) (mol)

EMA/GMA-90 0.9 0.87 0.69 0.60 0.68 7800 1.28 | 0.0008 | 0.0068 0.061 0.00034 | 0.00017
EMA/GMA-80 0.8 0.81 0.83 0.81 0.82 8200 1.30 | 0.0008 0.014 0.053 0.00034 | 0.00017
EMA/GMA-70 0.7 0.73 0.93 0.95 0.93 8500 1.28 | 0.0008 0.019 0.045 0.00033 0.00016
EMA/GMA-60 0.6 0.58 0.98 0.99 0.98 9000 1.38 | 0.0009 0.032 0.048 0.0004 0.0002
EMA/GMA-50 0.5 0.43 0.95 0.94 0.94 9600 1.43 | 0.0009 0.039 0.039 0.0004 0.0002
EMA/GMA-40 0.4 0.45 0.99 0.99 0.99 9700 1.45 | 0.0009 0.046 0.031 0.00036 | 0.00019
EMA/GMA-30 0.3 0.34 0.99 0.99 0.99 9500 1.36 | 0.0009 0.053 0.023 0.00037 | 0.00018
EMA/GMA-20 0.2 0.24 0.99 0.99 0.99 9100 1.48 | 0.0009 0.058 0.015 0.00036 | 0.00018
EMA/GMA-10 0.1 0.13 0.99 0.99 0.99 9400 1.51 | 0.0009 0.065 0.0073 | 0.00036 | 0.00018
EMA/GMA-0 0 0 - 0.98 0.98 7500 1.47 0.005 0.17 - 0.0008 0.0004

 Initial molar ratio of EMA in the feed

® Final molar ratio of EMA in the dried copolymer

° Final conversion of EMA

9 Final conversion of GMA

° Final conversion of copolymer
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9 Final averegae molecular weight of the copolymer, target number average molecular weight for all experiments (M, heoritical)=10000 g mol™ , all reported
molecular weights (M,) and dispersity (D) were determined using GPC relative to poly(methyl methacrylate) (PMMA) standards in tetrahydrofuran
(THF) at 40°C. It should be mentioned that for carbonation reactions My, grger Was 5000 g mol!

) Experimental identification given by EMA/GMA-XX, where XX refers to the rounded % initial molar fraction of EMA in the mixture (fima 0))

W Reaction was ran for 1.5 hours since the polymer was viscouse

To see if there was any compositional drift in copolymerizations, reactivity ratios of EMA/GMA
and BMA/GMA were determined since these were not available in the literature. As an initial
estimate, Fineman—Ross (FR) 2°7 and then Kelen-Tiidds (KT) 2% approaches were used to
calculate the reactivity ratios (estimates of reactivity ratios were done using samples taken at
relatively low overall conversions (X <20% for every copolymerization), assuming a terminal
model (Table C 1 and Table C 2)). It should be mentioned that the errors associated with the
experimental data were derived from the standard errors associated with the linear fits. As these
methods are both linearized fits, they may introduce bias to estimates of the reactivity ratios.
Despite considering relatively low monomer conversions, it should be noted that the FR and KT
approaches do not account for the potential composition drift that may occur during
copolymerization. A direct non-linear least square (NLLS) method was also applied 2% to the
Mayo-Lewis equation 2!° and it showed a good agreement with the other methods used.
Generally, integral methods provide the best estimates for reactivity ratios and were calculated
by employing Meyer and Lowry‘s analytical solution of Skeist‘s equation for binary
copolymerization (Equation 5.5) 2!,

12 1 — (Lo el (5.5)

My fi00 “f20 fi—6
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In Equation 5.5, M / Mois mole conversion, f; and /> are the molar compositions of monomer 1

and 2 in the mixture, and /7,0 and /> are the initial molar ratio of monomer 1 and 2 in the feed. a,

T 1-r11,

— 1N 1
-V T e a-r)

and § =

B, v and & were defined as @ = ——, 8 = =
1 2

1-1,
The integral method considered the monomer feed changes during polymerization
(compositional drift in the molar feed of GMA with X as depicted in Figure 5.1). The reactivity
ratios of MMA and GMA were determined by calculating them through NLLS and the analytical
solution of Skeist’s equation, as the values obtained via the FR and KT methods have already
been reported elsewhere '°. NLLS method led to values of 7oy = 1.51 £ 0.11 and ram = 0.77
0.11, while values of rgys = 1.35 = 0.09 and rayma = 0.80 £ 0.09 were calculated via analytical
solution of Skiest’s equation. For EMA/GMA copolymers, the reactivity ratios via the FR
approach were calculated as rGu4 = 1.26 + 0.06 and 7zmq = 0.42 = 0.15 and KT method led to
values of rgus = 0.65 £ 0.13 and reps = 0.44 + 0.18. Using the NLLS method, reams =1.17 £ 0.13
and ey = 0.46 = 0.13 with 95% confidence intervals were calculated (Figure C 7 shows the
plots of parameters for linear models of FR and KT and NLLS approaches). The reactivity ratios
of rema=0.31 £ 0.09 and rema = 1.10 £ 0.09 were also calculated using an analytical solution of
Skeist's equation.

For BMA/GMA copolymers, the FR approach yielded the following: »gu4 = 0.55 + 0.13 and
roma = 1.49 £ 0.06 and KT method yielded g4 = 0.67 £ 0.07 and rema=1.15 + 0.20. Reactivity
ratios calculated by the NLLS method are a4 = 0.67 + 0.13 and reua = 1.67 £ 0.13 with 95%
confidence bounds (Figure C 8). Finally, the reactivity ratios of rgu4= 0.67 £ 0.09 and ruya=
1.45 £ 0.09 using an analytical solution of Skeist's equation were calculated. For comparison,

reactivity ratios of butyl acrylate (BA) and GMA obtained by ATRP were reported as rp4 = 0.16
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+0.07 and rGua = 2.78 £ 0.32 212, Table 5.4 presents the reactivity ratios calculated using
different methods.

The higher value of 76u4 than remy and a4 than rau4 indicates higher reactivity of

macroradicals toward GMA, raising the possibility of the formation of blockier GMA sequences

during the statistical copolymerization.

Table 5.2. Copolymer characterizations for statistical BMA/GMA copolymers using ATRP in 70°C.

h)

ID foma®” | Fama? Xpma® | Xoma? | Xeopotymer? | Ma P (g mol™) b [EBiB] | [GMA] | [BMA] | [dNbpy] | [CuBr]
(mol) (mol) (mol) (mol) (mol)
BMA/GMA-90 0.9 0.94 0.68 0.72 0.68 4400 1.21 | 0.0100 | 0.0350 | 0.3200 0.0018 0.0009
)
BMA/GMA-80 0.8 0.87 0.85 0.83 0.85 5800 1.24 0.008 0.0703 | 0.2800 0.0018 0.0009
BMA/GMA-70 0.7 0.80 0.90 0.95 0.91 6200 1.32 | 0.0130 | 0.1428 | 0.3249 0.0023 0.0012
BMA/GMA-60 0.6 0.68 0.95 0.92 0.94 5900 1.27 | 0.0010 | 0.0140 | 0.0210 0.0002 0.0001
BMA/GMA-50 0.5 0.65 0.92 0.98 0.95 7200 1.26 | 0.0015 | 0.0270 | 0.0270 0.0003 0.0001
BMA/GMA-40 0.4 0.55 0.99 0.99 0.99 6200 1.32 | 0.0015 | 0.0314 | 0.0210 0.0003 0.0001
BMA/GMA-30 0.3 0.41 0.99 0.99 0.99 8400 1.58 | 0.0015 | 0.0360 | 0.0150 0.0003 0.0001
BMA/GMA-20 0.2 0.24 0.99 0.99 0.99 8000 1.68 | 0.0020 | 0.0560 | 0.0140 0.0004 0.0002
BMA/GMA-10 0.1 0.14 0.99 0.99 0.99 8700 1.60 | 0.0020 | 0.0630 | 0.0070 0.0004 0.0002
BMA/GMA-0 0 0 - 0.98 0.98 7500 1.47 0.005 0.17 - 0.0008 0.0004

 Initial molar ratio of BMA in the feed

Y Final molar ratio of BMA in the dried copolymer
° Final conversion of BMA

9 Final conversion of GMA

® Final conversion of copolymer, reaction time for copolymers with fguma > 0.5 was only 2 hours ? Final averegae molecular weight of the

copolymer, target number average molecular weight for all experiments (M, heoritical)=5000 g mol™ , all reported molecular weights (M,,) and

dispersity (D) were determined using GPC relative to poly(methyl methacrylate) (PMMA) standards in tetrahydrofuran (THF) at 40°C

2 )Experimental identification given by BMA/GMA-XX, where XX refers to the rounded % initial molar fraction of BMA in the mixture (fgma,0)

W Reaction was ran for 1.5 hours since the polymer was viscouse
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Figure 5.1. Reactivity ratio calculation; a) By utilizing the Meyer-Lowry method, the fitted curves for

copolymerization with various ratios of EMA/GMA were determined, taking into consideration the drift

in GMA molar feed (foma) with monomer conversion. The resulting reactivity ratios roma and rema were

found to be 1.10 £ 0.09 and 0.31 + 0.09, respectively, b) the Meyer Lowry method was used to determine

the fitted curves for copolymerization with various ratios of BMA/GMA, taking into account the drift in

GMA molar feed (foma) with monomer conversion. The resulting reactivity ratios rgma and rema were

determined to be 1.45 £ 0.09 and 0.67 £ 0.09, respectively, ¢) the Meyer Lowry method was employed to

determine the fitted curves for copolymerization using various ratios of MMA/GMA, while considering

the drift in GMA molar feed (foma) with monomer conversion. As a result, the reactivity ratios rgma and

rmma were determined to be 1.35 £ 0.07 and 0.80 + 0.07, respectively.
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Table 5.3. Copolymer characterizations for statistical MMA/GMA copolymers using ATRP in 70°C.

ID fuma? | Fanva? | Xuma® | Xoma? | Xeoporymer® | Ma (g mol™?) | PP [EBiB] | [GMA] | [BMA] | [dNbpy] | [CuBr]

(mol) (mol) (mol) (mol) (mol)

MMA/GMA-90 0.9 0.92 0.92 0.94 0.92 5400 1.20 | 0.0100 | 0.0482 | 0.4300 0.0024 0.0012
)

MMA/GMA-80 0.8 0.84 0.87 091 0.88 6000 1.25 | 0.0160 | 0.1467 | 0.5968 0.0037 0.0018

MMA/GMA-70 0.7 0.71 0.95 0.98 0.96 6800 1.24 | 0.0150 | 0.1950 | 0.4644 0.0033 0.0017

 Initial molar ratio of MMA in the feed

® Final molar ratio of MMA in the dried copolymer
° Final conversion of BMA

9 Final conversion of GMA

9 Final conversion of copolymer (determined from Eq. 1), reaction time for copolymers with foma> 0.5 was only 2 hours

Y Final averegae molecular weight of the copolymer, target number average molecular weight for all experiments (M, meoritica)=5000 g mol™! | all

reported molecular weights (M,) and dispersity (D) were determined using GPC relative to poly(methyl methacrylate) (PMMA) standards in

tetrahydrofuran (THF) at 40°C

® Experimental identification given by MMA/GMA-XX, where XX refers to the rounded % initial molar fraction of MMA in the mixture (fua,o))-
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Table 5.4. Summary of calculated reactivity ratios of synthesized copolymers with different methods.

Copolymer

Poly(MMA-stat-GMA)

Poly(EMA-stat-GMA)

Poly(BMA-stat-GMA)

IGMA I'MMA IGmMA TEMA IGmMA I'BMA
Method
FR 1.24 + 0.85+0.03 1.26 £ 0.06 0.42+0.15 1.49 £ 0.06 0.55+0.13
0.02 165 165
KT 1.53+ 0.79+0.12 0.65+0.13 0.44+0.18 1.15+0.20 0.67 £0.07
0.17 213 213
NLLS 1.51+ 0.77+0.11 1.17+0.13 046 +0.13 1.67+0.13 0.67+£0.13
0.11
Analytical
solution of 1.35+ 0.80+0.09 1.10 + 0.09 0.31+0.09 1.45+0.09 0.67+£0.09
Skeist's equation 0.09
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5.4.2. Thermal properties of MMA/GMA, EMA/GMA and BMA/GMA
copolymers

The thermal properties of synthesized copolymers were analyzed using DSC and TGA to
investigate the effect of carbonation and ultimately diamine addition to the copolymers on the
thermal stability and 7gs of the final products. Studying the effect of carbonation on T7gs is also
beneficial to select a proper temperature window to cure the crosslinked networks (7cure) as the
cross-linking should started when chain are more mobile '*°. T,s and decomposition temperatures
(T4)s of the synthesized poly(EMA-stat-GMA)s and their carbonated forms are all tabulated in
Table C 3. DSC curves for poly(EMA-stat-GMA)s are also shown in Figure C 9a, with 45°C
<Tz<70°C in good agreement with the predicted values from the Fox equation >'* using reported
Ty = 44-85 °C for PGMA (M, range of 9600 g mol™! to 20400 g mol™!, 50°C was used for Fox
equation) %7 and Ty = 50-72 °C for poly(ethyl methacrylate) (PEMA) (M, = 8000-130000 g mol
!, 55°C was used for Fox equation) 2!>216 in the literature. Poly(BMA-stat-GMA)s had T, values
between 15°C and 52°C (Figure C 9b and Table C 4), which is in agreement with the predicted
values based on Fox equation ?'* with T, = 23 °C for poly(butyl methacrylate) (PBMA) (M, =
160000 g mol™) ?!7. MMA/GMA copolymers exhibited different T,s based on initial GMA ratio
in the mixture (Figure C 9¢ and Table C 4), ranging from 77°C to 107°C, which is consistent
with the values reported elsewhere by Neugebauer et al. '®5 for MMA/GMA copolymers with
M, > 12000 g mol™! at different MMA-to-GMA ratios.
DSC experiments for all synthesized copolymers revealed that there was a positive correlation
between T, of the copolymers and their epoxide content, which can be attributed to the restriction
of the chain mobility of the copolymers with higher epoxide content because of interactions

between the polar functional groups >'*. Generally, the T, values of poly(EMA-stat-GMA)s were
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higher than poly(BMA-stat-GMA)s (poly(MMA-stat-GMA)s expectedly had the highest 7gs).
As the size of the side-chain substituent in the polymeric backbone increases, the physical
separation between the polymeric chains is increased, increasing the mobility between adjacent
chains 217,

Decomposition temperatures are also shown in Table C 3 and Table C 4 and TGA curves are
plotted in Figure C 10. For all copolymers, different peaks were observed in their TGA curves
and their derivative weight versus temperature plots. Appearance of more than one degradation
peak for GMA-based copolymers is common and have been reported in the literature !’*!7°, This
could be due to the formation of volatile intermediate products, including carbon dioxide, carbon
monoxide, acrolein, allyl alcohol and glycidyl methacrylate, during thermal degradation analysis
of GMA-based copolymers '78.

The maximum weight loss of the first decomposition peaks for EMA/GMA copolymers were
observed from 140-180°C. The second decomposition stage took place between 320-370°C and
the third one was at 390-550°C. Thermal stability experiments for BMA/GMA copolymers
revealed that the maximum weight loss of the first decomposition peak for the synthesized
copolymers was at a temperature range of 140-175°C and the second maximum weight loss was
observed between 320-350°C. For MMA/GMA copolymers, the maximum weight loss of the
first decomposition peak was in the range of 180-185°C, and the maximum weight loss for the
second stage ranged from 350-360°C.

Generally, the overall decomposition process can be summarized in two different reactions:
depolymerization to monomer and ester decomposition !”®. The first degradation peak could be

due to degradation of PGMA breaking into smaller fragments !”. The second decomposition
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peak (between 320°C to 370°C) could be associated with the degradation of ester bonds and loss
of CO, 2%, while the third one could be attributed to the total degradation of the copolymers '7°.
The final decomposition temperature (74 final) for all synthesized copolymers were above 500°C.
The thermal stability results were consistent with Kaya et al. 2! work which was mainly focused
on synthesis of MMA, EMA and BMA copolymer with GMA (M, = 440-555000 g mol™!, P =
1.28-1.59 and polymer composition of GMA/ MMA [62:38], GMA/EMA [56:44], GMA/BMA
[59:41] (mol%/mol%)).

The ash content for all MMA/GMA, EMA/GMA and BMA/GMA copolymers was zero at
700°C. Kaya et al. ?*! also reported ash content of 3%, 4% and 4.2% at 500°C for copolymers of
GMA with MMA, EMA and BMA, respectively. The residual weight of our synthesized

copolymers at 500°C were between 5% to 10%, consistent with the abovementioned studies.

5.4.3. Carbonation of MMA/GMA, EMA/GMA and BMA/GMA copolymers
Some of the synthesized MMA/GMA, EMA/GMA and BMA/GMA copolymers were treated
with CO; and TBAB catalyst to convert the epoxy functional groups from GMA incorporation to
cyclic carbonate ''315!, The proposed mechanism for the carbonation reaction includes the
initiation of the epoxide ring opening by the bromide present in TBAB, leading to the formation
of an alkoxide. Subsequently, the alkoxide acts as a nucleophile, initiating a nucleophilic attack
at COz, resulting in the formation of a carboxylate. This step is then followed by a subsequent
ring closure, leading to the formation of a five-membered cyclic carbonate . Copolymers with
initial GMA molar ratios of 0.1, 0.2 and 0.3 were chosen for carbonation, since high
concentration of cyclic carbonate in the copolymer backbone will cause some molding

difficulties in the diamine cure addition step, which is discussed in the next section. Carbonations

of poly(MMA-stat-GMA)s, poly(EMA-stat-GMA)s and poly(BMA-stat-GMA)s were confirmed
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via 'TH NMR and FTIR (Figure 5.2, Figure C 11 and Figure C 12). The FTIR spectra of
MMA/GMA-70 and carbonated MMA/GMA-70 after 24 hours is shown in Figure 5.2. As
shown in Figure 5.2a, the FTIR spectrum of MMA/GMA-70 copolymers exhibits the
characteristic peaks for the ester carbonyl at 1720 cm™ and the epoxy group at 845 cm™ %22,
Figure 5.2b shows appearance of new peaks associated with cyclic carbonate groups at 1800 and
1050 cm™!, which are assigned to the C=0 carbonyl stretching and C-O stretching of cyclic
carbonate functionalities *°. The appearance of a new peak at 1670 cm™' is assigned to residual
solvent (DMF) in the mixture ?>>. "TH NMR was also used to confirm the carbonation reaction and
calculate the carbonation conversion (an example 'H NMR spectrum of carbonated MMA/GMA.-
90 is presented in Figure C 12). In the 'H NMR spectrum, the signal associated with the cyclic
carbonate at 4.65 ppm is apparent and the signal associated with epoxy functional groups at 2.55

ppm disappears after 24 hours !, showing that all epoxy groups were converted to cyclic

carbonates. The carbonation conversion was calculated using Equation 5.6.

. . A
Carbonation conversion = s (5.6)

In Equation 5.6, A is the integral of the signal assigned to the cyclic carbonate groups at 4.65
ppm and B is the integral of the signal assigned to the epoxy groups at 2.55 ppm. For example,
carbonation conversion for carbonated EMA/GMA-90 was 71% after almost 12 hours (A =2.51
and B=1).

Since the carbonation reaction was done at high temperature (120°C) and its reaction time was
long (24 hours), thermal degradation of copolymers is possible. In order to test for occurrence of
any possible thermal degradation, GPC peak comparisons before and after carbonation was done.
Figure C 13 shows the GPC traces of MMA/GMA-90, EMA/GMA-90, BMA/GMA-90 and their

carbonated forms. New peaks as a results of oligomerization or chain cleavage were not
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observed and the peak for the carbonated copolymers did not broaden significantly compared to
the non-carbonated copolymers, indicating that thermal degradation during the carbonation
reaction was insignificant. The slight shift towards higher elution volumes for carbonated

£ 224

copolymers, is due to different solubility of the carbonated copolymers in the eluen
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Figure 5.2. FTIR spectra of MMA/GMA-70 before and after carbonation; a) MMA/GMA-70 and b)

carbonated MMA/GMA-70 after 24 hours.

The thermal properties of the carbonated copolymers were studied using TGA and DSC. Figure
C 14 shows the DSC curves for the carbonated copolymers and 7¢s are also reported in Table C
3 and Table C 4. 105°C < T < 117.5°C were measured for carbonated MMA/GMA copolymers.

Carbonated EMA/GMA copolymers had 7gs of 50-75°C; and Tgs for carbonated BMA/GMA

copolymers were between 28.5°C to 45°C.
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In all cases, Tgs of the carbonated copolymers are higher than the pre-carbonated analogs, as
their polymer chain mobility becomes more restrictive due to the carbonate rings, as noted
elsewhere '°°. For example, Ty of MMA/GMA-90 increased from 78.5°C to 117.5°C after
carbonation and T, of carbonated BMA/GMA-90 was 13°C higher than its pre-carbonated
copolymer.

Table C 3 and Table C 4 list the decomposition temperatures for carbonated copolymers and
Figure C 15 presents the corresponding TGA thermograms. The TGA profile of the carbonated
copolymers shows a two step degradation process. This can be attributed to the elimination of
CO: from the cyclic carbonate rings, which is followed by the degradation of the polymer
backbone 3%, The first decomposition peak of carbonated poly(MMA -stat-GMA)s, carbonated
poly(EMA-stat-GMA)s, and carbonated poly(BMA-stat-GMA)s showed maximum weight loss
at temperature ranges of 200-215°C, 175-198°C, and 168-180°C, respectively. The maximum
weight loss of the second decomposition for the same series occurred at 320-360°C, 325-365°C,
and 340-345°C, respectively. These decomposition temperature ranges are consistent with those

reported previously 2>>%?, Finally, the samples were fully degraded at 700 °C.
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5.4.4. Synthesis of networks crosslinked through urethane linkages using
Priamine 1074

After preparing carbonated poly(MMA-stat-GMA)s, poly(EMA-stat-GMA)s, and poly(BMA-
stat-GMA)s, a series of crosslinked networks bonded with urethane linkages were synthesized
via polyaddition with Priamine 1074 (Scheme 5.1, samples that were prepared with poly(MMA -
stat-GMA)s are referred to as MMA/NIPU-xx, where "xx" represents the approximate
percentage of MMA in the copolymer). Since the polyaddition reaction of cyclic carbonates with
amines has been shown to be slow compared to reaction of isocyanates with alcohols 2%7,
different methods were employed to increase the rate of reaction including use of catalyst to
promote the nucleophilic attack of the amine on the carbonyl group of the carbonates 2, or
increase of temperature or diamine concentration 347, Although there is a positive correlation
between reaction rates of cyclic carbonate functional groups with diamine and reaction
temperature '**, in our work higher temperatures (higher than 110°C) led to formation of

yellowish/brownish discolored networks *°

with short gel times, making processing harder (e.g.
when shaping the product into tensile bars, the tensile bars exhibited non-uniformity after hot
pressing at higher temperatures, likely due to crosslinking of the networks occurring before
achieving a uniform texture in the mold). Therefore, we did not increase the reaction temperature
beyond 110°C. A higher conversion of cyclic carbonates to urethane linkages can also be
achieved by increasing the amine-to-carbonate ratio *°>. However, an excessive amount of
diamine can result in the formation of amine-terminated urethane linkages that do not contribute
to the crosslinked networks, ultimately leading to reduced tensile strength and lower gel content.
Moreover, excess diamine can react with the ester groups of methacrylates, resulting in the

formation of amides 23%?*!. This can lead to a network with lower crosslinking density and
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contain unreacted free species due to the aminolysis of the ester groups '*7. Carré et al. 2*2
observed the aminolysis of ester groups during the reaction between sebacic biscyclocarbonate
and a bio-sourced dimer-based diamine carried out in bulk at 75°C for 2 hours. Doley et. al. '¥’
also observed aminolysis of ester groups in reaction of carbonated sunflower oil with excess 1,2-
ethylenediamine (EDA), leading to poorer mechanical properties (e.g. lower tensile strength).
Therefore, the crosslinking conditions were selected to be 90°C for 24 hours, except for
MMA/GMA copolymers, which have a higher 7, and require a temperature of 110°C. In

addition, the amine-to-carbonate ratio was set to unity (Scheme 5.2).
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Scheme 5.1. Preparation of networks crosslinked through urethane linkages.
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Scheme 5.2. Aminolysis of ester groups due to use of excess diamine (Priamine 1074).

After 24 hours, conversion of cyclic carbonate functional groups to urethane linkages was
confirmed via FTIR. Figure 5.3 displays the FTIR spectra for carbonated MMA/GMA-70 and
MMA/NIPU-70. FTIR spectra for other crosslinked samples are presented in Figure C 16.

FTIR results demonstrate that the characteristic absorption peak of cyclic carbonates at 1800 cm
! for almost most of the crosslinked networks was virtually absent, except for BMA/NIPU-80
after 24 hours. This proves that the cyclic carbonate functional groups reacted with amine
functional groups. The weak peak observed for residual carbonate at 1800 cm™ in FTIR
spectrum of BMA/GMA-80 suggests that the conversion of cyclic carbonate to urethane was not
complete, which was reported elsewhere ®!%. The presence of a broad signal between 3600 and
3100 cm™! confirmed the formation of -NH and -OH groups '*. The synthesized network
exhibits characteristic absorption peaks at 1720 cm!, which is attributed to C=0 stretching of the
urethane group which is formed through the ring-opening of cyclic carbonates. It should be
mentioned that the peak at 1720 cm™ overlaps with ester groups present in the methacrylate
structure. Additionally, a peak at 1525 cm™! is observed, corresponding to the NH bending of the

urethane group *1%°.
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Figure 5.3. FTIR spectra for carbonated MMA/GMA-70 and MMA/NIPU-70; a) FTIR spectrum of

carbonated MMA/GMA-70, b) FTIR spectrum of MMA/NIPU-70.

DMTA was used to evaluate the viscoelastic properties of the crosslinked networks at different
temperatures. For all the thermosets, only one step change in modulus (Figure C 17) and one
peak in the tand response (Figure 5.4) was observed, suggesting no phase separation and
absence of unreacted carbonated copolymers or free species in the networks (at the temperature
range of room temperature to 150°C) 23323, Figure C 17 illustrates storage moduli (E")s of the
crosslinked samples at various temperatures. Crosslinked networks based on MMA/GMA
copolymers exhibited a rubbery plateau after almost 105°C, whereas EMA/GMA based networks
showed a plateau at 90°C, and BMA/GMA based networks reached a plateau at 70°C. The
observed plateau is attributed to the presence of crosslinking points 2*2. Furthermore, the storage
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moduli of all networks crosslinked with urethane linkages stay constant at above 1 MPa, which is
typical for conventional thermosets 2*2. As seen from Figure C 17, MMA/GMA -based
crosslinked networks had a higher £ in the glassy region (7 = 30°C), which could be due to
having a more rigid backbone compared to EMA/GMA and BMA/GMA based networks %,
Generally, networks with higher urethane linkage concentration (higher number of cyclic
carbonates on their carbonated copolymer backbone), showed higher £’ in the rubbery region,
and thus tighter crosslinked networks 234236,

DMTA is also an effective and sensitive method to measure 7} or other structural changes. T,
can be also measured at the maximum peak of the mechanical damping curve (tan response) .
T, values obtained from the tand response are tabulated in Table 5.5. The 7} of the crosslinked
networks increased as the number of urethane linkages increased in the backbone. For example,
Ty of MMA/NIPU-70, which has 19 urethane linkages on its backbone, is 15°C higher than T, of
MMA/NIPU-90 with 9 urethane linkages on its backbone. However, 7z of MMA/GMA-based
networks are generally lower than their carbonated form. This is due to the change in flexibility
of the backbone compared to the crosslinking molecule. The tand curves provide primary
evidence that the addition of Priamine 1074 introduces flexible chains to the structure, resulting
in a more flexible structure and a lower T to the carbonated MMA-based networks %%’ On the
other hand, when Priamine 1074 was added to EMA/GMA-based networks and BMA/GMA-
based networks, the increase in crosslinking density outweighed the introduction of a more
flexible structure to the network, resulting in higher 7, values for the crosslinked networks
compared to the carbonated copolymers. In general, both £’ and 7, are indications of material
rigidity 2°8. However, E’ and Ty are still different. T, is a constant value but £’ varies with

temperature. With increasing temperature, the movement of the polymer chains also increases,
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resulting in lower E'. As the temperature increases, the mobility of chains within a crosslinked
polymer increases, leading to the gradual disentanglement of physical entanglements.
Eventually, a plateau is reached in the storage modulus, indicating the presence of chemical
permanent crosslinks. This phenomenon can be attributed to the stabilization of the polymer
network by covalent bonds, which resist further changes in the storage modulus. In other words,
E' observed in the glassy state can be attributed to a combination of physical entanglements and
chemical crosslinks. However, as the temperature increases, £’ primarily becomes governed by
the presence of chemical crosslinks 2*’. However, in Figure C 17, we can observe that £’ values
for crosslinked networks at room temperature do not necessarily follow a trend based on the
rigidity of their backbone and number of crosslinks (e.g. £’ for EMA/NIPU-90 is higher than
EMA/NIPU-70 below almost 70°C (based on Table 5.5, EMA/NIPU-90 has lower T, and lower
E’in the rubbery region)). This observation can be attributed to the experimental conditions of
the DMTA test, which is conducted between room temperature and 120°C. In this temperature
range, the crosslinked networks have not yet reached their plateau in the glassy state. If the test
were conducted at a temperature below room temperature, it is likely that the storage moduli of
the crosslinked networks would have reached their plateau, making it possible to compare £’
values in their glassy state and investigate the effect of physical entanglements and chemical
crosslinks. This discrepancy may be explained by the fact that the networks do not have very

high Tes (T, < 100°C).
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Figure 5.4. tand response as functional temperature for crosslinked NIPUs; a) synthesized crosslinked

samples based on MMA/GMA copolymers, b) crosslinked samples based on EMA/GMA copolymers and
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Table 5.5. Gel content and mechanical properties of crosslinked networks.

Sample IDY # of E9 EBY Ultimat Ty M. Swelling | Swelling Gel
urethane | (MPa) (%) estress | (°C) | (gmol!) | ratioin ratio in content
linkages (MPa) THF water (%)
on each (%) (%0)
backbone

MMA/NIPU- 9 1020 26+ | 1836k 80 2900 151.10 2256 + | 93.44 £
90 +40 0.1 1.06 +13.90 4.44 6.31
MMA/NIPU- 12 1060 23+ | 1635+ 85 1900 123.57 1275 £ | 81.79 £
80 +45 0.4 1.15 +8.15 5.25 5.03
MMA/NIPU- 19 1250 1.9+ | 19.67 £ 95 990 9553 £ | 11.65 £ | 9735+
70 +40 0.3 1.33 2.10 3.21 1.33
EMA/NIPU- 8 760+ | 35+ | 1323+ 60 3580 285.33 2990 + | 89.65 £
90 50 0.1 2.13 +5.67 541 1.86
EMA/NIPU- 15 850+ | 2.6+ | 1546+ 70 2200 121.33 12.80 £ | 86.73 £
80 30 0.5 0.75 +11.33 4.80 1.08
EMA/NIPU- 24 1000 1.8+ | 1625+ 85 1550 110.63 3.11 £ | 83.58 %
70 +35 0.3 1.25 +6.75 0.32 2.34
BMA/NIPU- 6 395+ | 59+ 9.45 + 44 3700 243.67 36.70 £ 96.18
90 20 0.3 1.20 +25.12 5.71 +0.87
BMA/NIPU- 8 495+ | 45+ | 12.60 + 58 3100 155.67 20.52 £ | 90.34 +
80 15 0.4 2.10 +8.33 4.35 4.81
BMA/NIPU- 12 530+ | 38+ | 16.15+ 63 2200 114.60 945 + | 94.00 £
70 20 0.2 1.35 +6.33 2.12 3.24

9 At least three replicates for each crosslinked sample were used

" Experimental identification given by methacrylic monomer/NIPU-XX, where XX refers to the rounded % initial molar fraction of methacrylic monomer (MMA, EMA or BMA)

in the copolymer

9 Young’s modulus, E values are determined within the linear region of the stress-strain curve at 2% elongation

9 Elongation at break
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By employing the theory of rubber elasticity '*!, the relationship between the average molecular
weight between cross-links (Mc) and E' can be determined using Equation 5.2 and the M. for all
crosslinked networks are presented in Table 5.5. The predicted M. values are consistent with the
trend observed in T, which was extracted from the tand responses. M. was positively correlated
with the 7§ increase. Swelling measurements were used to determine crosslinking density like in

other polyurethane networks 2%

, and were done here in THF and water. After soaking the
samples in THF and water, all of them swelled, but none completely dissolved. This observation
suggests that all samples were sufficiently crosslinked (swelling ratios (SR)s are tabulated in
Table 5.5). The extracted SR values in THF are consistent with DMTA results. The crosslinked
networks with lower M. values exhibited lower SRs, indicating a more tightly crosslinked
network with shorter chains between the crosslinks '**2%°. For example, EMA/NIPU-90, with M.
=3580 g mol! had a higher degree of swelling (285%), but EMA/NIPU-70 swelled less (110%)
due to the presence of shorter chains between the crosslinks (M. = 1650 g mol ™).

Swelling ratios in water were also measured as increased water uptake of PHUs compared to
conventional PUs was suggested to be due to the pendent hydroxyl groups in PHUs !8-41,
Although samples with tighter networks have higher hydroxyl group concentration, they showed
lower water uptake. This could be due to higher concentration of hydrophobic Priamine 1074 in
the structure of the networks >+,

Both BMA/NIPU-70 and MMA/NIPU-80 have the same number of urethane linkages on their
backbones (12 on each backbone). However, BMA/NIPU-70 had slightly lower water uptake by
3.3% (9.45% compared to 12.75%), which could be attributed to differences in the structure of

the copolymer backbone, namely that the BMA/GMA copolymers had a longer alkyl side chain

compared to the MMA/GMA copolymers. Furthermore, some steric hindrance due to the longer
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alkyl side chains in BMA/GMA-based networks may reduce access of water molecules to the
crosslinked urethane network, leading to lower water uptake '°*!%. The water uptake of
BMA/NIPU-70 with 12 urethane linkages is also lower than EMA/NIPU-80 with 15 urethane
linkages, confirming the effect of longer alkyl side chain in BMA/NIPU-70 compared to
EMA/NIPU-80 although they both have nearly the same 7,s (7, of EMA/NIPU-80 is 70°C and
T, for BMA/NIPU-70 is 63°C). Gel content (GC) values are also reported in Table 5.5. GCs
were all > 80%, indicating the soluble fraction in THF was less than 20%. From the calculated
GC values, it can be interpreted that the conversion of cyclic carbonates to urethane linkages was
relatively high. The higher GC values in BMA/NIPU samples is attributed to the lower 7§ of the
carbonated BMA/GMA copolymers, resulting in easier chain movement compared to the other
carbonated copolymers.

Finally, the mechanical properties of the synthesized networks were characterized using tensile
tests, and the resulting engineering stress-strain curves are shown in Figure C 18. The first
observation was the effect of crosslinking density on the Young’s moduli of the networks as
higher crosslinking density increases the Young’'s modulus ®. For instance, BMA/NIPU-70,
which has 12 urethane linkages in its backbone, exhibited a Young’s modulus of 530 £ 20 MPa,
while BMA/NIPU-90 with 6 urethane linkages had a Young’s modulus of 395 + 20 MPa. As the
crosslinking density increased, the networks exhibited increasingly brittle behavior. For example,
MMA/NIPU-90 had elongation at break of 2.6 * 0.1%, while MMA/NIPU-70 broke at
elongation of 1.9 * 0.3%. These results are consistent with the results extracted from DMTA.
Compared to EMA/GMA and MMA/GMA-based networks, the BMA/GMA-based networks
showed higher elongations at break (EB) (for instance, networks based on BMA/GMA exhibited

EB values ranging from 3.8% to 5.9%, while those based on EMA/GMA and MMA/GMA
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showed lower EB values of 1.8%-3.5% and 1.9%-2.6%, respectively), which can be attributed to
the copolymer structure. The more flexible backbone of PBMA, with a lower 7%, could explain
the higher EB values compared to PMMA and PEMA backbones.

Networks with the highest M.s exhibited the highest ultimate stress. The role of intermolecular
hydrogen bonding between urethane groups in improving the toughness of HPUs is well-
documented ®!'**. This bonding mechanism converts mechanical energy into heat by breaking
and forming of hydrogen bonds. Despite the fact that MMA/NIPU-80 has higher urethane
concentration compared to MMA/NIPU-90, MMA/NIPU-80 had lower ultimate stress than
MMA/NIPU-90. This observation could be attributed to the difference in copolymer backbone
structure, with MMA/NIPU-90 containing a higher proportion of MMA units.

Finally, thermal stability of all crosslinked samples was analyzed using TGA under nitrogen
purge. Figure C 19 displays the TGA curves, and Table 5.6 summarizes the decomposition
temperatures at different levels of weight loss. TGA results showed that all crosslinked networks
exhibited good thermal stability below 250°C, with decomposition temperatures at 5% weight
losses (74,5%) ranging from 270°C to 296°C. Not surprisingly, crosslinked networks possessed

higher thermal stability compared to their carbonated counterparts.
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Table 5.6. Decomposition temperatures for 5%, 10%, 50%, 100% weight loss and T4 max for the

crosslinked networks.

Sample ID Tas% (°C) Ta,10% (°C) Tas0% (°C) Tamax (°C) T final (°C)
MMA/NIPU-90 278 324 438 443 600
MMA/NIPU-80 282 316 434 445 610
MMA/NIPU-70 272 305 437 442 615
EMA/NIPU-90 294 340 450 439 595
EMA/NIPU-80 285 322 437 445 617
EMA/NIPU-70 296 330 445 450 615
BMA/NIPU-90 295 345 430 445 600
BMA/NIPU-80 280 315 423 435 605
BMA/NIPU-70 277 310 431 442 615
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5.5. Conclusions
Networks crosslinked with hydroxyurethane linkages were synthesized from a series of
poly(alkyl methacrylate/GMA) (alkyl methacrylate = MMA, EMA and BMA) precursors and the
effect of the copolymer backbone on rheological and mechanical properties was investigated.
The precursors were synthesized via ATRP at moderate temperatures with various compositions
to produce epoxy-functional templates that were subsequently converted to cyclic carbonate
functional copolymers. The cyclic carbonate functional copolymers were reacted with a
vegetable oil-derived diamine (Priamine 1074) to form urethane-linked networks. For all
networks, with more urethane linkages, molecular weight between crosslinks increased.
Crosslink density expectedly affected the glass transition temperature (7%) of the networks. For
example, the EMA/GMA-based network with highest crosslink density showed 7, of 85°C,
whereas the network with the lowest urethane concentration had 7 of 60°C (compared to 70°C
and 50°C for carbonated EMA/GMA copolymers). Swelling ratio of the networks confirmed the
trend observed via rheological studies. In general, networks with longer alkyl side chains had
lower swelling ratios, indicating the hydrophobic effect of the side chain on the crosslinked
networks. A positive correlation was observed between the concentration of urethane linkages
and the Young's modulus of the samples. Additionally, samples with higher concentrations of
urethane linkages exhibited more brittle behavior, attributed to limited polymer chain mobility
caused by a denser crosslink network. This study revealed that the mechanical properties (e.g.,
Young's modulus and elongation at break) of the networks were impacted by the flexibility of the
copolymer backbone, resulting in vastly tunable networks (Young's moduli ranging from 395
MPa to 1250 MPa). In addition, the impact of the alkyl side chain of the copolymers on the
hydrophobicity of the networks cannot be discounted with respect to the cross-linking density.
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6. CHAPTER 6

UTILIZING BIO-DERIVED AMINE-TERMINATED
THERMOPLASTIC POLYHYDROXYURETHANES
AS CROSSLINKERS FOR HYBRID THERMOSETS

Following the investigation of crosslinked networks bonded through urethane linkages and the
exploration of backbone/side chain rigidity effects, the study progressed towards the synthesis of
crosslinked NIPUs. The previously synthesized networks, which contained only two urethane
linkage, did not fully meet the criteria to be classified as NIPUs. To address this limitation and
more fully explore possible advantages of NIPU-rich materials, thermoplastic PHUs were
synthesized and utilized as crosslinkers for the C13MA/GMA templates. This approach aimed to
enhance the network structure and achieve the desired properties of NIPUs. By incorporating the
thermoplastic PHUs as crosslinkers, the resulting networks were expected to exhibit improved
mechanical and rheological characteristics, thus fulfilling the requirements for true NIPU
materials. The manuscript of this chapter was published in Journal of Polymer Science in 2023

(Farkhondehnia, M. and Mari¢, M., Utilizing bio-derived amine-terminated thermoplastic

polyhydroxyurethanes as crosslinkers for hybrid thermosets, Journal of Polymer Science, 2023,
Just Accepted, DOLI: https://doi.org/10.1002/p0l.20230382.) >4}, The supporting information of

this publication is given in Appendix D.
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6.1. Abstract
Bio-sourced amine-terminated polyhydroxyurethanes (PHUs) are obtained by terpolymerizing
bio-based diglycerol dicarbonate (DGC) or mannitol biscarbonate (MBC) with Priamine 1074
and 1,10-diaminodecane (DAD). Partially bio-based thermoset non-isocyanate polyurethane
(NIPU) hybrids with high biorenewable carbon content (84%-95%) are obtained by using the
synthesized PHUs as crosslinkers with cyclic carbonated copolymers derived from epoxy-
functional templates. The latter are derived from the atom transfer radical polymerization
(ATRP) of an alkyl methacrylate (C13MA, with an average side-chain length of 13) and epoxy-
functional glycidyl methacrylate (GMA) mixtures (initial GMA mol fraction = 0.1-0.3). By
manipulating template functionality as well as type of crosslinker, crosslinked NIPU hybrids are
achieved with Young’s moduli ranging from 2.35 + 0.45 MPa to 20.85 + 1.73 MPa for DGC-
based crosslinkers and 1.24 + 0.61 MPa to 6.45 = 1.05 MPa for MBC-based ones. Moreover,
with increased density of urethane linkages, networks become tighter as measured by swelling
ratios (SR) of the networks in tetrahydrofuran (THF), consistent with the estimated molecular
weight between crosslinks obtained rheologically. The crosslinked NIPUs display high

conversions, ranging from 75% to 95%, despite being solvent- or catalyst-free systems.
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6.2. Introduction
Polyurethanes (PUs) are highly versatile materials, renowned for their broad range of structures
and properties, such as their ability to exhibit elastomeric, thermoplastic, and thermoset behavior
836 Despite their many advantageous properties, PUs pose distinct environmental and human
health concerns. PUs, which are derived from fossil fuels, are associated with significant
greenhouse gas (GHG) emissions during their production. Annual GHG emissions of PUs in the
United States alone are estimated to be 7.8 million metric tons *°. Furthermore, conventional PUs
are synthesized via polyaddition reactions between poly-isocyanates and polyols '*. Synthesis of
isocyanates involves the use of phosgene, an extremely toxic and lethal gas, making the process
hazardous. This method also generates significant amounts of hydrochloric acid (HCI) as a side
product *. Due to increasing emphasis on ecological sustainability in chemical production, there
have been extensive efforts to explore alternatives to isocyanate-free routes for producing PUs
1385 Various synthetic pathways can be employed to obtain non-isocyanate polyurethanes
(NIPUs) °. Despite the wide choice of methods, many still generate significant amounts of side
products such as HCI, alcohols, and water *-1%!% The polyaddition of cyclic carbonate
functional groups with di- or polyamines, resulting in poly(hydroxy urethanes)s (PHUs), is
considered one of the most promising synthesis routes. PHUs are highly desirable materials
because their polymerization does not result in lower molecular weight byproducts and their
precursors are abundant and can be bio-based. Replacing petroleum-based monomers with those
derived from sustainable resources can provide long-term socio-economic and environmental
benefits.
Sugar-derived compounds and diglycerol are promising renewable resources for the synthesis of

cyclic carbonates, which can then be used to produce thermoplastic PHUs 2319815124 Djglycerol
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dicarbonate (DGC) is derived from glycerol, a byproduct of biomass waste hydrolysis and
biodiesel production **. On the other hand, D-mannitol biscarbonate (MBC) is obtained from
sugars derived from glucose processing '*%*. While thermoplastic NIPUs have a wide range of
applications, thermoset NIPUs are required for specific applications such as coatings and
sealants **. However, their inability to be recycled due to the presence of permanent crosslinks is
considered a negative feature. Therefore, there is a significant need to develop thermoset NIPUs
that are sustainably sourced and possess recyclability, all while maintaining their mechanical
properties. To achieve this, researchers have extensively studied the crosslinking of bio-based
carbonated vegetable oils with bio-sourced diamines to form bio-based thermoset NIPUs with
tunable mechanical properties. Previous studies have reported that the hydroxyl and carbamate
groups present in PHUs, resulting from the reaction between cyclic carbonates and amines, are
capable of undergoing dynamic covalent bond exchange. This unique characteristic allows bio-
based NIPUs to possess good reprocessing capabilities 2424, For example, Javni et al. 3
conducted a study concerning the curing of carbonated soybean oil using various diamines and
amine-to-carbonate ratios, resulting in crosslinked NIPUs with Young's moduli ranging from
0.49 MPa to 5.77 MPa. According to Béhr et al. '°!, the use of carbonated linseed oil blended
with carbonated soybean oil resulted in higher Young's moduli values spanning from 2 MPa to
1460 MPa, which was attributed to the higher cyclocarbonate functionality on the linseed oil. As
discussed above, the factors that can modify the mechanical properties of crosslinked NIPUs are
generally limited to the diamine-to-carbonate ratio and the type of diamine used.

To enhance the properties of bio-based NIPUs, hybrid NIPUs have gained increasing
prominence *!. The definition of hybrid NIPUs varies, as it could refer to a chemical structure

that is hybridized with an inorganic polymer, such as through the introduction of moisture-
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sensitive silanes, or it may refer to the incorporation of desired functionality through a different
polymerization method, such as the combination of radical polymerization and polyaddition
69,111,144,247

We recently investigated crosslinking of carbonated copolymers with different diamines to form
crosslinked networks bonded via urethane linkages. However, due to the presence of only two
urethane linkages in the side chains, they do not strongly qualify as NIPUs 144,

In this study, our aim is to synthesize hybrid thermoset NIPUs by combining free radical
polymerization with polyaddition, using bio-sourced amine-ended thermoplastic PHUs as
crosslinker. First, DGC and MBC were polymerized with Priamine 1074 and 1,10-
diaminodecane (DAD) to synthesized amine-ended thermoplastic PHUs. The rheological and
thermal behavior of the prepared PHUs were investigated to examine the effects of DGC and
MBC backbones on their properties. Second, atom transfer radical polymerization (ATRP) was
utilized to copolymerize C13MA, an alkyl methacrylate derived from vegetable oil, with glycidyl
methacrylate (GMA), resulting in a soft backbone with epoxy functional groups introduced via
GMA. Then, cyclic carbonates are introduced into the synthesized poly(C13MA-co-GMA)s by
carbonation, transforming CO; into value-added chemical feedstock ®18¢-225245 Cyclic carbonates
in the synthesized copolymers were then reacted with the synthesized bio-based amine-ended
PHUs to form the requisite thermoset NIPUs. The mechanical properties of the final crosslinked

NIPUs varied based on the type of amine-ended PHUs used and the number of cyclic carbonates

present on the carbonated C13MA/GMA copolymers.
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6.3. Results and discussion

6.3.1. Characterization of synthesized Polyhydroxyurethanes (PHUs)
To achieve a high molecular weight and monomer conversion, the polymerizations were
conducted using dioxane as the solvent. Fourier Transform Infrared (FTIR) analysis on purified
PHUs confirmed the absence of cyclic carbonate functional groups in the backbone and their
conversion to urethane linkages after 24 hours. In the following discussion, we will refer to
Mannitol biscarbonate (MBC)-based PHUs as MDP, where M represents MBC, D represents
1,10-diaminodecane (DAD), and P represents Priamine 1074. Similarly, Diglycerol dicarbonate
(DGC)-based PHUs will be referred to as DDP, using the same sample naming convention where
the first letter refers to the carbonated species. Figure D 1 displays the FTIR spectra of DGC,
MBC, DDP and MDP. The FTIR results indicate that the characteristic absorption peak of cyclic
carbonates at 1800 cm™! was visually absent in both DDP and MDP. This proves that the cyclic
carbonate functional groups reacted with amine functional groups and led to the formation of
amine-ended PHUs. The presence of a broad signal between 3600 and 3100 cm™ confirmed the
formation of -NH and -OH groups '*°. The characteristic absorption peaks at 1720 cm™' exhibited
by the synthesized PHUs is attributed to the C=0O stretching of the urethane group formed
through the ring-opening of cyclic carbonates . In addition, a peak corresponding to the NH
bending of the urethane group is observed at 1525 cm™ !*°. The absence of a peak at 1650 cm’!
indicates that no urea was formed as a side product during the reaction 228, Regioselectivity of
ring opening polyaddition was also studied via proton nuclear magnetic resonance (‘"H NMR)
(Figure D 2 and Figure D 3, see supporting information for calculation). Figure 6.1 illustrates
that the nucleophilic attack of a primary amine on the cyclic carbonate moiety provides access to

both primary and secondary alcohols. Typically, the signal for a primary alcohol falls within the
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range of 4.8-5.3 ppm, whereas a secondary alcohol exhibits a signal between 3.5 and 4.8 ppm.
The ratio of secondary to primary alcohol can be found in Table 6.1. Secondary to primary
alcohol ratios for the synthesized PHUs (0.60/0.40 for DDP and 0.65/0.35 for MDP) indicates a
greater tendency for the formation of secondary alcohol over primary alcohol 2°. Theoretical
calculations have indicated that the formation of the secondary alcohol is thermodynamically

more favorable than that of the primary hydroxyl group 3.

0
a4 /
o
)k o _\;.) < 0 NH_1.NH
R/Y\O NH  NH, _ /j/ T
R HO

Primary alcohol Secondary alcohol

Figure 6.1. Regioselectivity of the addition of amine on cyclic carbonate.
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Table 6.1. Structural, microstructural and thermal properties of synthesized PHUs.

Sec. OH/prim. OH ¥ M, D Ty Ty Ta10%” | Tas50%° | Tafinal®
PHU (g mol™) (°C) | (°O) | (O | (O | (°O)
DDP 9 0.60/0.40 6200 2.4 -13 29 260 447 550
MDP © 0.65/0.35 5800 2.2 1.5 - 225 445 560

((® Ratio of secondary to primary alcohols in the synthesized PHUs determined by 'H NMR); (® Number average molecular
weight (Mp) values were extracted by GPC rative to PMMA standards); ( © Tq,10% (decomposition temperature for 10% weight
loss), Ta,50% (decomposition temperature for 50% weight loss), and 74.final (end of decomposition) measured by TGA under N2

atmosphere at a ramp rate of 10 °C min!), (9 PHU synthesized through terpolymerization of DGC, 1,10-diaminodecane and

Priamine 1074 ); (¥ PHU synthesized through terpolymerization of MBC, 1,10-diaminodecane and Priamine 1074).

'H NMR analyses, which were used to study the microstructure of the synthesized PHUs, were
then completed with gel permeation chromatography (GPC) to measure the molecular weights.
The number average molecular weight (M,) and dispersity (D) of DDP were found to be 6200 g
mol! and 2.1, respectively, while MDP had M, = 5800 g mol™! and D = 2.2 (relative to PMMA
standards by GPC in THF at 40 °C). The thermal analysis of DDP and MDP was studied using
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). Figure D 4
shows TGA traces with two distinct degradation steps. The first one can be attributed to the
degradation of the urethane linkages, and the second one can be attributed to the decomposition
of carbon chains >*’. TGA results indicated that thermal decomposition of PHUs started at after

220°C (according to the T4s%), after a slight mass decrease between 0 and 200°C due to the
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evaporation of residual and linked water molecules. Both DDP and MDP showed almost similar
T4,10% and Tq50% (Table 6.1). Ash content for both synthesized PHUs were almost zero at 700°C.
These PHUs have thermal stability that is consistent with that of other NIPUs/PHUs found in the
literature *>2°, However, it is lower than conventional dimer-based PUs, which typically
display decomposition temperatures above 300°C 231252,

Endothermic or exothermic peaks were not observed in the temperature range examined by DSC
(Figure D 5), indicating that both PHUs are amorphous. The DSC traces showed two T§s for

DDP, whereas MDP showed a single 7. The first 7 observed in DDP (-30°C) could be
associated with the presence of soft segments due to Priamine 1074 and the second 7 (29°C)
could be attributed to the presence of hard segments formed by DAD. The presence of two Tgs in
the DSC results for DDP indicates that DDP has a segmented block-like structure with DGC
serving as a bridging component between them because if there were two populations of PHUs
formed, the GPC traces would have appeared bimodal instead of monomodal (Figure D 6) '°,
The two T,s suggest possible microphase separation. To assess whether the segments are
miscible, the Hoftyzer-Van Krevelen method was conducted to estimate the Hansen solubility
parameters of DAD/DGC and Priamine 1074/DGC hydroxyurethane linkages 2°*~2°°. Briefly, the
cohesive forces in liquids and amorphous polymers depend on dispersion forces, polar forces,
and hydrogen bonding, and therefore, estimating the solubility parameter is typically divided into
three components : d4, J, and d, respectively 2°°. The difference in solubility parameters (Ad) of
DAD/DGC and Priamine 1074/DGC is 4.97 (MJ.m>)*3, which is below the value that polymers
are considered miscible (A < 5 (MJ.m*)%?) 23 (Table D 1). The T, observed for MDP was
higher that the T observed for DDP which could be attributed to the presence of the stiffer

furan ring in the structure of MDP, making PHU chains less flexible.
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In addition, rheological studies were conducted on the synthesized PHUs to investigate the
impact of the dicarbonate used in their synthesis. As seen in Figure 6.2 and Figure D 7, both
MDP and DDP have similar G’ and G" values, exhibiting solid-like behavior at 25°C with G'>
G'". MDP generally exhibits higher G’ values than DDP, which may be attributed to its stiffer
structure resulting from the presence of furan rings. From dynamic mechanical thermal analysis
(DMTA) results (Figure 6.3), it is interesting to note that a new peak emerges for MDP at a
temperature range of 100-120°C. One possible explanation for this phenomenon is that, at
elevated temperatures, there may be a re-orientation of MBC-based PHUs due to the presence of

furan ring in their structure **.
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6.3.2. Synthesis of crosslinked C13MA-based NIPUs using amine-ended
PHUs

Following the preparation of carbonated poly(C13MA-co-GMA)s, amine-terminated PHUs
(DDP and MDP) were employed as crosslinkers to synthesize thermoset NIPUs (Scheme 6.1,
prepared samples with DDP are called NIPUDDP-xx, where xx refers to the rounded % initial
molar fraction of C13MA in poly(C13MA-co-GMA), the MDP-based NIPUs are named using
the same naming system as NIPUMDP-xx). The curing process of all NIPUs was carried out at
100°C, using an amine to cyclic carbonate ratio of 1. The polyaddition reaction between amines
and cyclic carbonates tends to be slower compared to the reaction of isocyanates with alcohols
257 To accelerate the reaction rate, various methods can be employed, such as increasing the
temperature or adding excess amine %, It should be noted that while increasing temperature can
enhance reactivity of amines towards cyclic carbonates, it can come at the expense of side
reactions, such as the production of urea !”. In the case of excess diamine, amine-terminated
urethane linkages can be formed that do not contribute to the crosslinked networks. This can lead
to reduced tensile strength and lower gel content in the final product '**. Additionally, the excess
diamine can react with the ester groups of methacrylates, leading to the formation of amides,
187.230.231 "resulting in a network having lower crosslinking density with unreacted free species
due to the aminolysis of the ester groups. Effects of using an excessive amount of diamine or
conducting the reaction at elevated temperatures have been reported elsewhere 8723, Therefore,
in our study the temperature was set at 100°C and the amine-to-cyclic carbonate ratio was fixed
at .

The conversion of cyclic carbonates to urethane linkages was confirmed using FTIR. Figure 6.4
shows the FTIR spectra for NIPUDDP-70 and NIPUMDP-70. As seen from Figure 6.4, the
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characteristic absorption peak for OH stretching of the hydroxyl group which is formed through
the ring-opening of cyclic carbonates at 3370 cm™, and 1525 cm™! due to the NH deformation of
the urethane group, confirmed the conversion of cyclic carbonate functional groups to urethane
linkages %12*1%4 1t should be mentioned that the peak at 1720 cm™ attributed to C=0 stretching
of the urethane group overlaps with ester groups present in C13MA/GMA copolymer structure.
The absence of an absorption peak at approximately 1650 cm™ for the amide suggests that there
was no aminolysis of ester groups 4.

An observed weak peak of residual carbonate at 1800 cm™! indicates that the conversion of cyclic
carbonate to urethane was not fully completed, as noted previously 3144183189 The conversion of
cyclic carbonate functional groups to urethanes is calculated from the FTIR peak absorbance and
the results are summarized in Table 6.2. The conversions were determined using Equation 6.1

which calculates the band area ratio between the urethane group and the total of carbonate and

urethane groups.

[urethane

Conversion = x 100 (6.1)

[ carbonate+ [ urethane
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NIPUDDP-70 and b) carbonated C13MA/GMA-70, MDP and NIPUMDP-70.

The crosslinked NIPUs exhibited high conversions, ranging from 75% to 95%. The conversion
of cyclic carbonates to urethanes is known to be limited, due to the high viscosity of growing
chains and the presence of hydrogen bonds in the mixture >>?°%, The reported values in this study
are high for solvent- or catalyst-free systems 2°°. As observed in Table 6.2, the conversion of
cyclic carbonates to urethane linkages decreases as the number of urethane linkages (which is
equivalent to the number of cyclic carbonates on the carbonated C13MA/GMA) increases. This
can be attributed to the higher viscosity of the carbonated copolymer parent, which hinders the
mobility of the chains. In addition, MDP-based NIPUs had generally lower urethane conversion
compared to DDP-based crosslinked NIPUs. This can be associated with the presence of furan

rings in the structure of MBC, retarding the movements of the chains.
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Table 6.2. Mechanical properties” of crosslinked NIPUs.

Sample # of Fciama © FTIR EY EB® Ultimate M, Swelling Swelling Gel BRCH

DY urethane conversi (MPa) (%) stress (g mol™) ratio in ratio in content (%)

linkages on on (%) (MPa) THF water (%)
each (%) (%)
backbone
NIPUD
DP-90 2 091 95 235+ 95+10 0.93 + 3800 530.45 + 9.25+ 97 + 84
8 0.45 0.12 12.55 235 1.8
NIPUD 443+ 90+7 1.55+
DP-80 5 0.87 89 0.75 0.41 2600 470.30 + 11.05 + 95+ 88
15.21 1.76 2.1
NIPUD
DP-70 9 0.66 80 20.85 + 515 415+ 2200 188.72 + 1531+ 89+ 95
1.73 0.37 3.51 2.72 1.5
NIPUM 1.24 + 50+7 0.28 + 397.35+ 7.51 + 94 +
DP-90 2 0.91 92 0.61 0.11 8800 13.27 2.30 1.8 83
h)

NIPUM 2.07 + 37+3 045+ 32731+ 14.74 = 87+
DP-80 5 0.87 82 0.24 0.13 4500 7.79 1.36 2.6 88
NIPUM 6.45 + 24+4 1.01+ 23257+ 18.80 = 84 +
DP-70 9 0.66 78 1.05 0.10 2750 28.27 3.78 2.3 91

((" Three replicates for each crosslinked NIPU were applied, results for every individual samples are taulated in Table S2); ( * Experimental
identification given by NIPU-xx, where xx refers to the rounded % initial molar fraction of C13MA in poly(C13MA-co-GMA)); (° Final molar
fraction of C13MA in copolymer composition extracted by 'H NMR); (¢ Young's moduli, E, are calculated in the linear region of the stress-strain
curve for 2% elongation); (° Elongation at break); (7 Biorenewable carbon content); (¢ The crosslinked NIPUs, resulting from the reaction between
poly(C13MA-co-GMA)s and DDP, are termed NIPUDDP-xx, where xx denotes the approximate initial molar fraction of C13MA in poly(C13MA-
co-GMA)); (™ The crosslinked NIPUs, resulting from the reaction between poly(C13MA-co-GMA)s and MDP, are termed NIPUMDP-xx, where
xx denotes the approximate initial molar fraction of CI3MA in poly(C13MA-co-GMA)).
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To assess the crosslinking density, swelling tests were also conducted on the crosslinked NIPUs.
The swelling ratios in THF and water are tabulated in Table 6.2. As seen from the table,
NIPUDDP-90 swelled to a higher degree (530.45 + 12.55%) compared to NIPUDDP-80 and
NIPUDDP-70 due to longer chains between crosslinks (188.72 £+ 3.51% for NIPUDDP-70 and
470.30 + 15.21% for NIPUDDP-80), signifying a tighter crosslinked network. Swelling ratios of
the crosslinked NIPUs were also measured in water. Presence of hydrophilic primary and
secondary hydroxyl groups in the main chain of PHUs can result in poor water resistance *!. The
measured water uptakes in this study are close to the reported values for conventional PUs 3!, It
can be seen that NIPUDDP-70 has the highest water uptake (15.31 £+ 2.72%) among all DDP-
based NIPUs (11.05 £ 1.76% for NIPUDDP-80 and 9.25 + 2.35% for NIPUDDP-90) which is
due to higher number of urethane linkages (higher concentration of hydroxyl groups) in the
network. Same positive correlation between number of urethane linkages and water uptake can
be seen for MDP-based NIPUs with NIPUMDP-70 having water uptake of 18.80 = 3.78%
compared to 14.74 + 1.36% for NIPUMDP-80 and 7.51 + 2.30% for NIPUMDP-90.

Gel content (GC) values are also reported in Table 6.2. All the reported GC values are above
85%, highlighting the high conversion of cyclic carbonates to urethane linkages. The overall
lower GC values for MDP-based NIPUs compared to DDP-based ones could be due to MDP
being more viscous, limiting the movement of the chains.

DMTA was used to analyze viscoelastic behavior of crosslinked NIPUs. Storage moduli of the
NIPUs as well as their tand response are presented in Figure 6.5. DDP-based NIPUs exhibited a
noticeable peak in their tand response, suggesting the presence of a 7. In contrast, no such peak
was observed in the tand response of MDP-based NIPUs within the tested temperature range of

30-150°C.A positive correlation was observed between the number of urethane linkages and the
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T, of the NIPUs, as the crosslinks restrict the movement of the chains. The 7 of NIPUDDP-70,

which contained 9 urethane linkages on its CI3MA/GMA template, was 20°C higher than that of

NIPUDDP-90, which contained only 2 urethane linkages on its template, indicating higher

crosslinking density, consistent with the swelling ratio values. Using M, = 3RTpBE,

(6.2, M. values for the crosslinked networks were calculated and they were consistent with SR

values. For instance, NIPUMDP-90, which had 2 urethane linkages on its C13MA/GMA

template, exhibited M. of 88000 g mol!, while NIPUMDP-70, which had 9 urethane linkages on

its template, displayed a significantly lower M, of 2750 g mol™..
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Tensile tests were performed on the samples to characterize the mechanical properties of the
crosslinked NIPUs. Figure 6.6 shows engineering stress-strain curves for all crosslinked NIPUs.
The stress-strain data exhibited varying behavior depending on the crosslink density of the
network. A positive correlation between Young's moduli (£) of the NIPUs with concentration of
urethane linkages was observed. As the number of urethane linkages on the C13MA/GMA
template increased from 2 to 9, the £ values of DDP-based NIPUs increased from 2.35 + 0.45
MPa to 20.85 + 1.73 MPa. A similar trend was observed in MDP-based NIPUs, where the
Young's moduli increased from 1.24 = 0.61 MPa to 6.45 + 1.05 MPa with an increase in urethane
linkage concentration from 2 to 9 on each chain. In general, the Young's moduli observed in this
study were higher than those in our previous study, where crosslinking of carbonated
C13MA/GMA templates was done with 1,10-diaminodecane (for the same number of urethane
linkages) '*4. The higher concentration of hydroxyl groups in the crosslinkers used in this study
(DDP and MDP) could have contributed to the observed increase in Young's moduli, as the
increased presence of hydroxyl groups could lead to greater molecular interaction. Samples with
higher crosslinking density exhibited more brittleness, which is due to the limited molecular
mobility and chain disentanglement resulting from the crosslinks ®. For instance, NIPUMDP-70,
which had the highest crosslink density, demonstrated an elongation at break of 24 + 4%, while
NIPUMDP-90, with the lowest crosslink density, had an elongation at break of 50 + 7%.
NIPUDDP-70 and NIPUMDP-70, which had the highest concentration of urethane linkages,
exhibited the greatest toughness (highest ultimate stress) due to intermolecular hydrogen bonding
between the urethane groups. This bonding improved the toughness of the NIPUs by converting

mechanical energy to heat through the breaking and forming of hydrogen bonds '°!.
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Lastly, thermal stability of the crosslinked NIPUs was analyzed using TGA. TGA thermograms
are shown in Figure D 8 and decomposition temperatures are tabulated in Table 6.3.

Table 6.3 reports that the crosslinked NIPUs exhibited higher thermal stability than their parent
carbonated copolymers '** as well as DDP and MDP PHUs. For example, T4.10% of NIPUDDP-70

is 46°C higher than DDP and 31°C higher than carbonated C13MA/GMA-70 '#,

Table 6.3. Decomposition temperatures for 5%, 10%, 50% and 100% weight loss for the crosslinked

NIPUs.
Sample ID Tas%(°C) Ta,10% (°C) Ta50% (°C) T final (°C)
NIPUDDP-90 ® 275 305 399 645
NIPUDDP-80 285 309 415 602
NIPUDDP-70 304 306 428 615
NIPUMDP-90 » 277 308 399 635
NIPUMDP-80 267 290 405 600
NIPUMDP-70 247 267 428 615

(¥ The crosslinked NIPUs, resulting from the reaction between poly(C13MA-co-GMA)s and DDP, are termed NIPUDDP-xx,
where xx denotes the approximate initial molar fraction of C13MA in poly(C13MA-co-GMA)); (® The crosslinked NIPUs,
resulting from the reaction between poly(C13MA-co-GMA)s and MDP, are termed NIPUMDP-xx, where xx denotes the
approximate initial molar fraction of C13MA in poly(C13MA-co-GMA)).
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6.4. Conclusion
Amine-terminated polyhydroxyurethanes (PHUs) were synthesized via the terpolymerization of
Priamine 1074 and 1,10-diaminodecane (DAD) with either diglycerol dicarbonate (DGC) or
mannitol biscarbonate (MBC). Rheological and thermal properties of the synthesized PHUs were
studied. Regardless of the type of dicarbonate used, the PHUs exhibited similar rheological and
thermal behaviors. The PHUs were then used as a crosslinkers to react with carbonated
copolymer templates to synthesize a set of thermoset non-isocyanate polyurethanes (NIPUs). To
provide the carbonated copolymers, C13MA/GMA copolymers with varying compositions were
synthesized via atom transfer radical polymerization (ATRP) at 70°C. The pendent epoxy
functional groups available on the backbone of the copolymers were then converted into cyclic
carbonates using CO2 and TBAB catalyst with nearly 100% conversion and were subsequently
reacted with the synthesized amine-ended PHUs to produce crosslinked NIPUs with varying
concentrations of urethane linkages. Young's moduli of the NIPUs based on MBC crosslinker
improved from 1.24 = 0.61 MPa to 6.45 = 1.05 MPa as the number of urethane linkages
increased from 2 to 9. A similar trend was also observed for NIPUs which were crosslinked with
DGC-based crosslinkers with E values ranging from 2.35 + 0.45 MPa to 20.85 + 1.73 MPa. The
samples with higher concentrations of urethane linkages were more brittle, attributed to the
denser crosslink network, which limited polymer chain mobility. The thermoset NIPUs
crosslinked with DGC-based PHUs exhibited a 7 range of 40°C to 60°C, which depended on the
number of urethane linkages present on the C13MA/GMA template. The NIPU with the highest

crosslink density had the highest T (60°C), whereas the NIPU with the lowest crosslink density

showed the lowest T (40°C).
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Finally, this study represents the first investigation of amine-ended PHUs synthesized from bio-
sourced precursors via terpolymerization, and their use as crosslinkers to produce thermoset
NIPUs. By modifying the number of epoxy functional groups on their parent C13MA/GMA
copolymers and use of DGC- or MBC-based PHUs, the partially bio-based crosslinked NIPUs
display varying mechanical properties, enabling them to be tailored for a broad range of

applications, spanning from soft, rubbery-like materials to tough coatings.

6.5. Experimental Section
Materials: Diglycerol (DIG, >80% a, o, impurities consist of mono-, a, B-di-, B, B-di, and
triglycerol) was obtained from Tokyo Chemical Industry (TCI). Dimethyl carbonate (DMC,
>99%, anhydrous) and potassium carbonate (K2CO3, 98%, anhydrous powder) were purchased
from Acros. Basic and neutral alumina (Al2O3, Brockmann, Type II 150 mesh), calcium hydride
(CaHa, 90-95% reagent grade), Ethyl a-bromoisobutyrate (EBiB, 98%), copper (I) bromide
(Cu()Br, 99%), 4,4'- Dinonyl- 2,2'-dipyridyl (dNbpy, 97%), tetrabutylammonium bromide
(TBAB), chloroform (CHCl3, >99.8% contains ethanol as stabilizer), deuterated chloroform
(CDCls, 99.8%), anisole D-mannitol (=98% powder) and 1,5,75-triazabicyclo[4.4.0]dec-5-ene
(TBD, 98%), 1,4-dioxane (>99%, ACS reagent) were purchased form Sigma-Aldrich and used
without further purification. Priamine 1074 was provided by Cargill and used as recieved.
Methanol (MeOH, >99%), heptane and tetrahydrofuran (THF, 99.9% HPLC and certified
grades), ethyl acetate (EtOAc, certified grade), dimethyl sulfoxide (DMSO) and 1,10-
diaminodecane (DAD, 98%) were purchased from Fisher Scientific and used as received.
Glycidyl methacrylate (GMA, 97%), C13 alkyl methacrylate (C13MA, n-alkyl average chain

length of 13.0 units, >99%, Visiomer Terra C13-MA) were obtained from Sigma-Aldrich and
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Evonik (via TRC), respectively. The monomers were purified by passing through a column of
basic alumina mixed with 5 wt % calcium hydride and then kept in a sealed flask under nitrogen
atmosphere in a refrigerator. Syntheses were all carried out under nitrogen atmosphere with high
purity (99.99%, Praxair). Carbon dioxide (COz) with a purity of 99.99% was purchased from
Praxair and used as received.

Diglycerol dicarbonate (DGC) synthesis: The synthesis of DGC was performed using
procedures reported elsewhere 3%4. First, DIG (29.19 g, 0.175 mol), DMC at a 10:1 molar ratio
of DMC: DIG (158.5 g, 1.75 mol) and potassium carbonate as a catalyst at 0.5 wt% of the DIG
(0.14 g) were added to a 250-ml three-necked round-bottom flask equipped with a thermal well
and a magnetic stir bar. The setup was placed on a heating mantle on a magnetic stirrer for
mixing the mixture. To prevent evaporation of the monomers, a condenser was utilized, which
circulated a 50:50 volume mixture of ethylene glycol and purified water via reverse osmosis. The
temperature of the condenser was set to 5°C. The mixture was then purged with nitrogen for 15
minutes to eliminate any contamination, and a needle at the top of the reflux was used to vent the
nitrogen purge. Next, nitrogen purged was stopped and a thermocouple was inserted into the
thermal well and connected to a temperature controller. The reaction temperature was then
adjusted to 80°C and the mixture was allowed to react for 24 hours.

After 24 hours, the reaction was stopped and cooled down and then filtered with a vacuum pump
to remove the catalyst. The filtrate was left under air flow overnight to remove methanol formed
during the reaction. Afterward, 100 ml of reverse osmosis (RO) purified water, previously
refrigerated, was added to the mixture and mixed for almost an hour to dissolve any unreacted
DIG and facilitate the crystallization of DGC. The resulting mixture was once again filtered

using a vacuum pump, and the precipitated powder was collected and dried overnight in a
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vacuum oven at 40°C. Proton nuclear magnetic resonance ('"H NMR) was used to confirm the
synthesis of DGC (Figure D 9). The DGC yield was determined to be 55% based on the amount
of DIG used in the reactor.

Mannitol biscarbonate (MBC) synthesis: MBC was synthesized according to the procedure
provided in the literature °**. D-mannitol (29.14 g, 0.16 mol), DMC (100.87 g, 1.11 mol, or 7
molar equivalents with respect to D-mannitol) and 5 mol% of TBD with respect to D-mannitol
(1.11 g, 7.9 mmol) were added to a 250-ml three-necked round-bottom flask equipped with a
thermal well and a magnetic stir bar. The setup was positioned on a heating mantle and
connected to a condenser, and the mixture was stirred using a magnetic stirrer. After purging the
mixture with nitrogen for 15 minutes, a thermocouple was inserted into the thermal well and
connected to a temperature controller. The reaction temperature was then set to 80°C and
maintained for 16 hours. After 16 hours, the reaction was stopped and cooled down to ambient
temperature. Subsequently, the mixture was filtered using a vacuum pump to remove the
catalyst. The remaining DMC and any methanol formed during the reaction were then
evaporated by exposing the mixture to air overnight. Next, refrigerated RO purified water was
added to the mixture and mixed for almost two hours. After two hours, the precipitated MBC
was filtered using a vacuum pump and subsequently dried overnight in a vacuum oven at 40°C.
The MBC synthesis was confirmed using '"H NMR (Figure D 10). The yield of MBC was 60%
based on the amount of D-mannitol added to the reactor.

Polyhydroxyurethanes (PHUs) synthesis: The PHU terpolymers were synthesized using
polyaddition of DGC with Priamine 1074 and DAD, with a fixed molar ratio of 0.6/0.4 for
Priamine 1074 to DAD. The same ratio was used for the polyaddition of MBC with Priamine

1074 and DAD. It should be noted that the high viscosity of the mixture required addition of a
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solvent. Thus, dioxane was added as a solvent at a concentration of 50 wt% with respect to
DGC/MBC. To ensure that the PHUs are terminated with NH», an excess amount of Priamine
1074 was added.

Here preparation of MDP is given as an example. MBC (10.23 g, 0.047 mol), DAD (4.75 g,
0.023 mol), Priamine 1074 (18.5 g, 0.035 mol) and dioxane (5 g) were added to a 150-ml two-
neck round-bottom flask, equipped with a thermal well and a high viscosity magnetic stir bar. To
remove any contamination, the mixture was purged with nitrogen for 15 minutes before
increasing the temperature to 85°C. After 24 hours the reaction was stopped and cooled down to
ambient temperature. The mixture was then dissolved in chloroform and filtered with vacuum
pump to remove undissolved MBC. Next, excess heptane was added to remove the excess
diamines while precipitating the polymer. The formation of PHUs and absence of cyclic
carbonate were confirmed using 'H NMR and FTIR (Figure D 1-Figure D 3).

Copolymerization of C13MA/GMA by atom transfer radical polymerization (ATRP): The
procedure outlined in a previous study was used to synthesize C13MA/GMA copolymers with
different initial molar ratios of GMA ranging from 0.1 to 0.3 '*4. The targeted number average
molecular weight (M, rarger) for the copolymers was 10000 g mol™!. The copolymerization resulted
in the synthesis of copolymers with M, ranging from 8500-9400 g mol™! and dispersity (D)
between 1.19-1.25 relative to PMMA standards '**. The conversions for all copolymers were
more than 90%.

Carbonation of the copolymers: After synthesis of the copolymers, they were treated with carbon
dioxide (COz) and TBAB as catalyst to convert epoxy functional groups to cyclic carbonates, as
reported elsewhere '**. An example of carbonation is provided using C13MA/GMA-90. TBAB

(0.21g, 6.51x10-4 mol, 5 mol% relative to epoxy groups on copolymer chain) was introduced
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into a 150 ml three-neck round-bottom flask containing poly(C13MA-co-GMA) (51.37g, 0.0064
mol). The setup, including a thermal well and magnetic stir bar, was positioned on a heating
mantle and sealed with rubber septa. After purging the mixture with CO» for 30 minutes to
eliminate oxygen, the temperature was raised to 120°C. Stirring the mixture continued under a
COs stream with pressure < 5 psi for 24 hours. The carbonated copolymers had M, values
ranging from 9500-10500 g mol ™! and P between 1.20-1.35 relative to PMMA standards '*. The
overall conversion of the carbonation (Xcarbonarion) Was calculated using '"H NMR via the
disappearance of the peak at 2.55 ppm assigned to the epoxy ring and appearance of new peaks
at 4.65 ppm attributed to the C-H resonance in the a-position of the cyclic carbonate groups. The
conversions for all carbonated copolymers were more than 95% after 24 hours. Figure D 11
shows the '"H NMR spectrum of carbonated C13MA/GMA-80 (samples are referred to as
C13MA/GMA-xx, where "xx" represents the approximate percentage of C13MA in the
copolymer). It should be noted that only the peak at 4.65 ppm was utilized for carbonation
conversion, as the peak at 4.10 ppm, also associated with cyclic carbonate groups, could
potentially overlap with any remaining initiator or solvent (anisole) in the copolymer. The
calculation for carbonation conversion is detailed in the Supplementary Information.
Furthermore, based on the GPC results, the peak for the carbonated copolymer remains
monomodal and exhibits negligible broadening in comparison to the pre-carbonated copolymer
(Figure D 12). This indicates no thermal degradation occurred. Additionally, a minor shift is
observed in the chromatogram of the carbonated copolymer, attributed to its different solubility
in the eluent.

Synthesis of crosslinked non-isocyanate polyurethanes (NIPUs) from amine-ended PHUs. In

order to achieve adequate mixing of carbonated C13MA/GMA copolymers with the synthesized
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amine-ended PHUs, ethyl acetate was used as a solvent to dissolve both the carbonated
copolymers and PHUs. Here, an example of DDP addition to carbonated C13MA/GMA-90 is
provided. In a 50-ml three-neck round-bottom flask, carbonated C13MA/GMA-90, which
contains an average of three cyclic carbonate functional groups per chain (4.96 g, 5.25x10*
mol), DDP (4.25 g, 8.5x10™* mol), and ethyl acetate (5 g, 0.057 mol) were added. The ratio of
amine functional groups to cyclic carbonate functional groups was at 1:1. A thermal well, a
magnetic stir bar, and a condenser were installed in the reactor, and the entire setup was placed
on a heating mantle with a magnetic stirrer. Next, oxygen was eliminated from the mixture by
purging the contents with nitrogen for 15 minutes. After 15 minutes of purging, the temperature
was increased to 65°C, which is below the boiling point of ethyl acetate (~77°C). After one hour,
the mixture was removed from the reactor and dried under air flow for an additional hour. The
mixture was then placed in a vacuum oven at room temperature for two hours to eliminate any
residual ethyl acetate. The mixture was then poured into tensile molds and then placed in an oven
at a temperature of 90°C for 24 hours to ensure complete reaction of the cyclic carbonates with
the amine-ended PHUs. FTIR was utilized to confirm the disappearance of cyclic carbonates and
appearance of urethane linkages.

Proton Nuclear Magnetic Resonance ("H NMR) Spectroscopy: '"H NMR was used to
characterize the synthesized copolymers, carbonated copolymers, PHUs, DGC and MBC. 3-5 mg
of polymer was dissolved in 1 ml of CDCIl; and subsequently transferred to a NMR tube.
DMSO-ds was the solvent used for the characterization of DGC and MBC.

Solution-phase proton NMR spectra were recorded on a Bruker Avance III HD (500 MHz, 32
scans) spectrometer at room temperature. The analysis was done with a zg30 pulse sequence, and

the resulting spectra was analyzed using Mestrelab MNova software.
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Fourier Transform Infrared (FTIR) Spectroscopy: FTIR was performed on PHUs and the
crosslinked NIPUs. The instrument used was a Nicolet iS50 FTIR Spectrometer, which was
equipped with a single bounce diamond attenuated transmission reflectance (ATR) for solids.
First, a background reading was performed on a clean diamond to acquire an accurate baseline.
Thirty-two scans were recorded for each sample over the range 4000-500 cm™ with a normal
resolution of 4 cm!,

Size Exclusion Chromatography (SEC): The synthesized PHUs and copolymers were dissolved
in HPLC grade THF at a concentration of 2.5 g L'!in a 1-dram glass vial. Gel permeation
chromatography (GPC, Water Breeze, differential refractive index RI 2414 detector, 40°C) using
HPLC grade THF as an eluent with flow rate 0.3 mL min™ was used to determine the M, and D.
The instrument is equipped with three Waters Styragel HR columns: HR1 for molecular weights
ranging from 10? to 5 x 10° g mol™!, HR2 for molecular weights ranging from 5 x 10> to 2 x 10* g
mol ™!, and HR4 for molecular weights ranging from 5 x 10° to 6 x 10°> g mol!. Additionally, it is
equipped with a refractive index detector (RI 2414) and a guard column. The columns were
maintained at a temperature of 40°C while passing an injection of 10 pl of dissolved samples
through. The elution time for the samples was 60 min. M, values were calculated relative to
narrow molecular weight distribution poly(methyl methacrylate) (PMMA) standards (Varian
Polymer Standards, molecular weights ranging from 875 to 1677000 g mol ™).

Differential Scanning Calorimetry (DSC): Glass transition temperatures (7)s of the synthesized
PHUSs were measured by Differential Scanning Calorimetry (DSC). For the analysis, a TA
Instrument Discovery 2500 differential scanning calorimeter using standard hermetic aluminum
pans (pan top with a pinhole), calibrated with indium and nitrogen purge was used. A heat-cool-

heat experiment was conducted with heating rate of 5°C min! and cooling rate of 10°C min'.
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During the heating cycles, the temperature was increased to 200°C, whereas in the cooling
cycles, it was decreased to -90°C. All data was extracted from the second heating cycle after
thermal history was removed during the first heating cycle and inflection method was used to
measure 7gs. Universal Analysis and Trios software were used to analyze the results.
Thermogravimetric Analysis (TGA): Thermal stability of the crosslinked NIPUs were
investigated by thermogravimetric analysis (TGA). A TA Instruments Discovery 5500 thermo-
gravimetric analyzer was used to analyze the degradation of synthesized materials at a heating
rate of 10°C min™! from ambient temperature to 700°C under nitrogen purge in platinum pans.
The process begins by cleaning a small platinum pan with a blow torch to remove any residual
material from prior samples. The pan is subsequently weighed and tared, following which 3-10
mg of the sample is added. The pan containing the sample is then placed in the furnace chamber
and heated in a nitrogen atmosphere. The 10% degradation temperature (74,10%), final
decomposition temperature (74 fina1) and ash content were extracted from this test. Universal
Analysis and Trios software were used to analyze the results.

Rheology: Rheology tests were run on PHUs and the crosslinked NIPUs. Dynamic mechanical
thermal analysis (DMTA) was conducted on the networks using a torsion configuration (SRF 12)
with a temperature ramp rate of 5°C min™' (from ambient temperature to 150°C under nitrogen
atmosphere using a CTD 450 convection oven with air flow of 1400 NL h™! for the cooling shaft
and 850 NL h™! for nitrogen purge to the furnace), with an oscillation strain of 1% and a
frequency of 1 Hz. The tests were done in an Anton Paar Instruments rheometer (MCR 302).

2 142

Equation 6 was used to calculate molecular weight between crosslinks (M) for the

crosslinked networks at room temperature.
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M, = 3T (6.2)

In Equation 6.2, E;. is the storage modulus in the rubbery region from the DMTA experiments,
R is the gas constant, 7 is the absolute temperature, and p is the density of the crosslinked
samples.

DMTA and amplitude sweep tests were also performed on the PHUs. For these tests, PHUs were
shaped into disks of 25 mm diameter and a thickness of 1-2 mm using a hot press. The pressing
was performed with a Carver hydraulic unit model #3925 at 100°C using three cycles of 5, 10,
and 15 metric tons for 10 minutes each. Amplitude sweep measurements and DMTA analyses
were conducted on the PHU samples using the 25 mm diameter parallel plate configuration
(PP25). Amplitude sweep measurements were all conducted at ambient temperature and 150°C
at a frequency of 1 Hz and a shear strain ranging from 0.001 to 1%. The DMTA was also done
with a temperature ramp rate of 5°C min™! (from ambient temperature to 150°C under nitrogen
atmosphere using a CTD 450 convection oven with air flow of 1400 NL h™! for cooling shaft and
850 NL h™! for nitrogen purge to the furnace), with an oscillation strain of 1% and a frequency of
1 Hz.

Mechanical testing: For conducting tensile tests on the crosslinked networks, an EZ Test
(Shimadzu) tensile machine equipped with a 500 N load cell was utilized. Tensile properties
were measured at ambient temperature at speeds of 5 mm min™! on the crosslinked networks.
Young's modulus (F), tensile strength (omax), and % elongation at break (EB%) were calculated
using the average of at least three repeated samples. Three dog-bone shaped samples for each
formulation with standard dimensions were cut out to perform tensile testing (ASTM638, type
V).
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Swelling ratio (SR): THF and water swelling tests were also performed on the crosslinked
networks. The swelling ratio (SR) was determined by placing three samples weighing
approximately 30 mg each into separate glass jars filled with either purified water or THF, and
allowing them to soak for 24 hours. The SR was calculated using Equation 6.3:

_mymmi

SR = DM (6.3)

m;
In Equation 6.3, m; and my are the initial mass of the material and mass of the material after
swelling in THF or water, respectively.
Gel content: After SR measurements, the samples were placed back into the glass vials. The vials
then were placed into a vacuum oven at room temperature for 24 hours. Gel content (GC) values
were found using the Equation 6.4, where mq and m; are the mass of the material after drying in

the oven and the initial mass of the material, respectively.

GC% =2 % 100 (6.4)

4

In Equation 6.4, m; and m: are the initial mass of the material and mass of the material after
swelling in THF or water, respectively.
Oven: the crosslinked NIPUs were cured at 90°C for 24 hours using a Fisherbrand Isotemp

model 281A oven.
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Biorenewable Carbon Content (BRC): Biorenewable carbon (BRC) content was calculated

according to Equation 6.5.

BRC (%) — Bio sourced carbon % 100 (6.5)

Bio sourced carbon+Fossil carbon

Using Equation 5, BRC values for the thermoset NIPUs were calculated, with non-biobased carbon
atoms introduced through the use of GMA monomer. C13MA (with a bio carbon content of 76%)
is sourced from pine sap 2°°, DAD can be produced from bio-based precursors with high yields
261 DGC can be easily prepared from bio-based diglycerol %, MBC is sugar based and Priamine
1074 is a bio-derived diamine from dimer fatty acids 2°2. The molecular weight of each component
(e.g. CI3MA/GMA copolymers and amine-terminated PHUs) and the molar ratio of bio-based and
non-biobased components in the crosslinked NIPUs were identified, and BRC values were

reported using Equation 6.5.
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7. DISCUSSION AND FUTURE WORK

This section aims to provide a brief analysis of the results presented in Chapters 3 through 6,
highlighting their key findings. Subsequently, some recommendations for future studies are
provided.

7.1. Discussion
This thesis proves the versatility of NIPUs/PHUs as thermoset materials by demonstrating a wide
range of mechanical properties via combination of polyaddition and free radical polymerization
chemistries. The findings indicate that these materials can serve as competitive alternatives to
traditional PUs. Although there has been significant research focus in this area in recent years,
many advancements in the field have been limited to the synthesis of bio-based thermoset PHUs
from vegetable oils with a fixed number of cyclic carbonates. Moreover, the exploration of
mechanical properties has primarily been restricted to variations in diamine structure or the ratio
of diamine to carbonate. In contrast, the present thesis introduces a comprehensive approach for
the development of thermoset NIPUs. It presents a methodology for preparing templates with the
ability to easily manipulate the number of cyclic carbonates, thereby enabling tailored properties
for specific applications.
The first manuscript presented in Chapter 3, describes the synthesis of a series of partially bio-
based copolymers through radical polymerization of f-myrcene (Myr) and glycidyl methacrylate
(GMA) with varied initial molar fractions of GMA. The Myr/GMA copolymerization was
conducted in semi-batch mode to ensure that almost all chains contain GMA, since GMA reacted
faster and was used up earlier than Myr. Next, the copolymers were treated with carbon dioxide
(CO») and TBAB as catalyst to convert the epoxy functional groups, incorporated through GMA,

into cyclic carbonates. The synthesized carbonated poly(Myr-co-GMA) copolymers were
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subsequently reacted with Jeffamine D-4000 to prepare NIPUs with varying numbers of urethane
linkages along the polymer chains. Those resins were end-capped via moisture sensitive silanes
to provide crosslinked networks. The influence of the epoxy functional group concentration in
the parent copolymers of Myr/GMA on the mechanical properties of the resulting crosslinked
networks was studied. As expected, a positive correlation was observed between the
concentration of epoxy functional groups and the Young's moduli () of the crosslinked
networks. However, due to the inherent rubbery and soft nature of both the Myr/GMA
copolymers and Jeffamine D-4000, the resulting product exhibited a combination of soft
backbones and side chains, resulting in low £ values ranging from 32 kPa to 50 kPa.

In the second manuscript presented in Chapter 4, the objective was to improve the mechanical
properties of the resins as well as to investigate the influence of side chain rigidity on the
mechanical properties of the synthesized crosslinked networks. To achieve this, a vegetable oil-
derived alkyl methacrylate, CI3MA, with an average side chain length of 13, was copolymerized
with GMA using atom transfer radical polymerization (ATRP) to produce copolymers with
flexible backbones. To introduce rigidity to the side chains of the copolymers, 1,10-
diaminodecane (DAD) was employed as a diamine instead of Jeffamine D-4000. To be more
specific, copolymers of C13MA/GMA were synthesized with varying concentrations of GMA.
These copolymers were then treated with COz to introduce cyclic carbonates on the polymer
chains. Subsequently, the carbonated C13MA/GMA copolymers were reacted with DAD to
create crosslinked networks with different £ values and significantly higher compared to the
initial design presented in Chapter 3.

The resulting crosslinked networks exhibited a range of E values from 0.1 MPa to 72 MPa,

depending on the number of urethane linkages present in the side chains. The study included an
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investigation of not only the mechanical properties but also the rheological properties of the
networks. Dynamic mechanical thermal analysis (DMTA) was conducted on the crosslinked
networks to assess the impact of the number of cyclic carbonates on each chain. Parameters such
as gel time, molecular weight between the crosslinks (M.), and glass transition temperature (7)
were investigated. As the number of cyclic carbonates on the carbonated copolymer chains
increased from 2 to 11, the gel times showed a significant decrease from 254 minutes to 0.84
minutes. A negative correlation between the number of cyclic carbonates on each chain and the
M. values was observed, indicating the formation of tighter crosslinked networks. With
decreasing M. values from 3400 g mol™! to 1700 g mol™!, the networks exhibited increased
tightness, resulting in restricted chain movements. This restricted mobility led to an increase in
T, of the networks from 61°C to 79°C, as Ty is correlated with the mobility of polymer chains.
In the third manuscript presented in Chapter 5, the focus shifted to study the influence of the
copolymer backbone rigidity alone on the mechanical and rheological properties of the resulting
crosslinked networks. To achieve copolymers with different backbone rigidity, binary
copolymers of methyl methacrylate (MMA), ethyl methacrylate (EMA), and butyl methacrylate
(BMA) with GMA were synthesized using various initial molar fractions of GMA. Additionally,
the reactivity ratios of EMA/GMA and BMA/GMA were determined, revealing that the
microstructure of the copolymers was predominantly statistical, which had not been reported
previously. Following the carbonation of the synthesized copolymers, the epoxy functional
groups were converted into cyclic carbonates. Subsequently, the carbonated copolymers were
reacted with a bio-based diamine (Priamine 1074) to create networks crosslinked through
urethane linkages. The networks based on MMA exhibited £ values ranging from 1020 MPa to

1250 MPa, depending on the number of urethane linkages present in the side chains. For the
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EMA-based networks, the £ values decreased to the range of 760 MPa to 1000 MPa, while the
BMA-based networks exhibited £ values spanning from 395 MPa to 530 MPa. These results
demonstrate the significant impact of backbone rigidity on the mechanical properties of the
resulting product. All networks were brittle, as observed by their low elongation at break (EB)
values ranging from 1.9% to 5.9%. This brittleness can be attributed to the inherent nature of the
backbones. The gel content (GC) values, which serve as an indicator of the insoluble crosslinked
networks or the conversion of cyclic carbonates to urethane linkages in this study, exceeded
80%. These high GC values suggest relatively high level of conversions. The influence of alkyl
side chain length, ranging from MMA to BMA, on the water uptake of the crosslinked networks
was investigated, revealing intriguing findings. The BMA-based crosslinked networks exhibited
the lowest water uptake compared to their MMA and EMA counterparts. This observation can be
attributed to the steric hindrance caused by the longer alkyl side chains in the BMA-based
networks, which restricts the access of water molecules to the crosslinked urethane network,
resulting in reduced water uptake.

One notable aspect of this study is that although various crosslinked networks bonded through
urethane linkages with different mechanical and rheological properties were synthesized, it
should be noted that these networks cannot be termed strictly as NIPUs (non-isocyanate
polyurethanes) due to the absence of multiple repeating units of urethane linkages denoted by the
term "poly". In these studies, the carbonated copolymers, which contained cyclic carbonates on
their backbones, were reacted with diamines. The resultant structure demonstrated a crosslinked
network consisting of chains interconnected by the diamines. Notably, each amine functional
group reacted with one cyclic carbonate, leading to the chains being linked only by two urethane

linkages. This aspect will be further explored in the next chapter.
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In the fourth manuscript presented in Chapter 6, the aim was synthesis of crosslinked "NIPUs",
serving as an extension of the work described in Chapters 3 through 5.
The polymerization of diglycerol dicarbonate (DGC) and D-mannitol biscarbonate (MBC) with
Priamine 1074 and DAD was carried out to synthesize amine-terminated thermoplastic
poly(hydroxyurethanes) (PHUs). These amine-terminated thermoplastic PHUs were
subsequently utilized as crosslinkers with CI3MA/GMA templates, resulting in the formation of
hybrid crosslinked NIPUs. Hybrid crosslinked NIPUs exhibited Es ranging from 2.35 MPa to
20.85 MPa (DGC-based) and 1.24 MPa to 6.45 MPa (MBC-based). These values indicate higher
E values compared to C13MA/GMA templates crosslinked with DAD using the same initial
molar ratio of GMA. The increased E in the crosslinked NIPUs compared to the C13MA/GMA-
based networks crosslinked with DAD, can be attributed to the higher concentration of hydroxyl
groups present in these materials compared to the previous HPHUS.

7.2. Future work
Based on the findings and outcomes presented in this thesis, some recommendations are
proposed for future areas of study.
Self-healable hybrid NIPUs
While thermoplastic NIPUs have found many applications, there is a distinct demand for
thermoset NIPUs in specialized fields such as coatings and sealants. Nevertheless, their lack of
recyclability due to the presence of permanent crosslinks is considered a drawback.
Consequently, there is a compelling requirement to develop thermoset NIPUs that are derived
from sustainable sources and exhibit recyclability, without compromising their mechanical
properties. The reprocessability of PUs has been effectively addressed through the emergence of

vitrimers 263, Vitrimers represent a category of thermosetting materials that exhibit characteristics
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of permanently cross-linked structures at ambient temperatures but trigger dynamic chemical
crosslinking bond exchange at certain temperatures. During the dynamic cross-linking process of
vitrimers, the simultaneous fracture of original covalent bonds and the formation of new covalent
bonds take place, ensuring that the reaction process does not result in a decrease in network
junctions or the generation of small molecular chain segments. This unique behavior allows
vitrimers to maintain a specific polymer viscosity and achieve comparable reprocessability to
thermoplastic materials. By preserving network integrity while enabling bond exchange,
vitrimers offer enhanced flexibility and processability without compromising their properties 3.
Our hybridization concept can be effectively integrated with the synthesis of templates using a
combination of radical polymerization and polyaddition polymerization techniques. The radical
polymerization pathway enables the efficient incorporation of monomers with desired reactivity
and functionality, while the polyaddition polymerization pathway facilitates the formation of
cross-linked networks with excellent mechanical and thermal properties. In the initial stage,
various bio-sourced bis-cyclic carbonates, such as DGC and MBC, will undergo polymerization
with excess diamines that can be bio-based including 1,10-diaminodecane,
hexamethylenediamine, and Priamine 1074 (a commercially available bio-based diamine) to
form amine-terminated PHUs. This polymerization process will be conducted using either an
extruder or an internal mixer, aiming to attain high molecular weight PHUs. The subsequent
torque mixer measurements will be employed to evaluate and monitor the polymerization
process 264, The microstructure of the synthesized PHUs will be carefully examined. Key aspects
to be examined include the primary-to-secondary alcohol ratio within the polymer chains and the
characterization of end-groups. After successful synthesis of the high molecular weight PHUs,

the next step will involve the preparation of templates in which the PHUs will be utilized as
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crosslinkers. In order to attain enhanced mechanical properties, it is important to synthesize
templates with high molecular weights (M, = 60 kg mol!). To achieve this objective, C13MA
will be copolymerized with (2-acetoacetoxy) ethyl methacrylate (AAEMA) via atom transfer
radical polymerization (ATRP) 2°. The synthesized copolymers will be carefully characterized
using characterization techniques including GPC, 'H NMR, DSC and TGA. Subsequently, the
synthesized PHUs will react with the prepared templates using an internal mixer. The progress of
the crosslinking reaction will be monitored and evaluated through torque mixer measurements.
The mechanical and rheological properties of the crosslinked polymers will be comprehensively
investigated to gain a thorough understanding of their performance characteristics. Various
mechanical tests, such as tensile testing, hardness measurement, and impact testing, will be
conducted to evaluate the strength, stiffness, toughness, and other mechanical parameters of the
crosslinked polymers. Additionally, rheological analysis, including viscosity measurements and
dynamic mechanical thermal analysis (DMTA), will be performed to assess the flow behavior,
viscoelastic properties, and temperature-dependent response of the polymers.

Following the initial characterization, the crosslinked polymers will undergo a recycling process
to evaluate their reprocessability and the impact on their mechanical and rheological properties.
The recycled polymers will be compared to the original materials to assess any changes or
degradation that may occur during recycling. In parallel to the aforementioned investigations, the
gel time of the crosslinking reaction between the templates and PHUs will be measured at
several distinct temperatures, which can be modeled with a pseudo-Arrhenius equation to
calculate the activation energy of the reaction, a key parameter that characterizes the temperature
dependence of the reaction rate and thus the network formation process. The calculated

activation energy will be compared to existing literature data to validate the consistency and
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reliability of the experimental findings, providing valuable information for understanding the

underlying mechanisms of the crosslinking process.
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8. CONCLUSION AND ORIGINAL CONTRIBUTIONS

The work presented in this thesis includes several noteworthy contributions to the field of

thermoset non-isocyanate polyurethanes. In summary, the key original contributions made in this

study are as follows:

200

1.

The development of partially bio-based hybrid thermoset crosslinked networks, as
described in Chapter 3, represents the successful proof of concept for the hybridization of
radical polymerization with polyaddition polymerization in synthesis of hybrid PHUs.
These networks demonstrate the unique capability to cure functionalized polymers under
ambient conditions, without the need for external heating. This innovative approach
combines both radical polymerization and polyaddition polymerization, paving the way
for new possibilities in thermoset materials.

The investigations conducted in this thesis regarding the synthesis of thermoset
poly(hydroxyurethanes) (PHUs) represent a significant advancement in the field. Unlike
previous studies that focused on the reaction of carbonated vegetable oils with fixed
numbers of cyclic carbonates, this work introduces a novel approach. Specifically, the
templates used in this study were synthesized with varying cyclic carbonate
functionalities, allowing for precise control over the mechanical properties of the
resulting materials. By manipulating the number of cyclic carbonates on the templates, a
direct correlation with the mechanical properties was established, thereby expanding our
understanding of structure-property relationships in PHUs.

The investigation presented in this thesis encompasses a broad spectrum of mechanical

properties achieved through the manipulation of the backbone rigidity of the templates.



4. The random microstructure in the ethyl methacrylate/glycidyl methacrylate and butyl
methacrylate/glycidyl methacrylate copolymers was confirmed through the calculation of
reactivity ratios.

5. Saccharide-based thermoplastic poly(hydroxyurethanes) (PHUs) were successfully
synthesized and employed as crosslinkers in the formation of crosslinked non-isocyanate

polyurethanes (NIPUs) with a wide range of mechanical properties.
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NOMENCLATURE

'H NMR: Proton Nuclear Magnetic Resonance, 57 GC: Gel content, 47
AIBN: Azobisisobutyronitrile, 25 GLYMO: (3-Glycidyloxypropyl)trimethoxysilane, 21
Al,O3: Alumina, 52 GMA: Glycidyl methacrylate
ATRP: Atom transfer radical polymerization GPC: Gel permeation chromatography, 54
BADGE: Bisphenol-A diglycidyl ether, 16 HCI: Hydrochloric acid, 2
BDA: 1,4-butanediamine, 20 HMDA: Hexamethylenediamine, 25
BMA: Butyl methacrylate HPHU: Hybrid poly(hydroxyurethane)
CaHj: Calcium hydride, 52 HUM: Hydroxy urethane modifiers, 15
CC: Cyclic carbonate, 16 HUMA: Hydroxyurethane methacrylate, 28
COs: Carbon dioxide IDM: Internal Dispersion Monomer, 19
D: Dispersity, 38 IPDA: Isophorone diamine, 20
DAD: 1,10-diaminodecane kp: Propagation rate constant, 38
DAMO: N-(2-aminoethyl)-3- MBC: D-mannitol biscarbonate
aminopropyltrimethoxysilane, 24 M.: Molecular weight between crosslinks, 47
DDM: Diaminodiphenyl methane, 20 MDI: Methylene diphenyl diisocyanates, 1
DGC: Diglycerol dicarbonate M.: Entanglement molecular weight, 39
DMF: Dimethylformamide, 106 MEK: N-phenyl maleimide in methylethylketone, 25
DMSO: Dimethylsulfoxide, 28 MHS: Mark- Houwink- Sakurada coefficients, 38
DMTA: Dynamic mechanical thermal analysis, 58 MMA: Methyl methacrylate
dNbpy: 4,4'-dinonyl-2,2'-dipyridyl, 87 M,: Number average molecular weight, 38
DP,: Degree of polymerization mXDA: m-xylene diamine, 20
E: Young's modulusi Myr: p-myrcene, 34
E": Storage modulus, 130 NIPU: Non-isocyanate polyurethane
EB: Elongation at break, 49 NMP: Nitroxide mediated polymerization, 35
EBiB: Ethyl a-bromoisobutyrate, 87 PDMS: Polydimethylsiloxane, 24
EDA: 1,2-ethylenediamine, 19 PHU: Poly(hydroxyurethane)
EMA: Ethyl methacrylate PLP: Pulsed laser initiated polymerization, 38
f Initial molar fraction of monomer in mixture, 69 POSS: Polyhedral oligomeric silsesquioxane, 21
F: Final molar fraction of a monomer in copolymer, PPG: Poly(propylene glycol), 32
38 PPGDGE: Polypropylene glycol diglycidyl ether, 19
FDA: Fatty acid diamine, 19 PU: Polyurethanei
FRP: Free radical polymerization, 34 r: Reactivity ratio, 35
FTIR: Fourier Transform Infrared, 57 R: Gas constant, 58
G : Storage modulus, 46 RAFT: Reversible addition—fragmentation chain-
G”: Loss modulus, 46 transfer polymerization, 35
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SBC: D-sorbitol biscarbonate, 4

SEC: Size Exclusion Chromatography, 57
SEM: Scanning Electron Microscopy, 19
SR: Swelling ratio, 47

tand: Damping factor (G"/G"), 77

TBAB: Tetrabutylammonium bromide, 52
TBD: 1,5,7-triazabicyclo[4.4.0]dec-5-ene, 13
Teure: Curing temperature, 69

T4: Decomposition temperature same as Tec, 121
Taec: Decomposition temperature, 69

Taec,10%: Tdec for 10% weight loss, 71

Tdee max: Maximum decomposition temperature, 71
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TDI: Toluene diisocyanates, 1

TETA: Triethylenetetramine, 16

T,: Glass transition temperature, 19

TGA: Thermogravimetric analysis, 23

THF: Tetrahydrofuran, 32

Tm: Melting temperature, 69

VEOPC: 3-(2-vinyloxyethoxy)-1,2 propylene
carbonate, 25

X: Conversion, 38

0: Solubility parameter, 70

p: Density, 58

omax: Ultimate stress, 49
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Figure A 1. Polymerization steps overview, a) Bulk copolymerization of Myr and GMA using AIBN as
initiator at 90°C, b) cyclo-addition reaction of CO2 with poly(Myr-co-GMA), ¢) reaction of five
membered cyclic carbonates with diamines at 120°C to produce corresponding hybrid

poly(hydroxyurethanes).
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3,4 structure

Figure A 2. Regioselectivity of myrcene in poly(Myr).
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Figure A 3. TGA thermograms for Myr/GMA copolymers before and after carbonation, a) TGA

thermograms of poly(Myr-co-GMA)s, b) TGA thermograms of carbonated poly(Myr-co-GMA)s.
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Table A 1. Thermal Characterization of Poly(Myr-co-GMA).

ID? FMyr Tdec,lO% 2 (OC) Tdec,max 2 (OC) Tdec,ﬁnal 2 Residual (%)
(°0)
Myr/GMA-90 0.91 293 378 604 0.0
Myr/GMA-80 0.84 285 390 595 0.0
Myr/GMA-70 0.77 226 372 615 0.0
Myr/GMA-60 0.61 248 351 605 0.0
Carbonated 0.91 296 360 590 0.0
Myr/GMA-90
Carbonated 0.84 303 380 615 0.0
Myr/GMA-80
Carbonated 0.77 280 375 605 0.0
Myr/GMA-70
EC-90 0.91 333 374 624 0.98
EC-80 0.84 318 375 620 1.20
EC-70 0.77 337 372 610 1.18

(¥ Tdec.10% (decomposition temperature for 10% weight 10ss), Tdee.max (maximum decomposition temperature) and Tdec,final (end of

decomposition) measured by TGA under N2 atmosphere at a heating rate of 10 °C min).
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Figure A 4. GPC peaks for Myr/GMA copolymers with different molar ratio.
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Figure A 5. Comparison of poly(GMA) conversion in batch and semi-batch processes for Myr/GMA-90

(GMA conversion is 100% after almost four hours in batch process).
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Figure A 6.Viscosity as a function of steady shear rate for the various poly(Myr-co-GMA) at ambient

temperature (Myr/GMA-100 refers to poly(myrcene) homopolymer).
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Figure A 7."H NMR spectrum of the carbonated Myr/GMA-90 after 10 hours.

242



100 -

80 - ]

o)
o
|

Conversion (%)
I
o
1

20 4

oOt———7T——T——T T T T T
0 2 4 6 8 10 12 14

Time (hours)

Figure A 8. Carbonation conversion versus time for carbonated Myr/GMA-90.
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Figure A 9. GPC traces for NIPUs and Jeffamine D-4000, a) Separate distribution fit of GPC trace for

both NIPU and Jeffamine D-4000 part of the mixture (NIPU-90), b) GPC trace of NIPU-70 and its

distribution for NIPU and Jeffamine D-4000.
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GPC curve of the synthesized NIPU (NIPU-70) was plotted on MATLAB and maximum peaks
were identified. Gaussian model with four terms was fitted on the curve with 95% confidence
bound. Numerical integration method was used to find the area under the two Gaussian curves in
MATLAB (Integral function in MATLAB). The area under the unreacted Jeffamine D-4000
curve (area A) was calculated as 0.59. The area under the reacted Jeffamine D-4000 curve (area
B) was calculated as 0.73.

The functions for the unreacted Jeffamine D-4000 and reacted Jeffamine D-4000 which were

found through Gaussian curve fitting can be found in Euqation A 1 and Euqation A 2,

respectively.
x—b1)2 x—b2)2 x—b3)2
F1(x) = al xexp —( - ) + a2 * exp —( — ) + a3 * exp —( — ) + a4 *
x—b4)?
o (- (27)

F2(x) = al x exp (— (x;fl)z) + a2 x exp (— (x;:z)z) + a3 * exp (— (x;:3)2> + a4 *

exp (— (x;iﬂ)z) (A2)

The constants for F1 and F2 can be find in Table A 2.
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Table A 2. Constants values for the Gaussian models.

Const.
al bl cl a2 b2 c2 a3 b3 c3 a4 b4 c4
Functions
F1 -0.01702 | 3.824 | 0.04135 | 0.6723 3.909 | 0.1765 | -0.008087 | 3.166 0.1044 | 0.4611 391 0.4783
F2 0.6657 4.34 0.6175 0.00599 | 93.06 | 528.1 -0.007034 | 7.021 2.337 -0.00636 | 1.956 | 2.169

The fraction of Jeffamine D-4000 that is chemically bounded can be calculated using Equation A

3:

% chemically bounded Jef famine D — 4000 = % * 100 (A3)
0.73

% chemically bounded Jef famine D — 4000 = ———————=* 100 = 55.3%

0.73 + 0.59
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Figure A 10. Tensile test results of the crosslinked NIPUs, a) EC-90, b) EC-80 and c) EC-70 (the error is

due to the loading cell used to measure the mechanical properties).
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Figure A 11. TGA thermograms of end-capped NIPUs from room temperature to 700 °C under nitrogen

purge.
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Table A 3. Myr/GMA copolymerization formulations for different compositions at 90°C in bulk using

AIBN as initiator.

DY [Myrlo (M) [GMA]y (M) [AIBN](M) t(min) fupr?
Myr/GMA-90 0.9367 0.1626 0.0320 360 0.9
Myr/GMA-80 0.6120 0.1573 0.0158 360 0.8
Myr/GMA-70 0.6518 03161 0.0259 360 0.7
Myr/GMA-60 0.6366 0.4218 0.0295 360 0.6

(¥ Experimental identification given by Myr/GMA-XX, where XX refers to the rounded % initial molar fraction of Myr in the

mixture (fuyr0)); (® Initial molar ratio of myrcene in the feed).
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Scheme A 1. Summary of ideal copolymer microstructure in two different polymerization processes A)
batch and B) semi-batch (since conventional free radical polymerization was used to synthesize
Myr/GMA copolymers, it is expected to have some poly(myrcene) homopolymers after six hours in the
batch process, since the GMA would be depleted, but in the scheme this compositional drift is represented

by poly(Myr) homopolymer segment at the tail end of each chain).
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Figure A 12. 'H NMR spectra of the Myr/GMA-90.
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Figure A 13. Reaction schematic of GLYMO with the synthesized NIPU.
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Figure A 14. Tensile bars for the synthesized films, a) EC-70, b) EC-80 and c¢) EC-90.
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APPENDIX B

SUPPORTING INFORMATION FOR DESIGN OF
CROSSLINKED NETWORKS WITH
HYDROXYURETHANE LINKAGES VIA BIO-BASED
ALKYL METHACRYLATES AND DIAMINES

254



C13MA GMA

% =

A f I poly -
n 022: #mo=( el e, I Cn
o o 70°C, EBIB, CuBr, dNbpy o i

< 5 9
o
/O o)‘
~N

WV% soft backbone

b)

/ /.
NO-— + oo, 2PCTES Y 4 G <+ soft backbone
o] o 0 \/70
[o} O/ o O/

0)

i J
N + Atk - .
o HN
—o0
o oﬁ
\

0
» o <4—— hard side chain
1,10 diaminodecane oH (urethane linkage)
~
6.0 s

I o=(
o]

Figure B 1. Overall schematic of the study.
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Figure B 2. Free radical polymerization (FRP) of CI3MA/GMA-90 in bulk and dioxane as solvent, a)

Conversion of copolymers vs time in bulk and dioxane, b) M, vs time for copolymers in bulk and

dioxane, ¢) GPC trace of CI3MA/GMA-90 synthesized in bulk after two minutes, d) GPC trace of

CI3MA/GMA-90 synthesized in dioxane after two minutes.
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Figure B 3. GPC traces of CI3MA/GMA copolymers, a) C1I3MA/GMA-90, b) C13MA/GMA-80, ¢)

C13MA/GMA-70, d) CI3MA/GMA-60, ) C13MA/GMA-50 and e) C13MA/GMA-40.
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Figure B 4. ATRP copolymerization of CI3MA/GMA at 70°C. The complete conditions are given in
Table 4.1 and Table B 1. a) semi-logarithmic kinetic plots of In[(1-X)™!] (X is conversion) versus reaction
time, b) individual conversions for each monomers (C13MA and GMA) versus reaction time (m is for
GMA conversion and e is for C13MA conversion), c) dispersity (D) of poly(C13MA-co-GMA)s as a

function of GMA initial fraction in the feed.
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Figure B 5. Comparison of DSC curves for C13MA/GMA before and after carbonation; b) carbonated

poly(C13MA-co-GMA) copolymers (all data are reported in Table 4.2).
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Figure B 6. TGA curves for CI3MA/GMA copolymers before and after carbonation; a) synthesized
poly(C13MA-co-GMA) copolymers and b) carbonated poly(C13MA-co-GMA) copolymers with heating

rate of 10 °C min™! from room temperature to 700°C (all data are reported in Table 4.2).
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Figure B 8. 'H NMR spectrum of carbonated C13MA/GMA-90 copolymer after 24 hours.
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Figure B 9. FTIR spectra for C13MA/GMA copolymer before and after carbonation; a) FTIR spectrum

of CI3MA/GMA-60, b) FTIR spectrum of carbonated C13MA/GMA-60 after 24 hours at 120°C.
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Figure B 12. TGA curves for the crosslinked networks with the values which are reported in Table 4.4.
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Table B 1. CI3MA/GMA copolymerization formulations for different compositions at 70°C using

ATRP.
ID¥ [C13MA]o | [GMA]o | [EBiB] | [Cu(I)Br] | [dNbpy] | [Anisole] | t(min) | fcizmad”
(mol) (mol) (mol) (mol) (mol) (mol)
C13MA/GMA- 0.270 0.030 0.015 7.5x10% | 1.5x1073 0.154 300 0.9
90
C13MA/GMA- 0.189 0.046 0.011 5.7<10* | 1.1x107 0.129 300 0.8
80
C13MA/GMA- 0.167 0.072 0.011 5.9x10* | 1.2x107 0.12 300 0.7
70
C13MA/GMA- 0.154 0.100 0.011 6.4x10* | 1.3x107 0.106 300 0.6
60
C13MA/GMA- 0.134 0.134 0.011 6.6x10* | 1.3x1073 0.106 300 0.5
50
C13MA/GMA- 0.114 0.171 0.011 7.2x10% | 1.4x1073 0.100 300 0.4
40

(® Experimental identification given by C13MA/GMA-XX, where XX refers to the rounded % initial molar fraction of CI13MA

in the mixture (fci13ma,0)); (P Initial molar ratio of C13MA in the feed).
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Figure B 13. FT-IR spectra for carbonated C13MA/GMA-90 and NIPU-90.
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APPENDIX C

SUPPORTING INFORMATION FOR EFFECT OF
ALKYL METHACRYLATE/GLYCIDYL
METHACRYATE COPOLYMER BACKBONE
STRUCTURE ON MECHANICAL PROPERTIES OF
HYDROXYURETHANE-CROSSLINKED
NETWORKS
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Figure C 1. '"H NMR spectrum for MMA/GMA-90 after two hours. 'H NMR (CDCls, ppm): 6.13- 6.20
ppm (m, IH™MA), 6.04- 6.12 ppm (m, 1HMMA) 5.50- 5.65 ppm (m, 1HM4), 5.48-5.61 ppm (m, 1HMMA),
4.4-4.2 (br, IHPCMN) 4.153.95 (br, 3HPMMA), 3.02-3.75 (br, THPCM), 33-3.18 (br, IHPCMA),

2.95-2.8 (br, IHPCGYA), 2 75-2.65 (br, IHFOMA), 2.2-1.8 (br, 3HPCMAIPMMA) 1 15 (.93 (br,

3 HP(GMA)+P(MMA))
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Figure C 2. '"H NMR spectrum for EMA/GMA-90 after four hours. '"H NMR (CDCls, ppm): 6.13- 6.20
ppm (m, IHMA), 6.04- 6.12 ppm (m, 1H®M#), 5.50- 5.65 ppm (m, 1H M%), 5.45-5.65 ppm (m, 1HEMA),
4.35-4.12 (br, THPCMY) 4 1-3.85 (br, 2HPEMA)), 3.85-3.75 (br, 1HPCMA), 3.35-3.15 (br, 1HPCMA),

2.95-2.75 (br, IHCMY) 2752 55 (br, IHMCMA)Y, 2. 25-1.75 (br, 3HPCMAIPEMA) | 15 (.95 (br,

GHP(GMA)PEMA))
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Figure C 3. '"H NMR spectrum for BMA/GMA-90 after four hours. '"H NMR (CDCl;, ppm): 6.11- 6.22
ppm (m, IH™MA), 6.04- 6.12 ppm (m, 1H®MA), 5.50- 5.65 ppm (m, IHMA), 5.45-5.65 ppm (m, 1HEMA),
4.3—4.1 (br, THPGMA)Y 4. 1-3.85 (br, 2HPBYA) 3 85-3.7 (br, THPMA)Y. 33-3.1 (br, IHPCMA), 2 85-2.75

(br, 1THPOMAY 2 7-2 55 (br, IHMCMA)Y, 2.25-1.75 (br, GHPCMAIPBMAN 1 15 (.95 (br, GHPCMAPEMA))
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Figure C 4. Kinetic studies for EMA/GMA copolymers at 70°C. All kinetic results are reported in Table
1. a) semi-logarithmic kinetic plots of In[(1-X)'] versus reaction time, where X is monomer conversion, b)
M, versus X for the various EMA/GMA copolymers (the line indicates the theoretical My, (M theo) VErsus
X based on the monomers to initiator ratio for EMA/GMA copolymerizations (M arget ~ 10 kg.mol ™! at X

= 1), ¢) dispersity (D) versus conversion (X).
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Figure C 5. Kinetic studies for EMA/GMA copolymers at 70°C. All kinetic results are reported in Table
1. a) semi-logarithmic kinetic plots of In[(1-X)'] versus reaction time, where X is monomer conversion, b)
M, versus X for the various BMA/GMA copolymers (the line indicates the theoretical My (M meo) Versus
X based on the monomers to initiator ratio for BMA/GMA copolymerizations (M arget ~ 5 kg.mol™! at X =

1), ¢) dispersity (P) versus conversion (X).
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Figure C 6. Plot of kp vs fGMA for EMA/GMA and BMA/GMA copolymers using equation proposed

by Fukuda (Equation C1):
r.o .2 2
_ Aff+rifz+2fi1f2
kp - T1f1+T2f2 (C1)
kp'l kp’z
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Equation C1 shows the terminal model equation proposed by Fukuda et. al., where r; is the
reactivity ratio for GMA, r; is the reactivity ratio of EMA or BMA (reactivity ratios are reported
in this study), f1 and f; are the initial molar fraction of comonomers in the feed and k;,1 and kp»
are the propagation rate coefficients for GMA and EMA or BMA, respectively.

A) Determination of reactivity ratios of EMA and GMA by Fineman—Ross (FR), Kelen—

Tiidos (KT) and non-linear least square (NLLS) model

Terminal models (FR and KT):

All formulations that were used to calculate the reactivity ratios of EMA (rema) and GMA (rGma)
are tabulated in Table C 1. It was assumed that the selected copolymers had low conversions
that the monomer composition was unchanged. Reactivity ratios of the monomers were first
calculated by Fineman-Ross (FR) method and then Kelen-Tiidos (KT) approach was used. FR
approach is basically rearrangement of Mayo-Lewis copolymer equation into a linear form. In
KT method, a positive parameter between (0,1) is introduced into the linearized equation, giving
equal weight to all experimental data points (in FR method, any positive value can be assumed).
To calculate reactivity ratios via FR approach, two variables of G and H are defined as provided
in Equation C2 and C3. There is a linear relationship between G and H, which gives the
reactivity ratios as the slope and intercept as shown in Equation C4. G versus H is plotted and

shown in Figure 5.1.

_ (fema\ (2Fgma—1)
G= (fEMA) [ Fema ] (€2)
H = (foayzrons) (C3)
EMA GMA
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G =716ua X H —Tgya (C4)

Equation C5, C6, C7and C8 show the additional parameters used in KT method to calculate

reactivity ratios.

= (C5)
e=t (C6)
@ = HinHmas D
n= ((rGMA;rEMA)) e — rE;WA (C8)

As it can be seen from Equation C8, by plotting 1 versus ¢ the reactivity ratios of EMA and
GMA can be calculated. It should be noted that in Equation C7, Himax and Huin are the highest
and lowest values of the set of experimental data, respectively.

Non-linear least square (NLLS) model:

Due to shortcomings of linearization methods, a non-linear least squares fit (NLLS) was
performed. Such a fitting to the Mayo-Lewis equation is a prominent method to calculate the
reactivity ratios and a commercial software package MATLAB 2021b was used to solve Mayo-

Lewis equation (Equation C9) for EMA/GMA copolymers.

(T'GMAfC%MA'F femalfEmA) (C9)

F =
GMA (remafmat2femalEMat TEMASEMA)

Using the reactivity ratios found by the FR method as initial guesses, the statistical
fit to the data yielded reactivity ratios of rgma = 1.17 £ 0.13 and rema = 0.46 + 0.13 with 95%

confident bounds and with a regression coefficient R* = 0.99.
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All the experimental data which were used to calculate the reactivity ratios are tabulated in
Table C 1.

Table C 1. Copolymer samples used to determine reactivity ratios of GMA and EMA via ATRP at 70°C.

fama® Fama® X9 (%) t (min)
0.1 0.24 3 ~2
0.2 0.31 6 ~2
0.3 0.4 5 ~2
0.4 0.47 7 ~2
0.5 0.57 10 ~2
0.6 0.71 8 ~2
0.7 0.76 11 ~2
0.8 0.87 10 ~2
0.9 0.92 12 ~2

3 Initial molar ratio of GMA in the feed

® Final molar ratio of GMA in the dried copolymer

9 Overall monomer conversion (X=Xgmafoma + Xemafema) determined by 'H NMR in CDCl;
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B) Determination of reactivity ratios of BMA and GMA by Fineman—Ross (FR), Kelen—

Tiidos (KT) and non-linear least square (NLLS) model

In order to calculate the reactivity ratios of BMA and GMA, same equations of C1 to C8 was
used. It should be noted that 7gma was substituted by rema in the equations. Table C 2 shows the
copolymer characterizations of the samples which were used to find the reactivity ratios of BMA

and GMA.

Table C 2. Copolymer samples used to determine reactivity ratios of GMA/BMA and MMA/GMA via

ATRP at 70°C.
Poly(BMA-stat-GMA) Poly(MMA-stat-GMA)
foma? Foma® X 9 (%) t (min) foma Foma X (%) | t(min)
0.1 0.13 5 ~2 0.1 0.15 4 ~2
0.2 0.28 9 ~2 0.2 0.25 8 ~2
0.3 0.38 12 ~2 0.3 0.39 15 ~2
0.4 0.56 15 ~2 0.4 0.46 11 ~2
0.5 0.61 14 ~2 0.5 0.62 16 ~2
0.6 0.69 11 ~2 0.6 0.69 15 ~2
0.7 0.78 19 ~2 0.7 0.76 21 ~2
0.8 0.88 17 ~2 0.8 0.85 20 ~2
0.9 0.93 21 ~2 0.9 0.92 24 ~2

3 [nitial molar ratio of GMA in the feed
Y Final molar ratio of GMA in the dried copolymer

© Overall monomer conversion (X=Xcmafoma + Xamafama) determined by 'H NMR in CDCl3
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Figure C 7. Plots used to estimate reactivity ratios for EMA/GMA copolymerizations by ATRP at 70°C
in anisole:, a) Fineman-Ross plot, b) Kelen-Tudos plot (filled circles ( ®) are the experimental data and
the solid line is the fit ) and c) Mayo-Lewis plot of copolymer composition with respect to final molar
fraction of GMA (Fgma) in the copolymer versus initial GMA feed composition (blue circles ( ®) are the
experimental data while the red solid line is the associated trend line; the solid straight black line is the

azeotropic composition where Foma= fama o).
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Figure C 8. Plots used to estimate reactivity ratios for BMA/GMA and MMA/GMA copolymerizations
by ATRP at 70°C in anisole:, a) Fineman-Ross plot, b) Kelen-Tudos plot (filled circles (®) are the
experimental data and the solid line is the fit ), ¢) Mayo-Lewis plot of copolymer composition with
respect to final molar fraction of GMA (Fgma) in the copolymer versus initial GMA feed composition
(blue circles (®) are the experimental data while the red solid line is the associated trend line; the solid
straight black line is the azeotropic composition where Foma= foma0) and d) Mayo-Lewis plot of
copolymer composition for poly(MMA-stat-GMA) with respect to final molar fraction of GMA (Fgma) in
the copolymer versus initial GMA feed composition (blue circles (®) are the experimental data while the
red solid line is the associated trend line; the solid straight black line is the azeotropic composition where

Foma= fomap).
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Table C 3. Thermal characterization of EMA/GMA copolymers via ATRP at 70 °C in anisole as solvent.

Sample ID T | Tai0%? | Tomax® | Tat® | Ta® Tas” | Tamima® | Foma | Ash
(°O) (°O) (°O) O | (O (°O) (°O) 9 | content
(%)
EMA/GMA-90 | 46 315 367 180 367 - 550 | 0.13 0
EMA/GMA-80 | 49 257 345 181 345 - 580 | 0.81 0
EMA/GMA-70 | 51 308 334 172 334 - 570 | 0.73 0
EMA/GMA-60 | 53 293 348 178 348 495 560 | 0.58 0
EMA/GMA-50 | 59 295 340 180 340 505 585 | 0.43 0
EMA/GMA-40 | 63 275 339 165 339 478 600 | 0.45 0
EMA/GMA-30 | 67 270 328 151 328 530 500 | 0.34 0
EMA/GMA-20 | 69 272 330 150 330 539 585 | 0.24 0
EMA/GMA-10 | 70 250 327 139 327 545 560 | 0.13 0
Carbonated 50 245 364 198 364 - 540 - 0
EMA/GMA-90
Carbonated 58 200 326 176 326 - 520 - 0
EMA/GMA-80
Carbonated 70 216 331 182 331 - 550 - 0
EMA/GMA-70

® Glass transition temperature (7y) determined by DSC under nitrogen atmosphere using three cycle (heat/cool/heat)

with heating rate of 5 °C min"!

% T4.10% (decomposition temperature for 10% weight 10ss), T4.max (temperature at maximum decomposition rate), Ty.1,
Ta and Ty (the first, second and third peaks in derivative weight (%/°C) versus temperature (°C) obtained from
TGA) and T sinal (temperature at the end of decomposition) measured by TGA under nitrogen purge at a heating
ramp rate of 10 °C min’!

© Final molar composition of GMA in EMA/GMA copolymers
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Figure C 9. DSC curves for the synthesized copolymers, a) poly(EMA-stat-GMA)s, b) poly(BMA-stat-

GMA)s and ¢) poly(MMA-stat-GMA)s.
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Figure C 10. TGA curves for the synthesized copolymers, a) poly(EMA-stat-GMA)s, b) poly(BMA-stat-

GMA)s and ¢) poly(MMA-stat-GMA)s.
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Table C 4. Thermal characterization of BMA/GMA and MMA/GMA copolymers via ATRP at 70 °C in

anisole as solvent.

Sample ID T | Taee10%” | Taeema” | Taeet” | Taee2® | Taeesina® | Foma® Ash
o) | o) co) | o | co | co content
(%)

BMA/GMA-90 15.5 246 330 143 330 498 0.06 0
BMA/GMA-80 | 20.5 203 345 175 345 514 0.13 0
BMA/GMA-70 22 181 340 160 340 516 0.20 0
BMA/GMA-60 | 32.5 255 335 153 335 525 0.32 0
BMA/GMA-50 | 38.5 230 332 154 332 540 0.35 0
BMA/GMA-40 40 244 322 147 322 530 0.45 0
BMA/GMA-30 43 250 329 160 329 525 0.59 0
BMA/GMA-20 | 44.5 223 330 155 330 517 0.76 0
BMA/GMA-10 | 51.5 216 327 150 327 535 0.86 0

Carbonated 28.5 280 345 168 345 460 - 0
BMA/GMA-90

Carbonated 42 214 345 175 345 490 - 0
BMA/GMA-80

Carbonated 45 195 340 180 340 505 - 0
BMA/GMA-70
MMA/GMA-90 | 78.5 237 360 180 360 525 0.08 0
MMA/GMA-80 77 222 357 183 357 540 0.16 0
MMA/GMA-70 70 210 354 185 354 540 0.29 0

Carbonated 117.5 320 363 - 363 480 - 0
MMA/GMA-90

Carbonated 112 220 337 210 337 540 - 0
MMA/GMA-80

Carbonated 105 210 322 215 322 537 - 0
MMA/GMA-

70

3 Glass transition temperature () determined by DSC under nitrogen atmosphere using three cycle (heat/cool/heat)
with heating rate of 5°C min’!

% T4.10% (decomposition temperature for 10% weight 10ss), T4.max (temperature at maximum decomposition rate), Tq
and Tqp (the first and second peaks in derivative weight (%/°C) versus temperature (°C) obtained from TGA) and

T4 final (temperature at the end of decomposition) measured by TGA under nitrogen purge at a heating ramp rate of
10 °C min"!

° Final molar composition of GMA in copolymers
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Figure C 11. FTIR spectra for synthesized copolymers, a) EMA/GMA-70 and its carbonated form and b)

BMA/GMA-70 and its carbonated form.
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Figure C 12. 1|H NMR spectrum of carbonated MMA/GMA-90 after 24 hours.
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Figure C 14. DSC curves for the carbonated copolymers, a) carbonated poly(EMA-stat-GMA)s, b)

carbonated poly(BMA-star-GMA)s and c¢) carbonated poly(MMA-stat-GMA)s.
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Figure C 15. TGA curves for the carbonated copolymers, a) carbonated poly(EMA-stat-GMA)s, b)

carbonated poly(BMA-stat-GMA)s and ¢) carbonated poly(MMA-star-GMA)s.
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Figure C 18. Tensile testing for the crosslinked samples; a) MMA/NIPU, b) EMA/NIPU and c)

BMA/NIPU crosslinked networks.
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Calculation for number of urethane linkages on the backbone
Knowing the M, which is molecular weight of the synthesized copolymers extracted by GPC and
the M which is the molecular weight of the repeating unit in the copolymer calculated from

Equation C10, the number average degree of polymerization (DP) can be calculated using

Equation C11.

My = fiMy + oM, (C10)
Mp

DP = M, (C11)

In Equation C10, f; and f; are the initial molar fraction of monomers in the feed and M| and M>
are the molecular weight of each monomer.

The calculation of the number of epoxy functional groups can be achieved by multiplying DP
with Fi, where Fi represents the molar fraction of GMA in the copolymer in our study.
Knowing complete conversion of all epoxy functional groups to cyclic carbonate (carbonation
conversion = 1), and subsequent conversion of all cyclic carbonates to urethane linkages during

the diamine addition step, the number of urethane linkages on the backbone can be determined.
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Figure C 19. TGA thermograms for the crosslinked networks; a) MMA/GMA-based crosslinked
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(“e” is the inset of the region between 0 and 300°C version) and ¢) BMA/GMA-based crosslinked
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APPENDIX D

SUPPORTING INFORMATION FOR UTILIZING
BIO-DERIVED AMINE-TERMINATED
THERMOPLASTIC POLYHYDROXYURETHANES
AS CROSSLINKERS FOR HYBRID THERMOSETS
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Figure D 1. FTIR spectra for MDP and DDP; a) MDP, b) DDP.
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A) DDP analysis including calculation of conversion and the primary to secondary alcohol
ratio

The synthesized PHUs were characterized using '"H NMR to determine the ratio of primary to
secondary alcohols in the structure. First, the ratio of secondary to primary alcohol was

calculated. Equation D1 was used to calculate the secondary alcohol fraction in DDP.

Jg+[f+[h
Jg+[f+[h+]i+]j+[k

In Equation D1, the chemical shifts of g, £, and 4, falling within the range of 3.8-4.2 ppm, are

Secondary alcohol = (D1)
associated with the presence of secondary hydroxyl groups. These hydroxyl groups are formed as
a result of the ring-opening reaction of cyclic carbonates with amines. The chemical shifts of i, j,
and k are indicative of the presence of primary hydroxyl groups. Therefore, by dividing the sum
of peaks associated with secondary alcohols by the total integral of peaks attributed to both
secondary and primary alcohols, it is possible to determine the fraction of secondary alcohols
present in the mixture. The integrals of f'and g can be determined, while the integral of 4 is equal
to integral of /. Therefore, the sum of integrals of i, j and k can be found.

Using Equation D2, fraction of primary alcohol in the structure was determined.

Primary alcohol = 1 — secondary alcohol (D2)
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Figure D 3. "H NMR spectrum of unpurified MDP after 24 hours in CDCls.
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B) MDP analysis including calculation of conversion and the primary to secondary alcohol

ratio

The synthesized PHUs were characterized using '"H NMR to determine the ratio of primary to
secondary alcohols in the structure. The calculations were done based on our previous work .
During the polyaddition of cyclic carbonates with diamines, the cyclic carbonates rings of the
nonsymmetric MBC open in two different ways. As a result, four different forms of urethane
segments are generated, which has been discussed elsewhere 3626, These forms are shown in
Figure D 3. The fractions of the different forms of sugar-based TPHUs were determined by

employing the following equations.

F1+F2 +F3+F4=fc-;fc (D3)

By taking integral of ¢ and ¢' (3.85ppm and 4ppm, respectively):

Fl + F2 = f c (D4)
F3 +F4=fC’ (DS)
To determine the fraction of primary hydroxyl groups, the peak at 5.4 ppm was utilized in the

following equation.

Fi+2FE+F,=[f+ [N (D6)

To calculate the fraction of primary alcohols, Equation D7 can be defined by subtracting
Equation D4 from Equation D6.

Fa+F=[f+[h—-[c (D7)
Therefore, the fraction of primary hydroxyl groups can be found using Equation D8.

Primary alcohol = (D8)

Sum of both primary and secondary hydroxyl groups is two. Therefore, sum of F» and F4 was
divided by 2. By subtracting Equation D8 from one, fraction of secondary alcohols would be

determined.
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Table D 1. Calculation of solubility parameters using the Hoftyzer-Van Krevelen group for DDP.

Monomer My Density Molar Number Group Fai MJ.m Fi Eni dd Op Sh )
(gmol!) | (g.cm?) volume of contribution 3)03 mol-! MJm | Jmol!) | MIm | MIm | (MJ. | (MJ
(cm?.mol™") | group 3).mol? G G m m
Hos | 305
Priamine 1 Cyclic 1620 0 0
1074 aliphatic
2 -NH- 160 44100 3100
28 -CHa- 270 0 0
DGC 1 -O- 100 160000 3000
4 -CHa- 270 0 0
2 >CH 80 0 0
2 -OH 210 250000 20000
2 -COO- 390 240100 7000
PHU 534 0.92 580 20.7 1.91 104 | 23.3
linkage
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DAD 2 -NH- 160 44100 3100
10 -CHe- 270 0 0
DGC
1 -O- 100 160000 3000
4 -CHz- 270 0 0
2 >CH 80 0 0
2 -OH 210 250000 20000
2 -COO- 390 240100 7000
PHU 390 1.3 300.2 18.51 3.69 14.51 | 23.8
linkage 1
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In order to calculate Hansen solubility parameters Equation D9-D11 were used.

5y = 2 (DY)

8= |XF (D10)
On = VEEn (D11)

5= /8§+5§+6§ (D12)

AS = \/(6d,P1 —84p2)% + (Bpp1 — 6pp2)* + (Spp1 — Onp2)? (D13)

0a1s the contribution of dispersion forces, d, is the contribution of polar forces and J; is the

contribution of hydrogen bonding.
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Table D 2. Mechanical properties of each crosslinked NIPU sample.

Sample ID E EB Ultimate stress Swelling Swelling
(MPa) (%) (MPa) ratio in THF | ratio in water
(%) (%)

NIPUDDP-90-1 2.80 105 1.1 543 7.65
NIPUDDP-90-2 2.15 92 0.83 524 11.60
NIPUDDP-90-3 2.10 88 0.86 525 8.50
NIPUDDP-80-1 4.25 85 1.20 455 12.50
NIPUDDP-80-2 5.18 97 1.95 476 11.35
NIPUDDP-80-3 3.86 88 1.50 480 9.30
NIPUDDP-70-1 21.60 52 4.00 185 17.50
NIPUDDP-70-2 21.83 55 4.52 190 12.60
NIPUDDP-70-3 19.12 46 3.93 192 15.80
NIPUMDP-90-1 1.60 52 0.32 390 7.20
NIPUMDP-90-2 1.50 55 0.35 411 9.80
NIPUMDP-90-3 0.63 43 0.17 391 5.50
NIPUMDP-80-1 2.31 40 0.58 325 14.70
NIPUMDP-80-2 1.95 36 0.45 322 13.45
NIPUMDP-80-3 1.91 35 0.32 335 16.10
NIPUMDP-70-1 5.60 21 0.91 250 18

NIPUMDP-70-2 6.25 23 1.05 205 15.85
NIPUMDP-70-3 7.50 28 1.07 243 22.58
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Figure D 8. TGA thermograms for the crosslinked NIPUs; a) DDP-based NIPUs and b) MDP-based

NIPUs.
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Figure D 9. 'H NMR spectrum for the synthesized DGC. '"H NMR (DMSO-ds, ppm): 4.92-4.98 (m, 2H),

4.50-4.56 (t, 2H, cis or trans), 4.20-4.30 (ddd, 2H, cis or trans), 3.80-3.65 (m, 4H).
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Figure D 10. 'H NMR spectrum for the synthesized MBC. 'H NMR (DMSO-ds, ppm): 5.40-5.45 (m,

2H), 5.34-5.40 (m, 2H), 5.15-5.22 (m, 1H), 4.58-4.67 (t, 2H), 4.32-4.40 (dd, 2H), 4.18-4.26 (d, 2H), 4.05-

4.12 (t, 1H), 3.68-3.78 (m, 2H).
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a)

Figure D 12. Normalized GPC results for C13MA/GMA copolymers before and after carbonation.
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Figure D 13. Swelled samples in solvent, a) NIPUDDP-80 before swelling, b) NIPUDDP-80 after
being soaked for 24 hours in THF, c¢) comparison of NIPUDDP-80 after being soaked in THF and RO
water (left sample was soaked in THF and the right samples was soaked in RO water), d) NIPUMDP-70
before swelling, ) NIPUMDP-70 after being soaked for 24 hours in THF and f) comparison of
NIPUMDP-70 after being soaked in THF and RO water (left sample was soaked in THF and the right

samples was soaked in RO water).

315



	Development of partially bio-based hybrid hydroxyurethane-crosslinked networks
	Abstract
	Résumé
	Acknowledgments
	Contributions of Authors
	List of Figures
	List of Tables
	List of Schemes
	1. Introduction
	1.1. Objectives
	1.2. Thesis organization

	2. Literature Review
	2.1. Development of polyhydroxyurethanes
	2.2. Limitations in synthesis of PHUs
	2.3. Hybrid PHUs (HPHUs)
	2.3.1. Epoxy HPHUs
	2.3.1.1. Epoxy HPHUs synthesized from partially carbonated epoxy compounds
	2.3.1.2. PHU prepolymers
	2.3.1.3. Hydroxyurethane Modifiers (HUM)

	2.3.2. Siloxane Hybrids
	2.3.2.1. Silicone Monomers
	2.3.2.2. POSS-containing HPHUs
	2.3.2.3. HPHUs via Sol-Gel Route

	2.3.3. Acrylic HPHUs
	2.3.3.1. Polymerization of unsaturated cyclic carbonates
	2.3.3.2. Hydroxyurethane methacrylates (HUMAs)


	2.4. Conclusion and thesis work considerations

	3. Chapter 3
	Development of myrcene-based resins with amine ended poly(propylene glycol) side chains bonded through hydroxyurethane linkages
	3.1. Abstract
	3.2. Introduction
	3.3. Results and discussions
	3.3.1. Effect of feed composition on My/GMA copolymerization
	3.3.2. Structural identification of carbonated Myr/GMA copolymers
	3.3.3. Synthesis of NIPUs
	3.3.4. End-Capping and Crosslinking NIPUs

	3.4. Conclusion
	3.5. Experimental Section

	4. Chapter 4
	Design of crosslinked networks with hydroxyurethane linkages via bio-based alkyl methacrylates and diamines
	4.1. Abstract
	4.2. Introduction
	4.3. Results and discussion
	4.3.1. Preparation of C13MA/GMA copolymers
	4.3.2. Synthesis of carbonated poly(C13MA-co-GMA)s
	4.3.3. Synthesis of crosslinked networks bonded with urethane linkages using 1,10-  diaminodecane

	4.4. Conclusion
	4.5. Experimental section

	5. Chapter 5
	Effect of alkyl methacrylate/glycidyl methacrylate copolymer backbone structure on mechanical properties of hydroxyurethane-crosslinked networks
	5.1. Abstract
	5.2. Introduction
	5.3. Experimental section
	5.3.1. Materials
	5.3.2. Methods
	5.3.3. Copolymerizations of MMA/GMA, EMA/GMA and BMA/GMA by atom transfer radical polymerization (ATRP)
	5.3.4. Carbonation of the copolymers
	5.3.5. Synthesis of urethane functional grafts using Priamine 1074
	5.3.6. Theory

	5.4. Results and discussion
	5.4.1. Synthesis of MMA/GMA, EMA/GMA and BMA/GMA copolymers using atom transfer radical polymerization (ATRP) and determination of EMA/GMA and BMA/GMA reactivity ratios
	5.4.2. Thermal properties of MMA/GMA, EMA/GMA and BMA/GMA copolymers
	5.4.3. Carbonation of MMA/GMA, EMA/GMA and BMA/GMA copolymers
	5.4.4. Synthesis of networks crosslinked through urethane linkages using Priamine 1074

	5.5. Conclusions

	6. Chapter 6
	Utilizing bio-derived amine-terminated thermoplastic polyhydroxyurethanes as crosslinkers for hybrid thermosets
	6.1. Abstract
	6.2. Introduction
	6.3. Results and discussion
	6.3.1. Characterization of synthesized Polyhydroxyurethanes (PHUs)
	6.3.2. Synthesis of crosslinked C13MA-based NIPUs using amine-ended PHUs

	6.4. Conclusion
	6.5. Experimental Section

	7. Discussion and Future work
	7.1. Discussion
	7.2. Future work

	8. Conclusion and original contributions
	Nomenclature
	References
	Appendix A
	Supporting information for Development of myrcene-based resins with amine ended poly(propylene glycol) side chains bonded through hydroxyurethane linkages
	Appendix B
	Supporting information for Design of crosslinked networks with hydroxyurethane linkages via bio-based alkyl methacrylates and diamines
	Appendix C
	Supporting information for Effect of alkyl methacrylate/glycidyl methacryate copolymer backbone structure on mechanical properties of hydroxyurethane-crosslinked networks
	Appendix D
	Supporting information for utilizing bio-derived amine-terminated thermoplastic polyhydroxyurethanes as crosslinkers for hybrid thermosets

