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Design and synthesis of novel bio-based polyamines for non-isocyanate

polyurethanes (NIPUs)

ABSTRACT

Nowadays, the depletion of petroleum deposits along with the human and environmental costs associated
to the fossil-derivatives manufacturing chain are far-reaching issues. In this context, this research work
focused on the investigation of more sustainable monomers and polymers. This work was developed in
the frame of the NIPU-EJD European project, aiming on progressing the field of non- isocyanate
polyurethanes, NIPUs. The first part of the research focused on the design of less hazardous and efficient
synthetic strategies to achieve novel biobased polyamines and cyclic carbonates as monomers. All the
pathways were required to follow the principles of Green Chemistry to the highest possible extend.
Subsequently, the synthesized polyamines were employed in the development of vinylogous urethane
(VUs) polymers, epoxy resins and poly(hydroxy urethane)s (PHUs) achieving partially and fully bio-
based materials. The resulting polymers were characterized and their chemical and physical properties
were tested and compared.

Key words: polyamines, bio-based, non-isocyanate polyurethanes (NIPUs), polyurethane, isocyanate-

free.

RESUME

Actuellement, 1'épuisement des gisements de pétrole ainsi que les cofits humains et environnementaux
associés a la chaine de fabrication des dérivés fossiles sont des problématiques majeures. Dans ce
contexte, ce travail de recherche s'est concentré sur I'étude de monomeéres et de polymeres plus durables.
Cette étude s’inscrit dans le cadre du projet européen NIPU-EJD, qui porte sur les polyuréthanes sans
isocyanates, les NIPUs. La premicere partie de la recherche s'est concentrée sur la synthése de monomeres
biosourcés nécessaires a la synthése des NIPUs: les polyamines et les carbonates cycliques, au travers
de synthéses moins dangereuses, plus efficaces et respectant les principes de la chimie verte. Toutes les
voies suivies devaient respecter les principes de la chimie verte dans la mesure du possible. Par la suite,
les polyamines synthétisées ont été utilisées pour la synthése de polymeéres d’uréthanes vinylogues
(VUs), de résines époxy et de poly(hydroxyuréthane)s (PHUs), aboutissant a des matériaux
partiellement ou entiérement biosourcés. Les polyméres obtenus ont été caractérisés et leurs propriétés
chimiques et physiques ont été évaluées et comparées.

Mots-clés: polyamines, biosourcé, polyuréthanes non-isocyanates (NIPUs), polyuréthane, sans

isocyanate.



ZUSAMMENFASSUNG

Die Erschopfung der Erdélvorkommen sowie die erheblichen menschlichen und 6kologischen Kosten,
die mit der Herstellung fossiler Derivate verbunden sind, stellen heutzutage gro3e Herausforderungen
dar. In diesem Zusammenhang konzentrierte sich diese Forschungsarbeit auf die Untersuchung
nachhaltigerer Monomere und Polymere. Sie wurde im Rahmen des européischen Projekts NIPU-EJD
durchgefiihrt, das darauf abzielt, die Entwicklung von nicht-isocyanat Polyurethanen (NIPUs)
voranzutreiben. Der erste Teil der Arbeit konzentrierte sich auf die Entwicklung effizienter und weniger
gefihrlicher Synthesestrategien zur Herstellung neuartiger biobasierter Polyamine und zyklischer
Carbonate als Monomere. Dabei wurde besonderes Augenmerk daraufgelegt, die Prinzipien der Griinen
Chemie so weit wie moglich einzuhalten. Im Anschluss kamen die synthetisierten Polyamine in der
Entwicklung von vinylogischen Urethanen (VUs), Epoxidharzen und Poly(hydroxyurethane)s (PHUs)
zum Einsatz, mit dem Ziel, sowohl teilweise als auch vollsténdig biobasierte Materialien zu schaffen.
Die resultierenden Polymere wurden umfassend charakterisiert, wobei ihre chemischen und
physikalischen Eigenschaften analysiert und miteinander verglichen wurden.

Schliisselworter: Polyamine, biobasiert, nicht-isocyanat Polyurethane (NIPUs), Polyurethan,

isocyanatfrei.
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Conception et synthése de nouvelles polyamines d'origine biologique pour

les polyuréthanes sans isocyanate (NIPUs)

RESUME DE LA THESE

Chapitre 0 : La chimie verte

L'épuisement des gisements de pétrole prévu dans un avenir proche et la crise environnementale actuelle
sont des enjeux urgents pour 'humanité. Il est ainsi primordial d'explorer des molécules précurseurs
dérivées de ressources naturelles abondantes ou de déchets. Par la suite, en tirant partie de ces nouveaux
composés, de nouveaux matériaux polymeres doivent étre développés afin de remplacer ceux existants
qui ne respectent pas les principes de durabilité. L'idée est d'établir une chimie plus durable pour
s'inscrire dans une société plus respectueuse de ’Homme et de 1’environnement et promouvoir un

modele d'économie circulaire (Figure 1).

Figure 1. Equilibre Environnement-Population-Profit.

Chapitre 1 : Contexte théorique et état de ’art

Dans ce contexte, cette thése vise a contribuer a la science et a la société dans le cadre d'une chimie
organique et des polymeéres plus durables et responsables. En particulier, ce travail de recherche se
concentre sur la conception et la synthése de nouveaux monomeres biosourcés, synthétisés selon les
principes de la chimie verte autant que possible, dans le but de développer des matériaux analogues aux
polyuréthanes. Plus précisément, la conception et la synthése de nouvelles polyamines biosourcées ont
été étudiées. De plus, des carbonates bicycliques biosourcés et des polyacétoacétates ont également été
synthétisés. Enfin, a partir de ces blocs de construction, de nouveaux matériaux ont été développés

comme alternatives possibles aux polymeéres issus du pétrole et testés pour diverses applications.
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Notamment, 1'objectif a été de développer des polyméres pouvant remplacer les polyuréthanes par des

alternatives sans isocyanates.

Chapitre 2 : Polyamines issues d’huiles végétales et de terpénes

Des voies synthétiques variées ont été¢ congues pour obtenir des polyamines. Deux classes naturelles de
composés ont été sélectionnées pour atteindre les monoméres ciblés : les huiles végétales (triglycérides,
TRG) et les terpénes (et terpénoides). Tout d'abord, un protocole en deux étapes a été élaboré pour
obtenir des triamines TRG a partir de I'huile de tournesol riche en acide olé¢ique (HOSO). Cette voie
consiste en une oxydation initiale de l'insaturation du composé¢ HOSO, suivie d'une amination réductrice
catalytique (Figure 1A).

Reductive
amination

[ CH:
A) NH, D/\Q(\/\/\/\/EMI=
Mo o NH,
Wacker T | M
M . { SHy

Oxidation

. o OM
Th'OI'I_Ene wo O HN s Sy,
reaction | OM

Figure 2. Voies possibles pour obtenir des polyamines a partir d'huiles végétales. A) Oxydation de Wacker +
aminométhylation réductrice. B) Réaction de clic thiol-éne.

L'oxydation de ’HOSO a été étudiée de manicre plus écologique via la réaction d'oxydation de Wacker.
Dans un premier temps, un systéme catalytique en milieu homogene a été testé dans diverses conditions
de réaction en utilisant I'oxygeéne comme seul oxydant. Le criblage des paramétres tels que le temps, la
température et la charge catalytique a été effectué. La meilleure conversion obtenue est de 60 %, avec
une charge catalytique de 25 % mol de PdCl; aprés 24 heures a 70 °C. En raison de la quantité de
catalyseur requise, de son cofit élevé et de la rareté du palladium, il a été jugé déraisonnable de tester
des charges catalytiques plus élevées en raison de l'inapplicabilité pratique de cette stratégie synthétique
et de sa faible durabilité. En alternative, une stratégie par catalyse hétérogéne a été étudiée en utilisant un

catalyseur de phosphure de palladium supporté sur silice (Pd;P/Si0O;). Cette stratégie a été développée
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en collaboration avec le groupe de recherche en chimie inorganique de I’Institut de Technologie de
Karlsruhe, dirigé par le Prof. Hanf. Le catalyseur a été produit par le doctorant Arjun Neyyathala, qui
I’avait précédemment testé pour 1’oxydation du styréne en acétophénone dans les conditions classiques
de I’oxydation de Wacker-Tsuji. L objectif de cette collaboration a été de développer une stratégie plus
écologique pour I’oxydation des acides gras et des huiles a I’aide de Pd;P/SiO;. Initialement, 1’oléate de
méthyle a ¢t€ utilis€é comme composé modéle de départ. Les principaux paramétres influengant les
résultats de la réaction ont été étudiés, notamment le temps, la température, le solvant, la charge
catalytique et sa densité sur le support. Par la suite, I’oxydation de ’"HOSO a également été réalisée dans
les meilleures conditions identifiées. La meilleure conversion obtenue est également de 60 %, comme
dans P’approche par catalyse homogene. Cependant, une charge de palladium bien plus faible est
nécessaire dans ce cas. En effet, 25 % mol de PdCl: (Pd 59 %) ont été utilisés, contre Pd;P 7,5 % mol

catalyst de 1 % en poids de Pd sur silice.

Les TRG partiellement oxydés (polycétones) ont été soumis a diverses conditions catalytiques
réductrices avec le catalyseur de Raney-Nickel®. Malheureusement, les différents essais testés se sont
révélés inefficaces, contrairement aux résultats précédemment rapportés avec les acides gras. Cela
pourrait étre attribué a I’encombrement di a la grande taille des molécules de TRG et a leur topologie,

qui peut limiter I’accés aux sites actifs du catalyseur.

Avec le méme HOSO de départ, un autre monomere polyamine a été envisagé apres éthérification de
I’HOSO. Un systéme catalytique utilisant le bromure de gallium comme catalyseur et le triméthylsilane
comme agent réducteur a été utilisé dans des conditions inertes. Le produit final a été obtenu avec succes
en un temps de réaction court. Une conversion compléte des fonctions ester a été obtenue en 30 minutes,
avec une trace de sur-oxydation (7 % de formation d’alcool détectée par RMN). En outre, des efforts
ont été réalisés pour optimiser le processus de purification afin d'utiliser des solvants plus durables et de
réduire la quantité de déchets. La meilleure stratégie a été obtenue avec I'utilisation de 1'anisole comme
solvant. Néanmoins, le probleme de la présence résiduelle de polysiloxane (formé par polymérisation

de I'agent réducteur) dans le produit final a persisté.

La réaction d’addition thiol-éne a ensuite été testée sur le dérivé HOSO éthérifié. Malgré la variation de
différentes conditions expérimentales, les résultats s’averent insatisfaisants. En outre, une réaction thiol-
¢ne amorcée thermiquement avec I’AIBN a également été testée mais n’a pas conduit aux résultats
escomptés. Au final, la fonctionnalisation maximale atteinte est d'une fonction amino primaire par
molécule de TRG. En raison de ce résultat, il n'a pas été possible d’utiliser ce précurseur pour

I’élaboration de PHU.

Une méthode plus simple a été développée en appliquant la réaction thiol-éne sur des TRG insaturés,
des terpénes et des terpénoides (Figure 1B). De cette manicre, le produit souhaité peut étre obtenu en
une seule étape synthétique. La synthése des polyamines de TRG a été étudiée et optimisée aux plans
du processus et de la durabilité. L'amorcage photochimique a ét¢ choisi en raison de la sensibilité des
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TRG a la chaleur, ce qui pourrait entrainer une oxydation indésirable. Les paramétres cruciaux sont le
solvant, la source de lumiére et la longueur d'onde, l'efficacité de l'irradiation et le temps de réaction.
Tous ces parametres ont été soigneusement étudiés. Au final, une conversion totale a été obtenue en 7
heures dans un mélange isopropanol/éthanol avec une LED UV de 2 W permettant d’obtenir une
polyamine renouvelable en grande quantité (2 g huile végétale composé de départ). Grace a une approche
thiol-éne photo-amorcée, des diamines dérivées des terpénes ont également été obtenues a partir des
isomeres du linalol et du géraniol, et un mélange de di- et tri-amine a été obtenu a partir du myrcene.
D'autres études pourraient étre menées pour obtenir la conversion totale des insaturations. De plus, ces
dérivés pourraient étre utilis€és comme monomeres pour la synthése de différents polymeres tels que les

époxydes, les NIPUs ou les polyurées.

Dans l'optique d'améliorer l'efficacité de la réaction, un systéme de chimie en flux a été expérimenté.
Dans le cadre d'un systéme en flux continu, il a été observé qu'en augmentant le débit (de 0,5 mL/min a
9 mL/min), la conversion augmentait. Enfin, il a été possible de passer a une échelle de 2 g d'huile, de
réduire le temps de réaction a 6 heures en utilisant un solvant plus sir, atteignant une conversion
supérieure a 99 %. De plus, la LED UV utilisée est une source de lumiére a faible puissance (16 W, 365
nm), ce qui est un aspect favorable pour une faible consommation d'énergie. Il est envisageable que la
réaction puisse étre mise en ceuvre en utilisant un débit plus rapide ou une concentration plus faible du

mélange réactionnel de départ.
Chapitre 3 : Carbonates biscycliques d’uréthane sans isocyanates (UBC)

La synthése de carbonates cycliques a également été étudiée. En collaboration avec le Dr. Federico
Mundo, un collégue du projet européen NIPU, deux nouveaux monomeres biscarbamates et porteurs de
fonctions carbonate cyclique (UBC) ont été synthétisés via une voie sans isocyanate selon un processus

plus durable (Figure 3).
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Figure 3. Synthese de bis-CC sans isocyanate.

A titre de comparaison, la synthése de ces monomeres par la voie isocyanate a également été réalisée.
La comparaison entre les deux voies a montré un impact environnemental (facteur E) plus faible pour la

voie isocyanate (en considérant I'amine comme point de départ dans les deux cas). Ainsi, le processus
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développé dans cette thése s’avere une alternative plus silire et ouvre la voie a la synthése de monoméres
UBC a partir d'amines biosourcées présentant différentes structures chimiques. Malgré la faible masse
molaire atteinte par polymérisation des monomeres UBC avec différentes diamines, les PHUs obtenus
ont montré de bonnes propriétés adhésives (colles a bois) lors des tests de cisaillement en traction.
Ensuite, une investigation visant l'obtention de PHU de haute masse molaire a partir des UBC synthétisés
a été réalisée. Par ailleurs, le développement d'une bibliothéque de nouveaux monomeres UBC via une
voie sans isocyanate est une perspective pour les études futures. Par ailleurs, 'utilisation d'amines et

polyamines biosourcées serait également souhaitable pour améliorer la durabilité du processus.
Chapitre 4 : Nouveaux uréthanes vinyloges (UV) biosourcés

Trois acétoacétates dérivés de I'huile de ricin, du 1,4-butanediol et du glycérol (c'est-a-dire CoAcAc,
BuAcAc et GlyAcAc, respectivement) ont été synthétisés et combinés avec des polyamines

commerciales dérivées du pétrole ainsi que biosourcées pour obtenir des polymeéres uréthanes

vinylogues (polyVUs).
R
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Figure 4. Schéma général de réaction pour la synthése d’uréthanes vinylogiques.

Les polyamines sélectionnées sont l'isophorone diamine (IPDA), les Jeffamine D230® et T403®, la
Priamine 1071® et la limonéne diamine (LDA, synthétisée via thiol-éne photoamorcée). Les différences
dans la structure chimique des monomeéres et la variété des combinaisons possibles ont permis
I’¢laboration de polyuréthanes vinylogues (polyVUs) thermodurcissables présentant différentes
propriétés physiques, chimiques et mécaniques. En raison de la nature dynamique de cette classe de
thermodurcissables, les polyVUs appartenant a la classe des CANs (Covalent Adaptable Network
materials). Ces matériaux sont potentiellement recyclables, par rapport aux thermodurcissables
conventionnels. Des tests de remise en forme des polyVUs produits ont été réalisés. Le processus de
remise en forme plus facile pour les matériaux ayant des valeurs de Tg plus faibles. Les différences dans
les propriétés adhésives étaient liées a la structure chimique et a la densité des groupes OH libres présents
dans le réseau des polyVUs. En perspective, des tests de biodégradabilité et de biocompatibilité

pourraient donner une vision plus large sur l'applicabilité des matériaux développés.
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Chapitre 5 : Poly(hydroxyuréthane) biosourcés (PHU)

Les polyamines biosourcées mentionnées ci-dessus et obtenues via la réaction thiol-¢éne, HOSO-PA
(polyamine d'huile de tournesol hautement oléique) et la polyamine d'huile de lin (LO-PA) ont permis
de développer de nouveaux poly(hydroxyuréthane)s (PHUs). Deux différents carbonates cycliques
biosourcés (CCs) ont été testés en tant que co-monomeres, tels que le biscarbonate d'érythritol (EBC) et
le bis(cyclocarbonate) de 1,6-hexanediol (HCC). Il a été observé que la fonctionnalité en fonctions amine

plus élevée dans le cas de LO-PA permettait d’atteindre un taux de réticulation plus élevé, bien

que les taux de gel (64-75%) restent insuffisants pour des matériaux thermodurcissables. Afin d'obtenir
de meilleurs taux de gel et des valeurs de Tg plus élevées, un troisieme composant a été ajouté a la
formulation pour améliorer la densité de réticulation. Des dérivés de lignine porteurs de fonctions
carbonate cyclique (CCFL) ont été ajoutés au systeme HOSO-PA et érythritol biscarbonate cyclique
(EBC), permettant 1’¢laboration de de réseaux PHU thermodurcissables. Ce travail a été réalisé dans le
cadre d’un projet collaboratif avec la Doctorante Celeste Libretti du groupe de recherche du Prof. Meier
de I'Institut de Technologie de Karlsruhe (KIT). Quatre réseaux thermodurcissables différents contenant
différents taux de lignine ont été développés (T1 =26%, T2 =38%, T3 =57%, T4 =63%). Parmi les
différentes formulations, T2 s'est avéré €tre le meilleur compromis en termes de rigidité, faible fragilité,
densité de réticulation (taux de gel =87%) et Tg (97°C). En perspective, des tests de biocompatibilité et
de biodégradabilité seraient intéressants a investiguer. De plus, des tests mécaniques, tels que des tests
de cisaillement en traction et de traction, pourraient aider a établir des applications possibles de ces

nouveaux matériaux thermodurcissables entiérement biosourcés.
Chapter 6: Fully and partially bio-based epoxy resins

Enfin, des résines époxy entiérement et partiellement biosourcées a partir de 1'éther diglycidyle de
bisphénol A (DGEBA) d'origine pétroliere et de I'éther diglycidyle d'isosorbide (DGEISO) ont été

produites et comparées.
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Figure 5. Structure chimique de I'éther diglycidyle provenant du bisphénol A (DGEBA) et de l'isosorbide

(DGEISO).

Les réseaux obtenus a partir de DGEISO présentent des 7g au-dessus de la température ambiante mais
restent inférieures a celle obtenue avec la DGEBA. La structure aromatique de la DGEBA est le

principal facteur jouant un role dans la différence des propriétés des matériaux finaux. De fagon logique,
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il a été également observé que la nature chimique du durcisseur amine contribue fortement aux propriétés
finales du polymere. Tous les réseaux ont montré un taux de gel élevé (86-95) et une bonne résistance a
la dégradation a haute température (7d,5% de 200°C a >300°C). Les meilleures propriétés adhésives ont
¢été enregistrées sur un substrat de bois avec le réseau époxy entiérement biosourcé composé de DGEISO
et d’IPDA, surpassant celles du réseau époxy issu de DGEBA et IPDA. En général, toutes les
formulations dérivées du DGEISO ont montré de meilleures performances de résistance Shore sur des

substrats en bois par rapport a celles issues de la DGEBA.
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0 CHAPTER O: GREEN CHEMISTRY

INTRODUCTION

Since the beginning of the *80 of the 20™ century, it was known to petrol companies that the continuous

and growing release of CO» into the atmosphere from anthropological activities would lead to nefarious

consequences on our planet.! Forty years later, we are experiencing drastic climate changes and

environmental crises caused by the thoughtless human exploitation of natural resources and their

processing and use.? For this reason, and the diverse accidents in the history of chemical industries, the

field of chemistry has often had (and still has) a negative consideration in the public opinion. With the

aim of slowing and blocking the negative effects of harmful human actions, a new branch of chemistry

was born at the end of the last century.>* In 1998, Paul Anastas and John Charles Warner articulated and

published the pillar of a chemistry revolution: the 12 principles of Green Chemistry.’ These statements

were set as a guide to developing a more responsible way of thinking and conducting chemistry research

and production. The 12 principles are listed as follows:

Table 1. The 12 Principles of Green Chemistry and their definitions.

1.

=

(=)

Prevention

Atom Economy

. Less
hazardous
chemical
syntheses

. Designing
safer
chemicals

. Safer solvents
and auxiliaries

. Design for
energy
efficiency

. Use of
renewable
feedstocks

Preventing wastes is more desirable than treating the wastes
created along the process.

Synthetic processes should be designed to maximize the
incorporation of all starting atoms into the final product.

Wherever practicable, synthetic methods should be designed to
use and generate substances that possess little or no toxicity to
human health and the environment.

Chemical products should be designed to perform their desired
function while minimizing their toxicity.

If auxiliary substances are employed (e.g., solvents, separation
agents, etc.) their use should be reduced, eliminate or substitute
with safer substances wherever possible.

Energy requirements of chemical processes should be recognized
for their environmental and economic impacts and consequently
minimized when possible. If possible, it is preferable to perform
synthetic processes at ambient temperature and pressure.

A raw material or feedstock should be desirably renewable rather
than depleting whenever technically and economically practicable.
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8. Reduce
derivatives

9. Catalysis

10. Design for
degradation

11. Real-time
analysis for
pollution
prevention

12. Inherently
safer

chemistry for

accident
prevention

If feasible, unnecessary derivatization (use of blocking groups,
protection/  deprotection,  temporary = modification  of
physical/chemical processes) should be minimized or avoided.
Catalytic reagents (as selective as possible) are more desirable
than stoichiometric reagents.

Chemical products should be designed so that at the end of their
function they break down into innocuous degradation products and
do not persist in the environment.

Analytical methodologies need to be further developed to allow
for real-time, in-process monitoring and control prior to the
formation of hazardous substances.

Substances and the form of a substance used in a chemical process
should be chosen to minimize the potential for chemical accidents.

Following this example, in the following years, similar principles were established in different

scientific subfields, such as green polymer chemistry and green engineering.%’

The 12 principles of green chemistry are an effective and useful guideline; however, numerical

parameters were needed to effectively estimate sustainability. Consequently, green chemistry

metrics were introduced as practical tools. Overall, these parameters are concerned with evaluating

the amount of chemicals used, product obtained, waste produced, energy efficiency, and

environmental impact.® The attention to these aspects occurs in a larger scenario aiming at the

transition from a linear to a circular economy model.’ In fact, it is also important to consider the

balance of the three macro groups, which should collimate in the sustainability core intersection

between environment, people and profit (Figure 6).

Figure 6. Environment-People-Profit balance.
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In accordance with this, the United Nations drafted the sustainable development goals, which are

summarized by 17 principles (Figure 7).'°

SUSTAINABLE ™ &
DEVELOPMENT '*@..SALS

L | ZERO. 00D HEALTH QUALITY GENDER CLEAN WATER
POVERTY . i AND WELL-BEING EDUCATION EQUALITY AND SANITATION

DECENT WORK AND i REDUCED
ECONOMIC GROWTH INEQUALITIES

1 CLIMATE 1 LIFE 16 PEACE, JUSTICE 1 PARTNERSHIPS

ACTION BELOW WATER AND STRONG

INSTITUTIONS

FOR THE GOALS

Figure 7. 17 sustainability developments goals drafted by the United Nations.’

AIM OF THE WORK

In this scenario, this thesis aims at contributing to science and society in the frame of a more sustainable
and responsible organic and polymer chemistry. In particular, this research work focuses on the design
and synthesis of novel biobased monomers synthesized following the green chemistry principles to the
greatest extent possible. Specifically, the design and synthesis of novel biobased polyamines were
investigated. Principally, two synthetic strategies were studied: 1) homogenous and heterogenous
catalyzed oxidation of double bonds, followed by catalytic reductive amination; 2) one-step
functionalization of unsaturations through photoinitiated thiol-ene reaction to achieve primary
polyamines. Moreover, bioderived bicyclic carbonates and polyacetoacetates were also synthesized.
Furthermore, starting from these building blocks, new materials were developed as possible alternatives
to the current petroleum-based polymers and tested for possible applications. Notably, the targets were

polymers that could replace polyurethanes with non-isocyanate polyurethane alternatives.
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1 CHAPTER 1:THEORETICAL BACKGROUND AND STATE OF THE ART

1.1 RENEWABLE RESOURCES FOR POLYMERS

Polymers that are typically classified as more sustainable can be divided into naturally occurring
polymers (i.e. cellulose, lignin, natural rubber...) and polymers derived from renewable feedstock.
The latter can result from natural resources, waste or recycled materials and ideally are recyclable,
reusable or biodegradable.!! Overall, a material is more sustainable than another if its environmental

impact is lower. To evaluate this factor, the green chemistry metrics can be applied.3

Three major phases to the development of sustainable polymers can be listed as:1) the production
of (biobased) building blocks; 2) the polymerization process; 3) post-processing, which includes

reuse, recycling or biodegradation.'?

Defining the sustainability of a polymer is a complex topic, insofar as many aspects have to be taken
into account. If a polymer is bio-derived, the natural source should be preferably not food-competing
and the health and security of landfills must be taken into consideration.!* As such, the use of wastes
(industrial or agricultural) as building blocks is the ideal option.'*!> Another efficient synthetic
sustainable strategy involves the action of microorganisms. One example of polymers produced in
this manner are polyhydroxyalkanoate polyesters (PHAs), which are obtained via fermentation and
are biodegradable and biocompatible.'® At present, an often investigated waste is CO», as its use
drives a double advantage in reducing its emission and helping climate change downturn.!” This
positive effect is even more enhanced if the technology of CO, removal from the environment is
employed.'® The natural capital has to be considered in order to build a real sustainable system.'
Natural capital is defined as “The “capital” part of natural capital refers to the notion that there
are some resources (or capital) in nature that we need to use to survive and that enables the
production of more resources”.?® The use of renewable feedstocks promotes the switch from a
fossil-dependent economy to a bioeconomy. Together with the green revolution, a new economic
model has been formulated. The progression to a circular economy from the linear “cradle to grave”

economy is a crucial point for a sustainable transition (Figure 8).
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Figure 8. a) Linear economy model: the initial sources are converted to the product which is then used and at
its end of life displaced. b) Circular economy model: renewable feedstocks are processed, used and, at the end
of life, re-processed and re-used.

The circular economy implies the preservation of resources (preferably achieved from sustainable
resources) in a continuous cycle from the initial source to a novel use of the product at its end of
life. The recovery of the resource can be either directed to the same function as the initial scope or
can be converted and redirected to a different application. The important point of this model is to

limit the use of novel additional starting resources and to avoid the creation of waste.

An important note is that biobased does not mean biodegradable and biodegradable is not always
the most desirable solution.?! Moreover, the bio-assimilation in the environment of biodegradable
polymers and its effects on the environment must be studied.?>* Alternatively, of great relevance
is the research on the depolymerization process, which can be mechanical or chemical.?> Energy
consumption must be monitored, and energy production must be achieved from renewable energy
sources (wind, sun, water...).?® Water use and waste must be considered, as water is a precious
resource for life. A useful tool to understand the impact of a product from its starting point to its use
and post-use is the Life Cycle Assessment (LCA) (Figure 9).2” With the help of this methodology,
it is possible to have a numerical value, which can give an idea of the impact of the material
production. It is relevant to mention that this tool uses approximations, which can be different in
dependency on the model used. Further, the data collected are often not sufficient to have a reliable

final evaluation.?®
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Figure 9. Life cycle assessment (LCA) of sustainable polymers.?’

The United Nations Environment Programme (UNEP) is the authority of the United Nations which
publishes reports and analyses related to current situations and challenges concerning the
environmental crisis, which has an impact on the planet and human lives.?? By now, many
documents were released about plastic pollution status and prevention.?® The use of renewable
feedstocks is a central and fundamental point for the European Bioplastics organization.’® This
approach is reasonably applied if four statement are respected: i) resources being cultivated on (at
least) annual basis; ii) full valorisation of biomass according to a cascade use; iii) reduction of the
carbon footprint and greenhouse emissions; iv) saving and substituting fossil resources step by
step”.3! Furthermore, standardization is of high relevance. The European Committee for
standardization (CEN) drafted the definition of biopolymers and bioplastics, indicating polymers
and plastics that are bio-based as “fully or partially made from biological resources, rather than
fossil raw materials. They are not necessarily biodegradable or compostable” and biodegradable the
ones which “biodegrade in certain conditions at their end of life. Compostable plastics - a subset of
biodegradable ones — typically decompose in industrial composting facilities, and first need to be
collected. Biodegradable and compostable plastics may be made from biological resources or fossil
raw materials”.>> However, the use of these terms leads to misunderstanding, especially in
commercial communication, leading to the phenomenon of greenwashing.* Moreover, definitions
regarding the degradability of plastics were also introduced by the European Bioplastic

organization.!’
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1.1.1

Vegetable oils

Vegetable oils are lipids extracted most commonly from the seeds of plants. 210 MMT (million
metric tons) was the volume production of vegetable oils measured for the marketing year of
2023/2024 and the annual production is continuously growing.’*3% Triglycerides are non-polar
molecules consisting of three aliphatic fatty acid (FA) chains coupled via ester linkages to a
glycerine unit (Figure 10). FA chains are classified by the number, position and configuration of the

unsaturation along the aliphatic chain (Table 2).

Table 2. Structural details of most common fatty acids and their principal sources.

Name Chain length: Unsaturation Common
n° unsaturations position source
Palmitic 16:0 - Palm oil
Stearic 18:0 - Cocoa butter
Oleic 18:1 C9 Sunflower oil
Linoleic 18:2 C9, C11 Linseed oil
Linolenic 18:3 C9,Cl11, C13 Canola oil
Ricinolein 18:1 C9, C11 + alcohol Castor oil
Vernolic 18:1 C9, C11 + epoxy Vernonia oil
Arachidic 20:0 - Peanut oil

Saturated fats are commonly solid at room temperature; oppositely unsaturated ones are viscous
liquids. Typically, FA chains of vegetable oils consist of a number of unsaturation from 0 to 3 per

chain. A higher unsaturation degree is present in fish and algae oils.*¢

Due to the presence of unsaturation, triglycerides are usually prone to oxidation in the presence of
air and heat. Oxidation of oils involves the formation of allylic hydroperoxide radicals, leading to
the formation of short-chain molecules (aldehydes, alcohols, ketones and acids) and oligomers.*’

Additionally, the presence of moisture and an alkaline environment leads to hydrolysis.??

o?[zl(\m
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Figure 10. High oleic sunflower oil (HOSO) as model triglyceride.
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Fatty acids were employed as monomers for producing polymeric materials.*® The long chain
aliphatic structure gives flexibility and softness characteristics to the final material.>® Alternatively,
triglycerides can be used as building blocks directly by adding desired functional groups. Most
commonly, chemical modifications are made on unsaturated bonds. Direct polymerization of lipids
via cationic polymerization has been studied. The electron-rich double bonds can undergo cationic
or radical addition mechanisms.*’ Taking advantage of double bonds, thiol-ene chemistry can be
used to produce polyfunctional molecules.’® As an example, the synthesis of a library of polyols has
been performed and applied in the field of polyurethanes and polyesters.*'** Less prolific, though

of great interest, is the synthesis of the polyamines via thiol-ene radical reaction.*+

Vernonia oil naturally contains epoxy groups, however, epoxidized oils (i.e. epoxidized soybean
and linseed oil), are largely produced industrially via acid catalysis.* The ring opening (RO) of
epoxides in the presence of an acid catalyst allows the production of polyols.*” While the RO yields
secondary alcohol groups, highly reactive primary groups can be obtained by hydroformylation of
triglycerides. Different compounds can be obtained using the RO strategy, such as

hydroxyalkylamides using amides or hydroxylamines while using secondary amines.3°

A different approach via photoperoxidation reaction yields a hydroperoxide, which can be further
transformed to Michael system introducing ketone moieties in alpha position to double bonds

present on the chain.*

The more unsaturated bonds are present in a triglyceride, the higher is the number of new
functionalities that can be introduced. This brings the possibility of using these monomers to produce
crosslinked thermoset materials. Since the crosslinking takes place from a position along the chain,
the remaining dangling chain often acts as a plasticizer. Vegetable oil-derived monomers are
predominantly investigated to develop new bio-based thermosetting materials.*’ This interest is
driven by the need to find alternatives to petrol-based commercially available materials, such as

epoxy resins and polyurethane thermosets.*

11.2  Terpenes and Terpenoids

Essential oils often contain a mixture of volatile compounds among which terpenes and terpenoids.
The name derives from turpentine and was given by Kekulé in 1880, when he discovered a- and -
pinene.”® Terpene and terpenoid molecules are often secondary metabolites of plants. Their
biosynthesis has different functions in nature, such as defence and signalling.’! Essential oils are
obtained by distillation or extraction of different components of plants. Terpenes are industrially
relevant in the fragrance, medical, cosmetic and food sectors, with a registered annual market size
of 0.692 $ billion in 2023, and it is estimated to reach 1.35 $ billion by 2032, considering a
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compound annual growth rate (CAGR) of 7.69% during 2019-2022.2 To answer the market
demand, genetic engineering technologies have been studied.> Biotechnological strategies for the
biosynthesis of basic building blocks for terpenes (isopentenyl diphosphate (IPP) and dimethylallyl
diphosphate (DMAPP)) can be performed efficiently staring from simple carbon sources.>*
Terpenes consist of isoprene repeating units, leading to structural diversity and often presenting
unsaturations (Figure 11). This feature makes them suitable for chemical modifications and use as
monomers in the polymer field.>> Terpenes are usually classified according to the number of
repeating isoprene units as mono- (2 isoprene units, C10), sesqui- (3 isoprene units, C15), and di-
terpenes (4 isoprene units, C20). Terpenes can also be distinguished as linear and cyclic. Moreover,
they can be eventually differentiated for their biological function. A relevant characteristic is their
chirality, which can affect the organoleptic properties of enantiomers.>® Terpenoids are modified
terpenes, presenting oxygen as an additional atom in the form of alcohol, aldehydes and ketone

groups (Figure 11).
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Figure 11. Structural diversity in terpenes and terpenoids.

Terpenes and terpenoids are ubiquitous, abundant molecules, which makes them appealing as
building blocks for the development of new bio-based polymers. In the literature, different types of
polymerization strategies have been applied to terpenes, such as radical, ionic and coordination
pathways.>” The most known terpene polymer existing in nature is cis-1,4-polyisoprene, which is

commonly named natural rubber.>
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Terpenes functionalization for creating novel monomers is of great interest.’® In the last years, the
groups of Winnacker and Rieger focused on investigating terpene monomers and their application
in polymer synthesis.*¢' Limonene is the most studied terpene derived from lemon and orange peel
(R and S enantiomers, contained majorly in oranges and citrus, respectively). a- and B-pinene are
the second most prominent terpenes in industry.®® Pinenes are two versatile isomers due to the

presence of endo or exo unsaturation, which is prone to different modifications.%

As another strategy to increase the availability of different terpene structures, catalytic isomerization
routes have been developed. As an example, a-pinene can be isomerized to camphor. Due to the
interest in this compound, this conversion has been investigated through different heterogeneous
catalysis approaches.® Furthermore, o-pinene oxide can be isomerized to its respective aldehyde.®
Many other catalytic synthetic routes can be applied to obtain different terpenes from more abundant
terpene molecules such as hydroformylation, hydrogenation, oxidation, dehydrogenation,

condensation and cyclization.%

1.1.3 Cellulosic derivatives

Wood is a source of a large number of bio(macro)molecules that can be valorized in a biorefinery
concept.%® Not only is it a renewable ubiquitous resource, it can also be recovered from wastes of
the wood industry and further priced. Both natural polymers and small compounds can be obtained.
Cellulose, hemicellulose and lignin are biopolymers found in wood.®” Cellulose is the most
prominent natural polymer present on earth.®® It can be employed in different physical forms such
as fibres or crystals and used in the field of biocomposites.®® Generally, cellulose can be the source
of many different molecules, such as different sugars and sugar-derived compounds. Cellulose is a
polysaccharide consisting of hexose units, specifically glucose units connected by -1,4 glycosidic
linkages. This biopolymer can be depolymerized by diverse techniques’ and new eco-friendly
methods are being tested.”! Likewise, via the triple dehydration of glucose,
5- hydroxymethylfurfurlaldheyde (5-HMF) can be obtained, the precursor of the respective diacid
furan dicarboxylic acid (FDCA, Figure 12) .7

0 O 0 0
@) 0 0O
HO" N\ / H HO™ \ / “oH \ / H
5-(Hydroxymethyl)furfural 2,5-Furandicarboxylic acid Furfural
(5-HMF) (FDCA) (FF)

Figure 12. Chemical structure of 5-HMF, FDCA and FF.
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The latter is a very relevant aromatic building block, which presents structural similarity to
terephthalic acid. FDCA allows the production of an important biobased alternative to polyethylene
terephthalate (PET), named polyethylene furanoate (PEF). Parallelly, with an analogous process,
furfural (FF, Figure 12) can be obtained from hemicellulose. Different furan-based monomers can
be produced from 5-HMF and FF in specific catalytic conditions. Additionally, linear compounds

such as levulinic acid (LevA) can also be obtained from the mentioned furans.”

Erythritol is a naturally occurring sugar found in numerous fruits and fermented foods and is also
produced physiologically by humans (Figure 13).7* However, the amount of erythritol in these
natural sources is limited. For this reason, erythritol is produced by lactic acid bacteria from
glucose or by the fermentation by fungi starting from more abundant natural sugars, such as glucose,
fructose, xylose, and sucrose, which can be obtained from the depolymerization of lignocellulosic
matrices.”” In 2019, Meier et al. published a sustainable synthesis of erythritol-derived bicyclic

carbonate,’® which is a highly valuable monomer for polyhydroxyurethane (PHU) synthesis.”’

OH OH OH
HO
OH OH OH
Erythritol Sorbitol

Figure 13. Chemical structures of erythritol and sorbitol.

Other sugar alcohols are also highly relevant, such as sorbitol. By the double dehydration of this
compound, isosorbide can be synthesized. 1,4-Butanediol can be obtained through diverse pathways

from succinic and fumaric acids, which are molecules both derivable from biomass.*®

Lignin, unlike cellulose, has a more complex structure formed by different phenolic units, which
provides its characteristic robustness. Reasonably, lignin is the main structural constituent of plants,
which also acts as an antioxidant, explained by the presence of phenol groups. Together with

cellulose and hemicellulose, the valorisation of lignin is under investigation.”
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1.2 POLYURETHANES

Polyurethanes (PUs) represent 5.3% of total European polymer production.”® These polymers are
ubiquitous in human life and essential for complying with everyday human needs. PUs are employed
in many diverse sectors such as medical, automotive, construction, packaging and others.” PUs are
used in different forms, i.e. as elastomers, coatings, adhesives, plastics and foams (Figure 14).3° The
latter can be distinguished into soft and rigid, and their market share is leading over the other

applications with about 50% of the total PUs production.’!

PUs production

m Coatings ™ Adhesives ™ Elastomers Foams ® Biomedical applications

Figure 14. Polyurethane applications and their market volumes.?’

The strategy to produce PUs was developed by Otto Bayer at the beginning of the 20" century.®3
The synthetic path typically consists of a step-growth polymerization reaction between

diisocyanates and polyols (Figure 15).

O O
_R! _R?
OCN.(NCO | HO._,0H —— N NJ\O o
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n

Diisocyanate Palyol Polyurethane (PU)

Figure 15. Reaction scheme for the synthesis of polyurethane from diisocyanates and polyols.
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Many developments on polyurethane technologies have been achieved until present, achieving
excellent physical and chemical properties for a plethora of applications.?* Generally, PUs show
chemical resistance and insensitivity to moisture and oxygen. Moreover, they possess high
mechanical resistance, strength and flexibility.®® In the field of medical applications, biocompatible
PUs were developed.®

What makes PUs outstanding among other classes of polymers, is their great versatility of achievable
properties. This is mainly related to the almost endless combination of different monomers,
especially polyols, together with the presence of various types of additives. The chemical structure
and size of the monomers selected are kye points for the successful design of the final polymer for
a targeted application. Commonly, polyether polyols and polyester polyols are used as hydroxyl
source. Generally, while the first are used to give flexibility to the final material, the latter provide
more hardness. Usually, the molecular weight of the polyols is what influences the properties final
polymer. Oppositely, the diisocyanates industrially used are short molecules. Methyldiphenyl
diisocyanate (MDI) and toluene diisocyanate (TDI) are widely used examples. Their aromatic nature
makes them very reactive monomers. After the polycondensation reaction between diisocyanates

and polyols, the PU presents hard and soft segments domains (Figure 16).%

Urethane unit

Soft segment

(polyol) Hard segment

(isocyanate)

—

Figure 16. Schematic representation of hard and soft segments in polyurethanes.®
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The first are related with the isocyanate structure and the hard segment content, while the seconds
consist of polyether or polyester polyols longer chains. Consequently, selecting proper monomers,
the ratio of hard and soft segments in the final polymer can be controlled. Despite all the positive
aspects of these polymers, the process for the production of PU is under debate.?” First concern is
related to the origin of the monomers employed in their synthesis. Nowadays, the large majority of
polymers are sourced from fossil resources. Nevertheless, the exploitation of oil by humans is
resulting in nefarious consequences such as the rising level of CO, in the atmosphere, which results
in unfavourable climate change.®® Moreover, fossil deposits are finite resources.®® For this reason,
researchers are attempting to find alternative sources to produce novel building blocks applicable to
polyurethane chemistry.?® Indeed, the most common precursors of polyols are petroleum-based and
derived from ethylene and propylene oxides, leading to polyether polyols by ring opening
polymerization of the two mentioned monomers. On the other end, polyester polyols are made by a
polycondensation reaction between diacids and dialcohols.

To overcome the source issue, many biobased alternatives were investigated starting from vegetable
oils and lignocellulosic feedstock, generating a wide library of novel polyols.®!

As an example, taking advantage of the unsaturations present in high oleic sunflower oil (HOSO),
epoxy moieties can be obtained by a sequence of Shenk-Ene reaction, epoxidation and subsequent
ring opening to achieve plant-oil based polyols.”! Kessler et al. reported a series of vegetable oils-
based polyols by epoxidizing the oil with formic acid and hydrogen peroxide and subsequently a
ring-opening reaction was performed with castor oil fatty acid.”? Commonly used petroleum-based
diol chain extenders can be replaced to design polyester polyols, as such 1,4-butandiol (BDO), which
can be bioderived from lignocellulosic feedstock. Alternatively, short chain biobased polyols
derived from bio-derived carboxylic acids were employed to produce high-performance coatings.”
Diverse thiols were employed to carry out thiol-ene reactions to functionalize the unsaturations
present in the triglyceride structure and achieve different large-size polyols.*** Following this
scope, Jerahnno et al. published a comprehensive article about strategies for the upscaling of the
production of biobased polyols from laboratory to market scale.®

Parallelly, the design of bioderived isocyanates has been developed by academia and industry.®”-%

Some examples of commercially available biobased isocyanates are shown in Figure 17:
e Vencorex Chemicals: Tolonate™ X FLO 100 (from palm oil 140+80 mPa s/25 °C).

e Covestro: Desmodur® eco N 7300 (viscosity= 9200 mPa s/25 °C).
e  Mitsui Chemicals: STABIO™ D-310N (viscosity =2 mPa s/25 °C).
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Figure 17. Chemical structures of Tolonate™ XFLO 100, Desmodour® eco 7300 and STABIO™ D-370N.1%

It is important to consider that isocyanates are synthesized starting from phosgene, a highly toxic
gas.” The inhalation of phosgene gas leads formation of HCI in the lungs and thus to damage to the
respiratory system, internal lung bleeding and consequent death from asphyxia. Three synthetic
pathways can be considered to overcome the use of phosgene, such as Curtius, Hoffman and Lossen

rearrangements (Figure 18).
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Figure 18. Curtius, Hoffman and Lossen rearrangments to achieve isocyanates.'®

As an example, Hojabri et al.'”! prepared 1,7-heptamethylene diisocyanate (HPMDI) from oleic acid
by the Curtius rearrangement. Caillol et al. reported the synthesis of bisguiacol diisocianate derived
from lignin in a 4-step synthesis process.’” Filippi and Meier reported a in situ formation of
isocyanates via Lossen rearrangement without the need of isolating the isocyanate compounds.®® In
fact, besides the primary source for producing the monomers, an additional and relevant problem
are the isocyanate compounds themselves. Isocyanates are proven to be hazardous chemicals for
human health. These molecules are confirmed to be carcinogenic, sensitizing, and irritant.!>1%* Due
to this, starting from the 24™ of August 2023, restrictions on the use of diisocyanates were in force
thanks to the proposal of 2020 from the European Commission and its approval of the REACH
agency.!™ The newest precaution regulates a limit of < 0.1% diisocyanates by weight in commercial
formulations.!® Additionally, every employee handling these compounds must take mandatory
training to ensure safety.!%¢197 Because of the increasing restrictions and concerns, academia and
industry both are investigating alternative monomers to produce analogous polymers to
polyurethanes. To overcome all these problematics, a new class of macromolecules has been

introduced in the last decades, reasonably called non-isocyanates polyurethanes (NIPUs).!%8
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1.21  Non-isocyanate polyurethanes (NIPUs)

Alternative pathways have been studied to build PU-like polymers avoiding hazardous monomers.
The innovators of the field were Dyer and Scott in 1957.!% They reported the synthesis of cyclic urethanes
and ureas reacting ethylene carbonateswithdifferent aminoalcohols anddiamines.

Different ways have been developed to produce alternative polymers to replace PU, as shown in
Figure 19.' However, not all are considerably better alternatives to the polycondensation of
isocyanate and polyols. Indeed, some alternative routes involve hazardous chemicals such the use
acyl azides as monomers or the ring opening polymerization of cyclic carbamate or aziridines with

supercritical CO, (Figure 19).!%”

0] R_O
<
0] 0] H2N’R‘NH2 N o#oj \Eo>:0

Polyamine Poly(cyclic carbonate)
Acyl azide \ /

Non-isocyanate and
>R +  scCO;, — phosghene-free

HN
NIPU

Aziridine
O / Ho\ R o
O(JJ&‘NH RbH HNUNHg + o

o 0
Cyclic carbamate Palyamine DMC

Figure 19. Non-isocyanates and phosgene-free routes to non-isocyanate polyurethanes.

Among all the reported routes, the most valuable and safer are:

® Polyaddition reaction between cyclic carbonates (CC) and amines (aminolysis).''

Transurethanization reaction between carbamates and amines (Figure 20).'!!
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Polyaddition

Figure 20. Aminolysis vs transurethanization reaction in the synthesis of NIPUs.

Currently, the polyaddition is the most studied pathway. This reaction yields polyhydroxyurethanes
(PHUs), named after the presence of secondary and/or primary OH groups in B-position to the

urethane groups as a consequence to the aminolysis RO reaction.

Despite the high desirability of NIPUs, weak points in their production are present. Indeed, the
reaction between amino groups and CCs faces some limitation, such as the low molecular weight of
the final polymers. First limiting factor is the low molecular weight of the starting monomers which
leads to short polymer chains. Commonly, the high molecular weight of polyurethane is achieved
due to the long chain polyols. Then, aminolysis reactions usually reach 80% conversion as maximum
achievable threshold. Side reactions such as urea, CO, oxazolidinone formation and
transcarbamoylation are the most common cause of this outcome. Additionally, it was hypothesized
and studied that strong hydrogen bonds can lead to polymer gelation yielding limited M. This

obstacle can be overcome screening different catalytic systems and monomer structures.!!2
Three catalytic activations can be considered, such as''>:

1. increasing the electrophilicity of the carbonate centre (Figure 21a);
2. increasing the nucleophilicity of the amine (Figure 21b);

3. nucleophilic activation of the carbonate (Figure 21c¢).
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Furthermore, strong bases, urea and thiourea and amine catalyst have been studied.
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Figure 21. Types of catalytic activations in NIPU synthesis. a) increased electrophilicity of the carbonate
centre; b) increased nucleophilicity of the amine; ¢) nucleophilic activation of the carbonate. !!?

Different types and sizes of CCs can be synthesized. However, 5-membered CC are the easiest to

obtain, reacting an epoxy group with CO; (Figure 22).

0O

W/L\W+C02 — 0" "o

Figure 22. Reaction of epoxies and COz r to produce 5-membered cyclic carbonates.

The reaction mechanism from epoxy to CC involves three steps. Firstly, the nucleophilic ring
opening of the epoxy ring takes place, usually with the help of the coordination of the oxirane oxygen
to a Lewis acid (LA). Subsequently, the insertion of CO; takes place followed by the cycloaddition,

followed by ring closure and catalyst regeneration (Figure 23).114
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Figure 23. Mechanism from epoxy to cyclic carbonate with CO; through 1) ring opening 2) CO; insertion and
3) cyclization.

The convergence of CO; fixation, the use of renewable feedstocks and the isocyanate-free approach
to the synthesis of NIPUs with sustainable processes is the aimed and best strategy for next-
generation PU-like materials. The reactivity of the CC has been investigated, demonstrating that a

proportional relationship between the monomer reactivity and its ring size exists.!'> Indeed, it has
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been demonstrated that the larger the ring, the higher the reactivity of the CC in the aminolysis

reaction. This evidence is commonly attributed to a larger ring strain (Figure 24).
S SRS &
o~ o o O
\J N NI
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Figure 24. Cyclic carbonate reactivity by cycle size!'>.

Moreover, this parameter can also be tuned with structure modifications leading to the so-called
activated cyclic carbonate (ACC).!"3 Commonly, these CCs present unsaturation or electron-rich

groups in a or P position of the ring. Detrembleur ef al. showed that reacting an ACC reacts with

secondary amine, a PHU can be obtained. Moreover, it was also shown that ACC, specifically, bis(a-
-alkylidene cyclic carbonates), are highly reactive through aminolysis and tend to form

poly(hydroxyoxazolidinone)s when reacting with primary amines (Figure 25).!1¢

A K S

R
R: o TR

R, Ry R,'R, OH

Poly(hydroxyoxazolidinone)

Figure 25. Poly(hydroxazolidinone) formation via polyaddition reaction of a bis(a-alkylidene cyclic
carbonates) and a primary diamine.

Bio-based CCs have been synthesized from a wide number of molecules, among which epoxides.
An effective way to introduce epoxy moieties is the nucleophilic addition of epichlorohydrin
molecules to the chosen bioderived alcohol. On the other hand, a novel synthetic pathway to produce
bio-based epichlorohydrin from glycerine has been developed by Solvay through the EPICEROL
process.!'” Alternatively, epoxides can be formed via the oxidation reaction of unsaturated
compounds using peroxides (i.e. meta-chloroperoxybenzoic acid, mCPBA)!"* or molecular
oxygen.'!” Due to the high relevance of epoxides as intermediates, a large number of catalytic
systems have been investigated to perform this reaction. This route is often applied, as
epichlorohydrin can also be derived from glycerol, but it is a highly toxic chemical thus
contradicting the principles of green chemistry.!?%1?! The epoxidation of double bonds present in

natural compounds, for instance triglycerides, is a preferred route.!'3 Furthermore, the epoxies
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obtained will react with CO> to get 5-membered CC units. With this approach, not only sustainable
resources are employed, but CO» can be used as a building block. Caillol et al. generated different
biobased CCs from cardanol and vanillin,'?>!?* but the problematic epichlorohydrin was used (Figure
26).124125 Alternatively, the same group, achieved cardanol-based epoxy in an epichlorohydrin-free
pathway, employing mCPBA (Figure 26).'2° However, allyl bromide was used. Similarly, another
vanillin-based epoxy was achieved in a two-step synthesis from vanillic acid. Firstly, performing
the allylation step and secondly employing an enzymatic lipase catalyst (Novozyme 435) to perform
the final oxidation step. Nevertheless, allyl bromide, DMF and toluene were used in this procedure,

making the process not in line with the green chemistry principles. '?’

o
X/\/ }

1) — o
OH mCPBA

or H,O
22y

n=2,3 m=7,5 OH

Cardanol

Figure 26. Possible synthetic strategies to achieve epoxy monomers from cardanol.

Diverse studies on vegetable-oil-based cyclic carbonates are available.'?’-13° Commonly, the
unsaturations present in the triglyceride structure are converted into epoxy groups via oxidative

pathway employing mMPCA or H»O,, followed by the coupling with CO; (Figure 27).
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Figure 27. Direct epoxidation of vegetable oils.

0.1.1 Polyamines

Oppositely to the studies on CCs, much fewer articles can be found on the design of biobased
polyfunctional amines.!3132 At present, popular commercially available amines used for NIPUs
synthesis are usually petroleum-based difunctional linear primary amines (i.e 1,6-hexamethylene
diamine or Jeffamines®) or the cyclic isophorone diamine, which is potentially biobased (Figure
28). On the market, very limited options for trifunctional primary amines exist. One example is the

amine T403 from the Jeffamine® series.

NH,
H,N NH
/\/\/\/NH 2 2
H,N 2 : NH,

I,6-hexamethylene diamine
(HA)

Isophorone diamine
(IPDA)

Jeffamine®

Figure 28. Chemical structures of 1,6-hexamethylene diamine, a general Jeffamine structure
and isophorone diamine (IPDA).

As for CCs, the reactivity of different amines was examined. Diakoumakos and Kotzev evaluated
the reactivity profiles of different amines with a S5-membered cyclic carbonate at room
temperature.'33 They rationalized an increasing reactivity trend for aliphatic amines without o and 8
substituent. Concomitantly, in the same batch of high reactive polyamines, it was observed that the

reactivity decreases with lowering the molecular weight (Figure 29).
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Figure 29. Reactivity of different amines with 5-CC at room temperature.’*?

In the study of Andrioletti et al., it was shown that steric hindrance is a limiting factor for amine
reactivity, while nucleophilicity favours aminolysis.'3* Moreover, it was demonstrated that f3-
hydroxy amines present an enhanced reactivity compared to the analogous aliphatic amines.!3
Main determining factors influencing the reactivity of amines are the combined effect of
nucleophilicity and steric hindrance. It was reported that a primary amine on a secondary carbon
(sec-butylamine) is less reactive than a primary amine on a primary carbon
(n-butylamine).!3¢ Moreover, in the same study, primary amines on a tertiary carbon displayed no
reactivity in the kinetic studies with propylene carbonate at 80°C. Furthermore, the inductive effect
of heteroatoms in B-position to the amine nitrogen can lead to faster kinetics.!* It is relevant to
mention that, if the reaction with CCs is conducted in a solvent, this parameter can highly influence
the reaction kinetics. The reaction rate is known to be highest in protic polar solvents due to the

increased electrophilicity of the CC in this media (Figure 30).!"”
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Figure 30. Effect of protic solvent on CC.'"7



0.1.2  Bio-based polyamines

Di- and tri-functional biobased primary amines are the most desirable monomers. A commercially
well-established series of bioderived amines is the Priamines® from Cargill.!3® These amines are
produced from fatty acid dimer obtained through isomerization and subsequent Diels-Alder
cycloaddition and hydrogenation under harsh conditions. In the field of lignocellulosic-derived
amines, it is possible to find a few examples. Aminated cellulose can be produced, however this
synthesis was performed through a non-sustainable pathway.'3 A regioselective bromination on
primary OH groups of cellulose followed by an amination using ethylene-1,2-diamine was
performed. Recently, Avérous et al. published a strategy for the amination of lignin following the
green chemistry principles.'* The synthetic route consisted of an amidation reaction followed by

hydrolysis using non-toxic chemicals (Figure 31).
Hydrolysis R

O
o/«N{O O/<
R l\/ k/N R
H . .
OH O/\/N\[I/ o/\/NHQ
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Figure 31. Two-step synthesis for lignin amination'%.

In 2023, Nam and coworkers showed a different pathway to achieve a lignin-based polyamine from

Kraft lignin using diethylenetriamine (Figure 32).'4!

H
OH DETA A~ N~
formaldeyde HzN NH OH
—>._
0
R R
R= OH, CHs3, CH4
Ktaft lignin Kraft lignin-derived polyamine

Figure 32. Amination process of Kraft lignin'#!.
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Two examples of furan-based amines have been reported. A dimer of furfural amine was obtained
by an acid condensation reaction of the biobased furfuralamine.'** Furan-based amine from 5-HMF
via reductive amination was also synthesized. For this aim, different nickel-based heterogeneous

catalysts were tested. (Figure 33). 144145
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Figure 33. Synthesis and structures of furfural derived diamine.

The dimerization of furfural was reported by Jerome and colleagues.!# This aromatic dialdehyde
can further allow the synthesis of the respective diamine via catalytic reduction with a nickel
catalyst. Limonene diamine was synthesized by Meier et al.'*¢ via a thiol-ene photoinitiated reaction

taking advantage of the naturally occurring unsaturation of the compound (Figure 34).

NH, « HCI
Hs >
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DMPA " NH,
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Figure 34. Thiol-ene reaction for the synthesis of limonene diamine.'46
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Rapeseed oil and canola oil-derived tri-functional amines were synthesized with thiol-ene analogous

strategy (Figure 35).147.148
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Figure 35. Thiol-ene reaction of vegetable oils.'#"148

A three-step synthesis was reported to achieve a rigid aromatic diamine structure from the vanillin
(Figure 36).'%° Also, a diamine from vanillin could be obtained after the synthesis of vanillin diepoxy
compound, followed by a ring opening reaction (Figure 36). Moreover, an aromatic amine from
cardanol, through the introduction of unsaturations via Sx2 reaction with a toxic allyl bromide and

a subsequent thiol-ene reaction, was also described.!*°
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Figure 36. Possible strategies to synthesize a diamine compound from vanillin.'4150
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Cramail and coworkers'! designed two synthetic pathways to obtain diamines from vanillin dimer
and methylated divanillic acid, achieving bis-benzylamine and bis-aniline moieties, respectively
(Figure 37). The first synthetic route involved the alkylation of the hydroxy phenols, followed by
oximation of the aldehyde functions to methylated divanillyloxime. Then, the oxime moieties were
reduced to primary amines under 12 bar H, pressure and in presence of 1 RaneyNi® catalyst (Figure
37). The second route involved the conversion of the divanillin monomer to the respective diacid,
followed a Curtius rearrangement to yield the diisocyanate product. Finally, the isocyanate groups

were hydrolysed to amines (Figure 37).
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Figure 37. Synthetic pathways to achieve diamines from vanillin-derived dimers.'>!
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The use of Raney Nikel® catalyst has also been reported to convert lignin-derived polyols to the

respective amines in presence of aqueous ammonia.'>?

R 2NH3, RaneyNi® R
- +
HO™ "OH —®»  HN NH 2120
t-amyl alcohol
Lignin-derived 140-180°C, 18 h
diols

Figure 38. Catalytic route to lignin-derived diamine from lignin-derived diols.'>

Knowing the current state of the art, this thesis focuses on finding strategies for the synthesis of novel
bio-based polyamines and diverse monomers (cyclic carbonates and vinylogous urethanes) which
can be useful for the production of more sustainable polyurethane-analogous materials. Indeed, the
exploration of the latter have been also investigated. The purpose is to contribute to the bigger aim
of a healthier maintenance of our planet and society. The practical goal is to support the transition
from a linear economy to a circular model. In particular, the synthesis of novel biobased monomers
synthesized following the green chemistry principles and the production of safer, bio-based, and

useful polyurethane-analogous materials is aimed.
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1 CHAPTER 2:POLYAMINES FROM VEGETABLE OILS AND TERPENES

1.1 FROM VEGETABLE OILS TO POLYAMINES

The synthesis of novel biobased monomers through more sustainable pathways is a relevant
challenge. Bioderived polyamines are essential for developing greener materials, given that they are
employed to produce diverse polymer materials such as polyamides,'33 NIPUs, !> polyureas'>> and

epoxy resins.!*® However, not many studies have been carried out on the topic.!*’

As discussed in Chapter 1, vegetable oils are an important renewable feedstock in the field of
polymer chemistry.**!58 Different research groups put efforts into studying fatty acid (FAs) and
triglyceride (TRGs) modifications to enhance the value of such compounds. Great attention was
given to the epoxidation of FAs due to their considerable applicability in the epoxy resin field or for
further ring opening.'>® In the last decade, Meier et al. investigated the chemistry of FA and their
modification.'®*1®! Drawing on these studies, a synthetic pathway to yield polyfunctional amines in
a two-step synthesis was designed through an oxidation reaction followed by reductive amination

(Figure 39A).162

Few previous studies showed the possibility of achieving polyfunctional amines from vegetable oils.
The chemical strategy applied is often via thiol-ene radical reaction (Figure 39B).!93164 The
photoinitiated pathway is preferred to the thermal initiated one because of the instability of TRGs
when subjected to heat.'®® The first application of this strategy to achieve an amine-functionalized
molecule was published by Meier et al.* using limonene as a starting building block in presence of
cysteamine hydrochloride salt (CAHC) as thiol. Subsequently, these molecules were employed to
produce epoxy and NIPU materials. Simultaneously, Rios et al. studied the amine functionalization

of canola oil (or rapeseed oil) with the analogous approach. !¢
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Figure 39. Possible pathways to achieve polyamines from vegetable oils. A) Wacker oxidation + reductive
amination. B) thiol-ene click reaction.

1.1.1 Wacker oxidation

To investigate the oxidation of TRGs to polyketones in a sustainable fashion, the Wacker oxidation
reaction was considered. The Wacker oxidation process was introduced in 1959 for the industrial
conversion of ethene into acetaldehyde.'®” Besides its industrial importance, this catalytic reaction
has been extensively studied for wider synthesis applications.!®*!7° The industrial process was
carried out in aqueous acidic media, while subsequently, Tsuji replaced it with a DMF/H,O mixture
as a solvent system for selective oxidation of terminal olefins.!”! Commonly, the laboratory scale
reaction is referred to as Tsuji-Wacker oxidation. It is commonly defined as an aerobic reaction
catalyzed by palladium(II) species in the presence of a copper co-catalyst (Figure 40).!7? Starting
from a terminal olefin, ketones and aldehydes can be obtained as the anti-Markovnikov and

Markovnikov products, respectively (Figure 41).!73
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Figure 40. General mechanism of Wacker oxidation process.!”
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Figure 41. Markovnikov and anti-Markovnikov addiction on terminal olefin via Wacker oxidation.

The complex mechanism has been extensively studied;'7®!”® however, unclear points remain. It is
important to consider that in transition metal catalysis, factors such as pH, solvent, and ligands
strongly affect the reaction mechanism and outcome.!”’ In the frame of the Wacker oxidation, the
most debated topic concerned the Pd(II) nucleophilic attack on the unsaturated system.!” The syn
or anti nature of the nucleophilic addition was discussed for a long time. Kinetic, stereochemical
and theoretical investigations were performed to answer this question.'” The resting state of PdCl,
is its respective tetrachloropalladate [PdCl4]*. The distinct reactions shaping the Wacker are the

following (Figure 42).
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Figure 42. Individual reactions of the Wacker oxidation process’*’,

As mentioned previously, the reaction conditions highly influence the reaction progress. As such,
not every study can be considered valid for the final assumption. In their study, Lee and Henry!'®
started studied the stereochemistry under non-Wacker oxidation condition. Starting from a mixture
of isomers of 2-butene in presence of CO and other standard Wacker process conditions (methanol
was used as solvent, however behaves similarly to water), 3-methoxy-2-methylbutanoate was
selectively obtained (anti addition). Since CO can coordinate Pd, this prevents the methanol
coordination, which is a requirement for syn addition. Therefore, the general assumption of an anti
nucleophilic attack is not valid. Generally, if ligands are used to coordinate the Pd(Il), steric
hindrance might affect the syn addition.!”” Concentration of chlorides and co-catalyst have also an
impact. Through deuterium labelling studies, it has been demonstrated that anti addition occurs at
high concentrations (Cl" > 3M; CuCl; >2.5 M) (Figure 43b). Oppositely, in case of Cl and CuCl,
both < 1 M, an additional chlorinated product is obtained (Figure 43a).!”’

[CI]<1M O
v .k
H

[CuCl,| < 1M

C,H, + [PACL )™

- 0
by [CI]>3M + HOL~
- Cl
A

[CuCl,y > 2.5 M

Figure 43. a) Wacker oxidation in low chlorine and co-catalyst concentration. b) Wacker oxidation in high
concentration of chlorine and co-catalyst.'3

Overall, it can be affirmed that the formation of the Markovnikov or anti-Markovnikov product
depends on the hydroxypalladation stage. Regioselectivity studies to obtain preferentially one of the
two products have been carried out.!’®!81:182 [t was shown that internal and terminal olefins bear

different reactivity, with the second being more reactive. '3

55



The high amount of CuCl, needed, the HCI corrosion problem, the production of hazardous wastes,
the decomposition of palladium and the isomerization of olefins, drove the research on finding
alternatives to design a more efficient and sustainable system.!”? Ir0121 catalysts were proven to be
effective as a cheaper and abundant metal option.'®> Moreover, alternatively to copper, other
inorganics (hypervalent iodine,"® CrOs,' Oxone®,'®® H,O '"7) and organic oxidants
(benzoquinone,'®® tBuONO, '3 tBuOOH'’) were tested. A relevant example is the work of Grubbs
and coll., which employed benzoquinone as a co-catalyst and an iron catalyst to internal olefins.'!
Moreover, the enzymatic pathway was screened.!”? Further, the substitution of the reaction media

193 or supercritical CO,.'** Nickel-catalyzed Wacker oxidation

was experimented using ionic liquids
was also tested.!*>1%¢ One of the most significant modifications of this catalytic system was the use
of oxygen (or air) as a sole oxidant in the absence of a co-catalyst.!®* Being a cheap and widely
available resource, O; (or even better air) is generally considered the most sustainable oxidant. One
first examples was published by Reddy et al. in 2016 employing 14 bar O, in DMAc/H»O at 70°C.
No co-catalyst was needed, but 50% mol. of PdCl, were used, achieving a 54% yield.!*” Kaneda et
al. developed a more efficient system.!83 Initially, they investigated terminal olefins such as 1-
decene, screening different solvents and Pd species. The best results were achieved by employing

PdCl; as a catalyst in DMAc/H»O in presence of molecular oxygen at 80 °C (81-96% yield) (Figure
44).

H,0 + 2H
\/O Kdec 0
T - = I e 2 T"’ [Pd] m

L Pd’
* kcat +

1/2 Oy + H,0 Oy + 2H+

Figure 44. Proposed mechanism for co-catalyst free Wacker oxidation system. '3

Four years later, the group showed the application to internal olefins.'”® In this case, the reaction
was tested in the presence and absence of a copper co-catalyst. It was shown that there was a loss of
activity in the oxidative pathway of internal unsaturation using copper. Further, the same approach
was applied on different substrates (80-98% yield). In 2014, Meier et al. published a study on the
oxyfunctionalization of methyl oleate and its further amination to produce biobased polyamides.'®!
In general, a great advantage of this procedure is the recovery and reuse of the solvent-catalyst
system without considerable loss of catalytic activity. Moreover, isomerization of olefins was not
detected, which usually is a common drawback of the co-catalyzed system. It was observed that the

increasing of the gas pressure resulted in a faster kinetic.!83
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1.1.2

Homogeneous catalysis for TRGs oxidation

Wacker oxidation, as described above, is a homogeneous catalyzed reaction. In this section, the
study on the oxidation of a TRG (high oleic sunflower oil, HOSO) via Wacker oxidation using PdCl,
as homogeneous catalysis is described. Related to the target molecule, a tri-functional ketone was
previously obtained through a Schenk-Ene photoperoxidation reaction of high oleic sunflower oil.*
In this study, the Wacker oxidation of HOSO was investigated using O, a sole oxidant. A
commercial vegetable oil was used to demonstrate the applicability of the synthetic strategy on
common unsaturated TRG substrates. HOSO takes its name from the high content of oleic acid.
Other types of FA chains found in HOSO in a lower amount can generally be linoleic (two double
bonds), linolenic (three double bonds) and saturated aliphatic chains. Therefore, the lipidic
composition was analysed via proton NMR following the method developed by Salinero and coll.'”
(Figure 45). The integration of the proton signals relative to specific FA peaks were used in a system

of equations (Equation 1). In this manner, the fraction of each FA chain form could be established.

—

[ VinylicH = 2A + 4B + 6C
[ Linoleic bisallylic H = 2B Eq 1

[ Linolenic bysallylic H = 4C

A+B+C+D=3

A = oleic chain (monounsaturated)
B = linoleic chain (diiunsaturated)
C = linolenic chain (triunsaturated)

D = saturated chain
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Figure 45."H-NMR (400 MHz) spectrum of HOSO in CDCls (7.26 ppm) for the determination of its fatty
acid composition.

After the normalization to the hydrogen linked to the glycerol carbon integral at 5.19 ppm to

[= 1, the peaks of the glycerol -CH,-CH-CH>- unit (4.28 ppm), the integrals of the vinylic
hydrogens (5.33 ppm), linoleic bisallylic hydrogens (2.74 ppm) and linolenic bisallylic
hydrogen (~2.80 ppm) were evaluated according to the equation system showed above (Equation

1). In this oil, no linolenic chains were detected. (Figure 18).

5.72=2A+4B + 6C
0.17 = 2B

0=14C
A+B+C+D=3

This equation resulted in the fatty acid composition shown in Table 3 (A =2.7, B=0.085, C =
0, D=0.215. TOT=13).

Table 3. Percentage of different fatty acid chains calculated by proton NMR.

Peak Percentage
A = oleic acid 90%
B =linoleic acid 2.8%
C =linolenic acid 0
D = saturated fatty acids 7.2%
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The average amount of double bonds per TRG is the weighted average of double bonds per
chain and equal to 0.96, which was approximated to 1 double bond per chain or approximately

3 per TRG for further experiments.

The experimental conditions were inspired by the work of Czapiewaki and Meier concerning
the oxidation of fatty acid methyl esters (FAMEs).!®® PdCl, was used as a catalyst and
DMACc/H>O (9:1) as a solvent mixture. The reaction was carried out in a pressure reactor and
O (10 bar) was used as the sole oxidant, without the need for a co-catalyst. Initially, 5.6% mol
of the catalyst were used and the reaction was carried out at 70 °C for 24 h. After purification
via extraction, no conversion was detected by NMR. As a consequence, the amount of catalyst
was increased to 15 % mol and 25 % mol of PdCl,. The appearance of the triplet at 2.27 ppm
corresponding to the carbonyl a-protons showed the successful formation of the product. As a
result, the conversion to the desired product enhanced to 34% and 61% for 15% and 25% of
catalyst loading, respectively. As mentioned above, the organic phase consisting of DMAc and
the solid catalyst dispersed in it can be reused to carry the same reaction up to 3 times without
significant loss of catalytic activity.!® It is important to consider that, during the reaction, two
possible regioisomers can be formed in position C9 or C10 of the oleic chain. However, no
selectivity was detected in the formation of the ketone Halving the reaction time, the conversion
decreased to 50% of the final product (WO1, Table 4). Keeping the conditions related to the
best outcome (WO, Table 4) constant, a screening of different reaction times was performed
(Table 4). Reducing the time from 24 h to 8 h, the conversion was limited to only to 7% (WO3,
Table 4). Similarly, a conversion of 12% was achieved after 12 h (WQO4, Table 4). Further, the
reaction time was investigated at 50 and 60°C. It was observed that 60°C for 24 h was leading
to the same result recorded at 70°C after 12 h (50% conversion, WOS and WOI, Table 4).

Table 4. Screening of temperature and tie conditions for Wacker oxidation with O, as sole oxidant of high
oleic sunflower oil (HOSO).

Temperature (°C) Time (h) Conversion®
WO0* 70 24 62
WO1 70 12 50
W02 50 24 14
WwO3 60 8 7
W04 60 12 12
W05 60 24 50

For all the entries 25% mol catalyst was employed. ® Best outcome conditions registered from the catalyst
screening. ® Measured by 'H-NMR using triplet at 2.38 ppm (CH.C=OCH.,) with reference integral of -
CH3 at 8.87 ppm (9H).
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Compared to the classical Wacker oxidation process, several advantages can be found.

Improvements in terms of green chemistry principles respected for this synthetic procedure are:

e (atalytic process

e Recyclability of the catalyst

e O as sole oxidant (no need for a co-catalyst)
e Recyclability of the solvent media

e Simple work-up

As PdCl, is an expensive non-abundant metal, it was decided not to screen a higher catalytic

load, as the advantageous aspects of catalysis and sustainability would have been missed.

1.1.3  Heterogenous catalysis for TRGs oxidation

As an alternative to homogeneous catalysis, heterogeneous catalytic systems were investigated for

Wacker oxidation reactions.

Heterogeneous catalysis allows an easier catalyst recovery, which results in the possibility of its
reuse and a simpler waste management. This often translates into cheaper and more sustainable
processes. Additionally, heterogeneous catalysts possess better thermal stability. However,

homogeneous catalysts typically show enhanced selectivity and activity (Table 5).2°!

Table 5. Generalized comparison between homogeneous and heterogeneous catalysis.””’

Homogeneous catalysis Heterogeneous catalysis
Selectivity excellent/good good/poor
Thermal stability poor good
Catalyst recovery difficult and expensive easy and cheap

In the frame of Wacker oxidation, diverse strategies using a Pd/V,0Os catalysts supported on
alumina,?® titanium oxide,?® silica?*+?% and carbon?°%2%7 can be found in the literature (Table 6). In

these studies, a copper or vanadium co-catalyst was employed.
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Table 6. Reaction conditions of different heterogeneous catalyst- systems and their selectivity in Wacker

oxidation reactions.

Ref. catalyst support T (°C) Aldehyde Ketone
Evnin et al.'® Pd/V>0s a-AlOs3 140 ~20% trace
Peng et al.'3¢ Pd° C 65 90% nd
Barthos et al.'® Pd/V>0s TiO, 100 65% nd
Barthos et al.'® Pd VOx nanotubes 150 95% nd
Vafaeezadeh et Janus-type SiOz 80 88% 9%
al.184 Pd
Wang et al.'¥ Co N doped C particles 150 nd 95.8%
Hanf et al.'® Pd;P Si0, 50 nd 100%

Barthos et al. prepared Pd particles supported on VOx nanotubes.”® A cobalt catalyst supported on
charcoal was proposed by Wang and co-workers in 2020.27 In this work, a single atom catalysis
approach was adopted. The advantage of this approach, over classic heterogeneous catalysis, is the
large availability of active catalytic sites. In fact, the absence of metal-metal bonds lead to an
elevated surface area. This can be seen as equal to the activity of the sites present on the edge of a
nanoparticle catalyst. Consequently, this characteristic enhances the reaction speed. In the work of
Wang and colleagues,?”’ the conversion of styrene to acetophenone was achieved using isopropanol
as solvent and H donor, in an oxygen atmosphere at 150° C for 6 h. The best conversion to the

desired product was 95.8%.

Recently, Hanf et al. developed a Pd-phosphide (Pd;P) catalyst supported on silica and successfully
tested its potential in the Wacker oxidation.?* In this study, the effectiveness of Pd;P/SiO, was tested
on a model reaction converting styrene to acetophenone. Different reaction conditions were tested
and the maximum selectivity was achieved at 50 °C in 6 h, reaching 70% conversion. Due to the
great potential of Pds;P/Si0O,, we decided to collaborate with the Prof. Hanf research group of the
Inorganic Chemistry department of Karlsruhe Institute of Technology. The idea behind the
investigation was to merge the previously mentioned O»-sole oxidant methodology with
heterogeneous catalysis. The preparation and characterization of this catalyst can be found in a
recent paper, in which a metal-phosphide catalyst was used for Wacker oxidation.?’* For this work,
the catalyst was kindly provided by MSc. PhD candidate Arjun Neyyathala from the Hanf research

team.
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The advantage of using phosphide catalysts relates to the large size of phosphorus atoms (1.23 A
atomic radius), which determine a significant interatomic spacing, leading to more accessible active
metal sites. Indeed, it was demonstrated that the presence of P in Pd catalysts improved the catalyst
performances.?!® Furthermore, the catalyst performances is influenced by the P/Pd ratio.?!! With the
modification of this factor, the cluster size is decreasing following an inverse proportionality with
the increase of P/Pd ratio. Therefore, the smaller the ratio, the bigger the cluster and the highest
catalytic sites availability. PdsP is classified as metal-rich phosphorus species (nP < nM) and
therefore contains M-M bonds (Figure 46).7>212 It is needed to mention that in P-containing species

Pd is mostly in the fundamental state, which helps the process.?'?

Figure 46. 3D structure of Pd;P. mp ID for the PdsP is mp-19879 and data base version is same as below
(data retrieved from the Materials Project for PPd; (mp-19879) from database version v2023.11.1.).
Pd=blue, P= pink.

With the idea of applying this system of converting renewable feedstocks, methyl oleate was chosen
as a fatty acid model compound. The aim of the study was the design of an efficient catalytic system

in a greener fashion.

Pd;P/Si0; with 10 wt.% palladium content was used for the initial experiments. As a comparison,
also a pure supported palladium catalyst (Pd/SiO) was investigated. A previous study by Meier et
al.'¥ showed the achievement of 100% conversion of the double bond of methyl oleate fatty acid.
The product was achieved within 24 h with 2.5 mol% PdCl, catalyst in the absence of a co-catalyst
for methyl oleate in DMAc: H,O at 70°C, in presence of 10 bar oxygen. The analogous conditions
were used to test the catalytic activity of Pds;P in this system. Moreover, with the aim of developing
a more sustainable synthesis, a test in Me-THF/H,O mixture as solvent media was carried out. In
both cases, 2.5 mol% of catalyst were employed. Unfortunately, no conversion was detected in either
test. Traces of epoxy isomers were formed (7% and 6%, respectively). A reaction trial was carried

out with an increased catalyst loading (5 mol%) in both conditions.
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In order to achieve better results, a Pd;P/SiO; catalyst with 1% wt. metal loading was employed.
The reduced density of the metal particles on the silica makes the active catalytic sites more
accessible. As a consequence to the unsuccessful previous results, Pd;P and MO were tested in the
conventional Wacker oxidation condition under different conditions (Table 7).

Table 7. Reaction conditions tested for a conventional Wacker oxidation with Pd/SiO; and Pd3;P/SiO,
catalysts on methyl oleate.

Cat Cat (mol%) Co-cat (mol%) Solvent Conversion
to ketone*%
P6 Pd;P 2.5 5 THF:H>O 56%
P7 Pd 2.5 5 THF:H>O 60%
P8 Pd;P 5 10 THF:H,O Trace
P9 Pd 5 10 THF:H>O -
P10 Pd;P 2.5 5 Me-THF:H,O Trace
P11° Pd;P 5 10 THF:H,O -
P12¢ Pd;P 2.5 5 THF:H,O 25
P13¢ Pd;P 7.5 15 THF:H>0O 56

Reaction conditions: catalysts Pd;P/SiO; Pd 1 wt% supported on SiO, and CuCl; co-catalyst, 80°C, 24 h, O
10 bar. * Measured via GC-MS and '"H-NMR. ° Conducted under air at 1 atm. ¢ Pd;P/SiO, with Pd 5% wt.

4 High oleic sunflower oil as starting compound.

With the same catalytic loading and the presence of a CuCl; as a co-catalyst, the outcome improved.
In fact, 60% and 56% conversion was reached in 24 h (80°C, in THF:H,0, Table 7, P6 and P7) with
Pd and Pd;P catalysts, respectively. A test in Me-THF was run with PdsP, to substitute the hazardous
THEF. However, a low conversion was achieved due to the unfavourable miscibility of the reactants
in the solvent. To improve the result, a 5% mol catalyst was investigated in the same conditions with
both catalysts (Table 7, P8 and P9). From the GC-MS analysis, it was clear that the higher number
of active catalytic sites present led to the formation of a mixture of side products, with significant
production of those in the case of the pure Pd. A reaction, carried out in atmospheric condition led
to no conversion (Table 7, P11). Further a Pd;P catalyst with Pd 5%wt. was tested using the same
conditions of the entry P6 (P12). The aim was confirming the correlation between the Pd loading
on the support and the reactivity of the catalyst. It was clear that this parameter was crucial to the
product formation. This evidence can be explained by the higher availability of active catalyst sites
and fewer M-M interactions. Indeed, while with Pd;P - Pd 10% wt. MO conversion was not detected,
with Pds;P -Pd 5% wt. 25% conversion was achieved (P12) and an even higher value was obtained

with Pd 1% wt. (56 %, Table 7-P6), considering same mol% conditions. This result can be explained
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by the easier accessibility of metal active site on the supported catalyst when the Pd density is lower.
Indeed, it was observed that higher conversion was achieved at lower Pd wt. % loading on the
support. Nevertheless, when only metal Pd whit Pd 1% wt. loading supported catalyst was
employed, multiple side products were detected. This points out the requirement on the active sites
accessibility and their nature to maintain the selectivity on the final product. After testing the
oxidation of MO, the heterogeneous catalyst was applied for the oxidation of HOSO. The conditions
were adapted to the new compound, meaning that 2.5% mol of Pd;P catalyst for double bond present
in the triglyceride structure were used. An experiment in the best conditions achieved with MO
(WOO0-Table 6) led to 56% conversion to the polyketone (Table 7, P13). Comparing the
homogeneous and heterogeneous approach, similar conversions were achieved for the best reaction
outcomes (WO0-Table 6 and P13-Table 7). However, much less catalyst was required in the second
case considering that in WO0 25% mol of PdCl, (Pd 59%) was employed and in P13 7.5% mol
Pd;P/SiO; (Pd 1% wt.). In conclusion, the heterogeneous approach demonstrated to be an effective
pathway due to the reduced amount of palladium of about 20 times. Also, this factor has to be taken

into account together with the possibility of easy recover and reuse of the supported catalyst.

1.1.4 Reductive amination of TRGs

Following the example of Czapiewaki and Meier, the amination of the oxidized HOSO was
performed.?’® In their study, the reductive amination of oxidized fatty acid methyl esters (keto-
FAMEs) was accomplished. A catalytic route with the use of Raney-Nickel® catalyst together with
two ammonium salts as a source of nitrogen for the in-situ formation of ammonia was employed.
The reaction was conducted in ethanol at room temperature with 30 bar H, pressure. In 24 h, high
yields were obtained. The procedure was adapted to the triglyceride. The catalytic loading of Raney-
Ni® was fixed to 20% mol After purification, the NMR analysis showed no conversion of the initial
product. Considering the importance of the solvent in reductive amination, alternatives to ethanol
were evaluated.'”> After literature research, isopropanol was considered as a solvent, which could
have improved the reaction outcome. Isopropanol, as a secondary alcohol, has been reported to

possibly enhance the activation of catalytic sites of the Raney-Ni® (Figure 47).2'4
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Figure 47. Primary and secondary alcohol interaction with Raney-Ni® catalyst.

Nevertheless, it was also underlined the role of isopropanol in the Wacker reaction as an effective
hydrogen source in comparison to other solvent media.?!4?!> It was displayed that the reaction
proceeded more efficiently in isopropanol rather than in ethanol or methanol. Moreover, the results
were worse in much sterically hindered solvents like fert-amyl alcohol. Repeating the experiment
with the new solvent, no improvements were detected. Consequently, a different approach was
undertaken. The catalyst was left unchanged, however a 2 N ammonia solution in methanol was
employed instead of the ammonium salts. The reaction was carried out under 30 bar H, at room
temperature for 24 h, as previously. Unfortunately, the result was unvaried. The reason might be
attributed to the difficulty to the catalytic active sites to be in touch with ketone groups due to the
large size of the molecule and the insufficient catalytic loading, which can be already considered
quite high in the experimented trials. As a final point, the elevated catalyst percentage necessary for
the Wacker oxidation and the incomplete conversion to the product made the oxidation process not
viable in a sustainable perspective. Moreover, the additional ineffective reductive amination strategy

led the direction of the research driving to more impactful synthetic pathways.

1.2 VEGETABLE OIL ETHERS VIA CATALYTIC REDUCTION

As previously mentioned, vegetable oils are highly valuable renewable feedstocks. Moreover, their
performance in new materials can be improved by chemical modification of their structure. It is
known that ester linkages can undergo hydrolysis and consequently, this leads to undesired polymer
degradation if TRGs are used in polymeric materials. In order to avoid this issue, the reduction of
the ester moieties in the TRG backbones can be considered an option. Additionally, the influence of

ester and ethers analogous monomers can be evaluated in final polymers.
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The first example of catalyzed reduction of esters with silanes was published by Tsurugi®! using
trichlorosilane as a reducing agent together with y radiations. In 1995, the first metal-catalyzed
reduction was shown using a Mg catalyst in the presence of PhSiH; as reducing agent.?!” Sakai and
coll. studied esters reduction with different trivalent indium catalysts. Using InBrs (0.05 eq.) was
proven to be a successful strategy at 60°C with 4 equivalents of Et3SiH, obtaining moderate-low
yield. They also displayed the inactivity of analogous halides, such as InCl;.2'"® The same indium
catalyst was used on the analogous fatty acid molecule by Biermann.?!® Beller et al. reduced methyl
oleate employing 0.1 eq Fe3(CO), as catalyst and 3 equivalents of TMDS as reducing agent. An
example of lipid reduction was shown on the tristearin and trimyristin with LiAlH4 in the presence
of BF; etherate, resulting in major over-reduction and neglectable ether yields.?® Better results
(30% yield of ethers) were obtained by Miiller et al. on glycerol with saturated alkyl bromides in
presence of NaOH.??!

In 2014, Biermann et al. extended the scope of the study to TRGs reducing high oleic sunflower
0il.?*? The activity of two catalysts, InBr; and GaBrs, was investigated. The vegetable oil triether
was successfully synthesized with TMDS, with almost quantitative conversion and yield using the
GaBr; catalyst. 93% was the best yield achieved, with 80% product and 20% polysiloxane. A critical
point during the reaction is the control of the over-reduction of esters to alcohols. Lately, the
effectiveness of this strategy has been demonstrated by the study on the reduction of different
polyesters.??322* The mechanism of this reduction in not fully understood, but there are speculations

about possibilities (Figure 48).

Et;SiH + GaBry

HGaBr,+Et;SiBr

* GaBr,

Et;SiOSIEt;

Et,SiH

Et3SiOGaBr2
Et,SiH

Figure 48. Proposed mechanism of catalytic reduction of esters by GaBr; catalyst and Et;SiH

reduction agent.!8
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Following the example of Biermann et al., a study for the improvement of the reduction

of high oleic sunflower oil was carried out. Principal aims were:

e Avoid the over-reduction to alcohols
e Improve the reaction conditions (i.e. lowering reaction time)
e Avoid using toxic chemicals (substitute toluene in the workup phase)

e Improve separation of the polysiloxane formed from the product.

A commercial vegetable oil was employed for this investigation. Generally, all tests were
carried out at room temperature and in bulk conditions. The vegetable oil and the catalyst

were stored in an argon atmosphere and similarly the reaction flasks. This was for two main

reasons:
i) to avoid hydrolysis of the oil
i) to avoid catalyst deactivation, which is sensitive to moisture.

Initially, the conditions of Biermann et al. were applied. Moreover, the injection flow of the
TMDS was precisely set with a syringe pump at 2.6 mL/h. The overall amount of TMDS was
added during 2h. After 2h, the reaction seemed completed, showing full conversion of the ester
moieties. Additionally, in the IR spectrum, no -OH broad peak was detected, showing that over-

reduction was at least not very pronounced. The results were confirmed by NMR (Figure 49).
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Figure 49. ETHOSO 'H-NMR (400 MHz) proton spectrum in CDCl; (7.26 ppm).

In the spectrum, the characteristic H proton of the double bonds can be found at 5.34 ppm. A
triplet at 2.27 ppm indicates the presence of the presence of allylic proton of the linoleic chains.
It is possible to notice the disappearance of the CH of the glycerine unit (5.19 ppm) and its shift
in the 3.60-3.30 ppm range where the glycerine unit protons are now located. The aliphatic protons
of the fatty acid chains are invariably located at low ppm (1.60-1.0 ppm), with the methyl terminal
group at 0.88 ppm. The peak at 0.73 ppm displaces the formation polysiloxane.

In the same reaction conditions, Et;SiH (trimethylsilane, TES) was substituted as reducing agent.
Since no improvements were registered, TMDS was kept for the following experiments.
Subsequently, the reaction flow was increased to 2.6 mL/min. Consecutively, the reducing agent
was fully injected after 3 min and the conversion was detected in shorter intervals through FT-IR.
It was noticed that full conversion was achieved already after 30 minutes and no over-reduction
occurred. The product structure was confirmed by NMR. Although no -OH band was found in
FT-IR, the proton NMR showed the presence of a small peak at 3.64 ppm (Figure 10), attributed
to the formation of oleyl alcohol (7% of the total).??
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Further developments were needed for the purification steps in terms of yield and sustainability.
The major issue of the reaction is the difficult separation and removal of polysiloxane (PS) formed
from TMDS from the product due to similar solubility. Usually, toluene was reported as the
solvent to remove the reducing agent and catalyst in the work-up procedure. It was demonstrated
to be effective in removing PS partially. After this step, a separation via column chromatography
with cyclohexane was performed, which was useful in reducing the PS amount, but the PS was
not fully removed from the product. In order to substitute the harmful toluene, diethyl ether was
used as solvent media in the work-up step. However, PS resulted in being fully soluble in this
media and no separation occurred. As a greener alternative to toluene, anisole was tested. Within
the scope of sustainability, the replacement of harmful and petrol-based solvents is a relevant
topic. This aspect is far from being simple in reason of the different factors to consider. Certainly,

the renewability of the source is of great importance, but also other aspects need to be evaluated.

Due to the complexity of the matter, the challenges of replacing classic organic solvents were

defined by Jessop in 2010:

1) ensure green solvents may replace any nongreen solvent,
2) find and use methods of assessing the total environmental impact of solvents
3) find polar aprotic solvents that are easier to remove than existing solvents

4) eliminate energy-intensive distillations.
Walton et al. defined the parameters to define an ideal sustainable solvent:

a. having dual roles

b. leading to higher-quality products

c. reducing the number of synthetic steps
d. reducing by-product formation

e. improving product separation.

Moreover, researchers should also investigate the scalability of the process. Notably,
disagreement can be present between researchers. As an example, Welton believes that the price
of the final chemical product is strictly related to sustainability. Differently, Horvath and
colleagues affirmed that sustainability is an intrinsic property of the molecule or process, therefore
social and economic factors should be differentiated from this in order to develop sustainable

processes instead of “suitable processes”.

In recent years, different guides were drafted to help the choice and the transition to more
sustainable solvents. The GSK evaluation (GlaxoSmithKline, pharmaceutical and biotechnology

company) of the solvents employed in this study is reported in the following table (Table 8).
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Table 8. GKS parameter scores of THF, diethyl ether and anisole.

Mp Bp | Waste E Health | Flammability Reactivity | LCS | EHS
°C °C impact /explosion /stability red flag
THF -108 65 5 6 4
Anisole | -38 154 | 6 6 7 5
Diethyl | -116 35 4 4 5 6
Ether

E impact=environmental impact, LSC= Life Cycle Score (environmental impact of the production) EHS=
properties related to environmental impact, health, and safety.

As displayed in the table, EHS and legislation have to be strongly taken into account.

Due to this boiling point, diethyl ether presents a higher risk of flaming in comparison to THF.
Nevertheless, the low boiling point also allows a simple solvent removal and recycling of Et,O,
which leads to a more favourable waste factor (Table 8). Both solvents present an unfavourable
EHS. A better evaluation is assigned to anisole, which is a bio-sourced solvent and doesn’t present
critical disadvantages. In fact, it possesses elevated scores in all the considered categories of
examination (Table 8). Besides the costs, between the three, anisole is the most sustainable

solvents in terms of safety, environmental impact and waste production.

In the case of ETHOSO, the use of anisole resulted in being a valuable strategy, achieving a
similar result as the one obtained with the use in toluene. However, with anisole there is the
advantage of using a safer, more sustainable solvent. Nevertheless, anisole could not be fully
removed and traces of it remained in the final product. To quantify the amount of PS in the

product, the factor Q was calculated (Equation 2, Table 9).

[prs

— Eq.2
[ terminal CHs

Table 9. ETHOSO purification methods in different solvents and respective Q factors.

Purification method Solvent Q
ETHOSO1 filtration toluene 3.7
ETHOSO1 filtration + column toluene 22
ETHOSO2 filtration diethyl ether 6.6
ETHOSO2 filtration + column diethyl ether 4.0
ETHOSO3 filtration + distillation anisole 3.0
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Different purification methods were tested and Q was determined (Table 9). In both ETHOSO1
and 2, it can be noticed that the column filtration helped in decreasing the amount of PS by 40%.
The lowest quantity of PS was obtained when toluene was employed. However, comparable
results were gained when substituting toluene with anisole. Worse results were achieved with

diethyl ether because of the highest solubility of PS in this media.

1.3 CONCLUSION

In this work, a catalytic oxidation, followed by reduction amination pathway was tested to achieve

polyamines from vegetable oils.

The oxidation of vegetable oils was investigated in a greener fashion. In the first homogeneous
catalyzed pathway of the Wacker oxidation, 60% conversion was achieved with 25% mol PdCl,
catalytic load. Due to the latter factor combined with the expensiveness and rarity of palladium,
it was unreasonable to test higher catalytic loading due to the practical applicability of the
synthetic strategy and the loss in sustainability. Moreover, the reductive catalytic conditions
experimented on the oxidate oil were ineffective, oppositely to the results previously on the FA
species. The reason might be attributed to the hindrance owing to the large size of the TRG

molecules and their aliphatic pending chain, which may limit access to the catalyst's active sites.

As tested for the first time, the heterogeneous Pds;P/SiO; catalyst was tested on the simpler
molecule FA methyl oleate instead of HOSO. After screening different reaction parameters,
catalyst and loadings of immobilized catalyst, the best conversion achieved was equal to 60 %,

likewise the homogeneous approach, but at much lower Palladium loading.

1.4 THIOL-ENE REACTION

At the start of this century, the concept of click chemistry was introduced to synthetic chemistry
as a powerful tool. Introduced by Sharpless in 2001,2%¢ click chemistry was destinated to be not
only an efficient synthetic strategy, but also a valid ally in the frame of Green Chemistry. In
principle, click chemistry was born to facilitate the synthesis of complex drug molecules. Click

chemistry was summarized by Sharpless in 9 points:

1. Modular

2. Stereospecific (not necessarily enantioselective)
3. No or safe by-products

4. High yields

5. Wide in substrate scope

6. Simple reaction conditions
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7. Widley available starting materials
8. Simple to isolate (no chromatographic methods)

9. Benign solvent or less/no solvent

The key point to fulfil these requirements is the favourable thermodynamic driving force of the
reaction, which is expected to be > 20 kcal/mol.??® This enables to obtain robust heteroatom
connections in the newly formed compound. As underlined in the abovementioned article, nature
is driven in favour of carbon-heteroatoms bonds. Through this new approach, scientists can mimic
nature to their formations. Pursuing this aim, thiol-ene click chemistry allows an effective and
easy C-S bond formation. For this purpose, olefinic compounds and thiols are the necessary

compounds.

Olefins are unsaturated compounds obtained for instance by the steam cracking of petrol. These
small molecules are vital for the synthesis of industrially made organic compounds (90% by
weight),??” conforming their high relevance for our society. The first example of C-S coupling
was reported by Posner in 19052%7 via hydrothiolation reaction, leading to the Markovnikov and
anti-Markovnikov products, according to the chemical pathway. There are three possible options

(Figure 50):

1. Nucleophilic
2. Radical
3. Electrophilic.

E
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S-nucleophile
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H+ 2e" S-electrophile

Figure 50. Thiols undergoing electrophilic, radical and nucleophilic reaction pathways.
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The nucleophilic path (> 20 kcal/mol driving force)??® is commonly referred as thia-Michael
reaction which takes place in presence of weak Bronsted bases (i.e. triethylamine) or Lewis bases
(i.e. phosphine).??>23 This can be distinguished from the basic mechanism, which occurs with
strong bases (DBU, TBD, DBN) (Figure 51).2%! In this case the thiolate anion is generated by

acid-base reaction. This newly formed species can compete with the base to the hydrogen

abstraction.
EWG
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B RSH ® - |
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Figure 51. Nucleophile and base initiated mechanisms of the thia-Michael reaction.?*

The middle (path 2) is pursued via a thermo- or photochemical reaction. The combination of heat
or light and an initiator generate free radicals and consequently a thiyl radical, which is the species
reacting with the unsaturation. In some cases, it was also shown that radicals were formed even
in absence of initiators.?** By evidence of cis and trans isomerization of olefins by a study of
1959,23 it was demonstrated that the formation of the carbon radical is a reversible process. Once
the carbon centred radical is formed, it extracts a thiol hydrogen, leading to the formation of a
new thiyl radical and initiating the propagation step (Figure 52). In this case, the final compound

has an anti-Markovnikov configuration.** As side reaction, dimerization, can also take place.
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Heat, light
| — |e Radical generation

R-SH — » R-Se Initiation
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R-Se - RS\/\R1

Propagation

° R—-SH ° + R-S
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2 R-Se ——> R-S-S-R Termination

Figure 52. Radical thiol-ene reaction mechanism.

It is important to consider that structural characteristics of olefins involved in the reaction play a

role. Three aspects are mainly relevant:?3% 236

1. Stabilization of the carbon radical by resonance
2. The presence of electron withdrawing groups

3. Position of double bonds: terminal double bonds are more reactive than internal ones.

Hoyle and colleagues?}” established a reactivity scale of diverse olefins in the frame of thiol-ene

reaction as follows:

Norbornene > Vinyl ether > Propenyl > Alkene = Vinyl ester > N-Vinyl amides > Allyl ether~
Allyltriazine~ Allylisocyanurate > Acrylate > Unsaturated ester > N-substituted maleimide >
Acrylonitrile~Methacrylate > Styrene > Conjugated dienes.

The structure of thiols is affecting the kinetic profile of the reaction. This was demonstrated by
Chan et al.?3¢ through the evaluation of four compounds from different thiol classes. In order, the
reactivity resulted to be: ethyl thioglycolate (thioglycolac ester) > 2-mecaptoproprionate
(thiopropionate ester) > methyl 3-mecaptopropionate (thiopropionate ester) >> hexanethiol
(alkylthiol). Moreover, the stoichiometry of thiol plays also a role. Most commonly, an excess of
thiols in needed to reach full conversion.??® Besides the reactants involved (alkene and thiol), the

reaction conditions strongly influence the successful outcome. Crucial parameters are:
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a) Temperature
b) Solvent/bulk condition
¢) Solubility/miscibility of the components

d) Type of initiator

An appropriate temperature is essential to avoid side reactions, especially with thermally sensitive
compounds. Moreover, in thermally initiated reactions, an inadequate temperature can lead to a
low conversion due to limited formation of radicals.?3® The solubility in the solvent media or the
miscibility of the reactants in bulk condition is a relevant factor for the formation of the desired
product.?3

In line to the reaction system, a proper initiator needs to be evaluated. In thermal reaction, 2,2’-
azobis(isobutyronitrile) (AIBN) is the most used radical initiator.?>° With heating, cyanoisopropyl

radicals are formed which consecutively generate sulfenyl radical.

Under photochemical conditions, two types of initiators are possible: type I and II
photoinitiator.?*® 23 The first generate two radicals thought a unimolecular cleavage mechanism
(Figure 53). Alternatively, type II initiators act via H-abstraction and form two species, such as

sulfenyl and ketyl radicals, the second of which is unreactive against the double bond (Figure 54).

e Type I photoinitiator

0
@] [ R-SH
A — O T e

Re. e R-SH oo
R-Se — = R ——3 TUNTURT, pg,

Figure 53. Thiol-ene reaction mechanism initiated by Type I photoinitiator
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e Type II photoinitiator
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Figure 54. Thiol-ene reaction mechanism initiated by Type II photoinitiator.

It is relevant to mention that, in some cases, the presence of molecular oxygen can impact
the reaction by the quenching of thiyl radicals, consecutively blocking or limiting the

conversion.2*?

1.2.1 Thiol-ene reaction with TRGs

As discussed in the previous chapter (Chapter 1, 1.1.1 Vegetable oils), vegetable oils are
important feedstocks in the field of polymer chemistry. In the frame of thiol-ene chemistry,
the fist example applied on fatty acids (FA) and fatty acid methyl esters (FAME) was
reported by Koenig in 1957%4! using thioacetic acid as sulfur source, generating diesters and
diacids. Alternatively, difunctional compounds were obtained by addition of thioacetic acid
with consecutive hydrolyzation and dimerization by oxidation in presence of iodine.?*
Hydrogen sulfide was employed to functionalize linseed oil and methyl oleate.?** The
kinetics of diverse thiol additions to FAs in photoactivated condition were evaluated. It was
observed that zrans isomers have faster reaction rates in comparison to cis analogous,’*
which is of advantage for plant oil, as they are present in nature only in cis configuration.
In this context, in 1964, Testa®*’ investigated the photosensitized cis-trans isomerization of
methyl oleate in presence of benzophenone as sensitizer. The isomerization reaction is a
reversible process; therefore, it was noticed that the equilibrium state between methyl oleate

and methyl elaidate (#rans form of methyl oleate) exists with 73% trans isomer.

Taking advantage of multiple unsaturations present along the aliphatic chain of vegetable
oils, diverse polyfunctional monomers can be achieved. The functionalization strategies

can be listed as (Figure 55):
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1) Thiol-ene click reaction on mercaptanized oil

2) Direct thiol-ene addition on vegetable oil double bonds

N

S/\/R
SH Z R

/\[WNWWLR

sR

Figure 55. Representation of 1) thiol-ene on mercaptanized oil and 2) direct thiol-ene on vegetable oil.

The first approach implies the use of H»S to previously synthesise the mercaptanized o0il.**¢

However, H»S is a toxic and difficult to handle compound.?*’ Evidently, the second strategy
is more straightforward. As the R group changes (Figure 16), different functional groups
can be attached to the TRG. In the field of polymer chemistry, numerous works report on
the synthesis of vegetable oil-based polyols via thiol-ene reaction. This can be explained
by the high demand of biobased polyol monomers, which are suitable for many applications
in the polymer field such as polyether, polyesters and PU synthesis. Specifically, PUs
gained large interest within the scope of the transition to bioderived materials.?48-250
Auvergne et al.®' synthesized a polyol from rapeseed oil with mercaptoethanol and
dodecanthiol. Waterborne polyurethane dispersions were obtained starting from diverse

vegetable oil (canola, corn, grapeseed, rice bran, olive and linseed oil) obtained via

77



photochemical reaction.?>> With the same approach, Zhang and colleagues®> created a
platform of plant oil-based polyols (grapeseed, rice bran, olive and linseed oil) using 2-
mercaptoethanol using UV light. These monomers were reacted with isophorone diamine
(IPDA) with a 1:1.05 ratio. The thermomechanical property analyses of the final PUs
showed that T,s and tensile strength values were directly proportional to the amount of
functionalization of the oil. Oppositely, thermal stability was decreasing with the increasing
number of vegetable oil functionalizations. Nonetheless, all the samples displayed high
thermal stability (>300°C). Furthermore, a Life Cycle Assessment (LCA) evaluation of
vegetable oil-based polyols for PUs can be found.?>* The LCA of two different polyols
derived from rapeseed oil via transesterification reaction with two different polyol amines
was evaluated. After calculations, it was noticed that the primary impact on LCA was given
by the oil and polyol amine productions. The main advantages in comparison with petrol-
based polyols were estimated to be lower GHG (greenhouse gas) emission, water
consumption and renewability of the energy employed. However, worse results were

achieved in categories such as land use, marine eutrophication and ecotoxicity.

As the shift from conventional PUs to NIPUs is currently taking place, di- and polyamines
are required monomers for the polyaddition reaction with bicyclic carbonates. Robin et
al.'® formulated a fully biobased epoxy resin using a rapeseed oil-derived polyamine. The
thiol employed in this synthetic approach was an amino acid-derived compound, i.e.
cysteamine hydrochloride (CAHC), the salt of the corresponding cysteamine, which is

obtained from the decarboxylation of the amino acid cysteine.

Recently, Rios et al.?> investigated in detail the synthesis of a similar polyamine. They
implemented the system substituting the hazardous 1,4-dioxane solvent with the safer

isopropanol and ethanol mixture.

In this work, the synthesis of commercially available High Oleic Sunflower Oil (HOSO)
was investigated in different reaction system. Afterwards, the best approach was also
applied to linseed oil and castor oil, as alternative renewable feedstocks. As mentioned
above, solvent, concentration, light wavelength and penetration are crucial parameters,
which were investigated. To start, the work of Meier and Firdaus® for the synthesis of
limonene diamine was taken as a reference. As reported, 2,2-dimethoxy-2-phenyl-
acetophenone (DMPA) was used as it is a well-known and extensively employed benzoin
ether photoinitiator. Due to the immiscibility of the oil and the cysteamine hydrochloride
salt (CAHC) and their different solubility, a solvent mixture of dichloromethane and
ethanol was initially tested. It is needed to consider that, since CACH was used in excess
(1:3 eq.), it was never fully solubilized in the media. The reaction mixture was irradiated

with a UV lamp 365 nm (45 W) for 24 h. The initial HOSO concentration was equal to 0.04
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g/mL (Table 10, entry 1). This first experiment led to only 40 % double bond conversion.
Subsequently, a longer reaction time was applied together with the increase of equivalents
of CACH and photoinitiator. However, only a slightly increased conversion was obtained
in 48 h (55% conversion, Table 10, Entry 2). Taking as example the procedure reported by
Stemmelen et al.'¥’ using grapeseed oil, the solvent mixture was changed to 1,4-dioxane:
ethanol (7:3). Additionally, a LED irradiation system was chosen for the following
experiments, in reason of lower energy consumption and the condition of not generating
heat, which allows to reduce the distance between the sample and the light source. Heat is
usually undesired because it can lead to side TRG oxidation.?>® 237 The set-up consisted of
a metallic plate with LEDs installed on it. Two plates were used (custom built previously),
one consisting of 365 nm LEDs (2W) and another of 405 nm LEDs (2W). Two identical
reactions were irradiated by the two different wavelengths and run for 48 h (Table 10, Entry
4 and 5). In the above-mentioned work of Stemmelen and colleagues, 87 % conversion for
grapeseed oil was obtained. In this case, 94 % and 100 % conversion of HOSO double
bonds were achieved after 48 h under 365 nm and 405 nm irradiation, respectively (Table

10, Entry 3).

As pointed out, the concentration of the reaction mixture is a relevant parameter to evaluate.
The cause is that high turbidity of the reaction mixture is an obstacle to the light penetration.
An ineffective light action leads to low formation of radicals and consequential final low
conversion. It was necessary to find a balance between a low amount of solvent, for
sustainability reasons, and clearness of the reaction mixture. The concentration of the oil
was increased until 0.28 g/mL. In this condition, already 89 % conversion was reached after

1 h and full conversion after 7 hours (Table 10, Entry 5).
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Table 10. Comprehensive conditions tested for the synthesis of the HOSO-derived polyamine (PA)
in batch via thiol-ene photoreaction. A UV lamp (45 W) and LED system (2W) were used. When
DMPA was used as photoinitiator, 0.1 eq per double bond of the oil were used. TPO-L was used in

2wt% of the oil weight. For all entries, the scale of the reaction corresponds to 500 mg of oil.

Photoinitiator Solvent Wavelength | Concentration Conversion Time
(nm) (g/mL) % (h)
Entry DMPA DCM: EtOH 365 lamp 0.04 40 24
1 (7:3)
Entry DMPA DCM: EtOH 365 lamp 0.04 55 48
2 (7:3)
Entry DMPA Dioxane:EtOH =~ 365 LED 0.04 94 48
3 (7:3)
Entry DMPA Dioxane:EtOH | 405 LED 0.04 100 48
4 (7:3)
Entry DMPA Dioxane: EtOH =~ 405 LED 0.28 100 7
5
Entry TPO-L Dioxane: EtOH | 405 LED 0.28 100 7
6
Entry DMPA Isopropanol: 405 LED 0.42 100 7
7 EtOH
Entry TPO-L Isopropanol: 405 LED 0.28 >99 7
8 EtOH

To implement the system to comply with the Green Chemistry Principles, dioxane was
substituted by isopropanol, as also reported by Rios et al.'®* (Table 10, Entry 7).

Successfully, the reaction in this condition also reached full conversion within 7 hours.

In other to test a different photoinitiator, TPO-L (diphenyl(2,4,6-trimethylbenzoyl)-
phosphine oxide) was evaluated in the same conditions. Having a wide absorption range
(max absorption 272 nm, 382 nm), this initiator makes it suitable to be excited under 405
nm wavelength irradiation.?>® Using TPO-L, analogous result were acquired, resulting in

quantitative conversions after 7 hours in each solvent media. (Table 10, Entries 6 and 8).

As all the previous experiments were run on a small scale (500 mg) a test on 2 g scale was
carried out to obtain sufficient quantities of the HOSO-derived polyamine (PA) for further
use as a monomer in NIPU synthesis. This was possible only with the employment of three
UV lamps because of the bigger size of the system and therefore the need for more efficient
irradiation. The solvent mixture iPrOH:EtOH was unchanged. The result was 95 % double
bond conversion in 7 h. The integral of the double bond protons was monitored over time
(5.37 ppm, Figure 34). In the best experiment, the disappearance of the peak was observed.
Simultaneously, the presence of the CH: groups in a and P to the ammino group were

detected in the 2.92 - 2.77 ppm region (Figure 34). The aliphatic protons of the chain are
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invariably present in the 2.0 - 1.0 ppm range, as well as the protons related to the glycerine
unit (CH at 5.25 ppm and 2CH; between 4.08 - 4.34 ppm in CDCl3). DOSY-135 experiment
confirmed the amino cysteamine functionalization through the observation of the CH; in a
and [ to the amino group at 42 and 35 ppm and the CH linked to the sulfur atom resulted
from the thiol-ene reaction at 46 ppm (Figure 56). The mass of the final product was

detected by ESI-HRMS analysis equal to 1116.89.

aliphatic H

DIO

aliphatic H

Photoinitiator
impurities

Figure 56. 'H-NMR (400 MHz) proton spectrum in CDCI; (7.26 ppm) spectra of HOSO and HOSO-
PA in comparison. In the top spectrum (HOSO- PA) It can be noticed the disappearance of the double
bond peak at 5.37 ppm and the characteristic peaks of CH; of the cysteamine units at 2.77 and 2.99

In the perspective of scaling up the processes, flow chemistry is an emerging and effective
synthetic strategy. Through this approach it is possible to achieve high conversions in a

short time. Moreover, in this way, chemical wastes and energy consumption can be reduced.

In the frame of a collaboration project with the PhD student Celeste Libretti (group of
research of Prof. Dr. Meier) for the development of fully biobased NIPU thermosets, we
investigated the in flow synthesis of HOSO-PA.
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The strengths of in flow chemistry can be summarised as follow:

e FElevated conversions

e Shortreaction times

e Room temperature reactions

o Lowamount of solvent (and consequently waste)

e Energy efficiency

These factors can be attributed to high light penetration on a tiny section of the reaction
mixture due to the proximity of the source of irradiation to the reaction mixture and the
limited dimension of the tube diameter. Moreover, effective small-scale mixing is taking
place. In fact, the flow along the tube can be seen as a series of small flasks placed
consecutively.?® In reason to those characteristics, a great potential can be perceived in

combining the powerfulness of thiol-ene click reaction with an in flow system.

With the purpose of scaling up the process and make it more efficient, the thiol-ene reaction
of HOSO was tested in a continuous flow system. In the first place, the reaction conditions
were adapted for being suitable to the new set up. Primarily, taking as reference the best
experimental parameters for the in batch model, isopropanol and ethanol were tested as
solvents separately. It is needed to mention that the concentration was kept fixed as the
same value of the in batch system (1g oil/ 7mL solvent). Between the two previously as
suitable established solvents, isopropanol was selected. This choice was made given that in
ethanol, the cysteamine salt (at the set concentration) exists in a disperse powder form. This
would lead to possible unwanted clogging of the thin tube of the reactor system (1 mm
diameter). Oppositely, isopropanol solubilized CAHC smoothly along the time. Thus,
isopropanol was found to be effective for this system because the salt is solubilized
regardless (even in slower rate) and preventing the reactor obstruction. In the following
experiment, the addition of CAHC in aliquots was tested. The total amount of cysteamine
salt needed was added in portion of Y4 every 2 hours. Eventually, this approach led to no
benefits, therefore, in was not applied to the subsequent experiments. Considering the
concept of concentration in the field of Flow Chemistry, the screening of different flow
rates was investigated. The concentration of a product in an in batch system can be
considered as an increasing value in time. Hence, the reaction rate is given by the derivate
of the concentration of the reactant on time, displaying an exponential decrease along time

(Equation 3).2%
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First order reactionrate = — ar Eq3.

d[A]
Second order reaction rate = — = k[A][B] or k[A]?
dt

with [A] and [B] the concentration of the reactants (first or second order reaction) and &
rate constant of the reaction. Moreover, taking into account an in flow system, the
concentration is increasing with distance. In this system, the reaction time is defined as the
residence time between the inlet and the position of the quenched inlet.?>® Overall, time in

a in batch system is equal to distance in an in flow system (Figure 57).
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=<

e

[=H

-4}

= =
=y 3
- 3
e O =
=

-

o

-

@, S

o &l -

= Conversion

Figure 57. Visual representation of conversion and yield in in batch and in flow systems.’#’

Considering this definition, the faster the flow, the faster the formation of the product. It is
needed to mention that, generally, in order to achieve a high conversion, it is important to
consider a parameter called residence time. This is defined as the time in which the reaction
mixture is exposed to light irradiation. The higher the residence time, the longer the time
of light irradiation and consecutively the possibility of elevated conversion. Residence time

and flow rate are inversely proportional. In this specific case, a very small flow rate could
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lead to a clogging problem in the system. Nevertheless, the continuous flow method applied
in those experiments is the key point to achieving high conversion with an elevated flow
rate, overcoming the matter of clogging and the short residence time (Figure 58). Four
different flow rates were tested: 500 pL/min, 1 mL/min, 2 mL/min and 9mL/min. As a
result, for a fixed reaction time, the conversion increased proportionally with the flow. The

conversion was determined by proton NMR.

UV lamp

Input Output

Reaction
mixture

Figure 58. Schematic representation of a continuous flow system.

The best reaction condition in flow on a 2 g oil scale was achieved in 6 hours, in

isopropanol, with UV irradiation of low power (16 W) reaching > 99% conversion.

To deepen the understanding of the system, Reynolds numbers (Re) for each flow rate were
calculated. As previously mentioned, the small dimension of the tube allows an effective
and homogeneous mixing of the reactants. In fluidic microreactors, two main mass transfer
components can be distinguished, such as diffusion and convection. The first is passive
transport determined by the concentration gradient, differently, convection is determined
by the collective motion of the molecules in the fluid. Considering these parameters, two
types can be differentiated. The first is laminar flow, among which diffusion is the main
contribution to mass transfer. Laminar flow corresponds to Re < 100. For Re > 2500,
turbulent flow is taking place. In this situation, convection is predominant. This ass transfer
mode is influenced by the pumping energy on the fluid and structural deformation of the
channels (helical or curved).?® A flow state condition intermediate between the two
mentioned ones, is called transient regime (100 < Re < 2500). Reynolds numbers are useful
to identify the type of motions along the flow and therefore the specific flow regime. This

value is given by the ratio of inertial and viscous forces. (Equation 4). Typically, viscous
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0.5

forces are greater in laminal flow.

inertial forces  pvL
Re = ! = Eq. 4
viscous forces U

where v is the velocity of the molecule relative to the fluid, L is the characteristic travelled
length of the fluid, p is the dynamic viscosity of the fluid, v is the kinematic viscosity and

p is the density of the fluid (Table 11).

Table 11. Calculation of Reynolds numbers for different floe rates and the associate flow type.

o] U (Pa*s) v (m?/s) ml/min m/s Adimensional
(kg/m?)
tot tot dynamic kinetic Flow Flow Re Flow
density viscosity viscosity = mL/min m/s pvL/p=vL/v regime
807 0.025 0.0309
0.5 0.005 86 Laminar
0.011 171 Transient
2 0.021 343 Transient
9 0.096 1542 Transient

Besides the case of flow rate = 0.5 mL/min (laminar flow), all the other cases presented a
transient flow regime. Therefore, is it possible to state that, in this experimental system, the

mass transfer is controlled both by diffusion and convection factors.

As a summary, the main advantage of the flow system is the scalability of the process. This
is related to efficient irradiation (radical formation efficiency) and mixing. In batch
conditions these two factors cannot be maximised while working on large quantities,
resulting in poor conversion. Moreover, the small section of the tube allows a high light-
reaction mixture interaction and an effective mass transfer. Considering the reaction time,
the flow needed 1 h less in comparison to the in batch synthesis. Possibly, with a higher

flow rate, the time could be decreased even more.

As previously introduced, (2.2 Vegetable oil ethers via catalytic reduction) high oleic
sunflower oil ether (HOSOET) was synthesized via catalytic ester reduction.
Consecutively, the functionalization of the double bonds in HOSOET via thiol-ene
reactions was explored. At first, the optimized conditions obtained for the trifunctional
HOSO-PA were transferred to HOSOET by substituting the solvent mixture with diethyl
ether:ethanol (1:1) due to the different nature of the starting material. Two tests were carried
out with DMPA and TPO- L photoinitiator under 405 nm light irradiation. This led to 53%
and 57% (ETPA1 and ETPA2, Table 12) conversion of the double bonds, respectively.

Considering the CH> integral of the reacted cysteamine in 'H-NMR, in average, only one
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bond out of the three presents on the TRG was successfully converted (Figure 59). Due
to these results, the solvent mixture ratio was changed to Et;O:EtOH 7:3. In this situation,
the conversion increased to 86% (ETPA3, Table 12), however the integrals of the CH> in
alpha of the primary amine groups displayed lower integrals, showing an average
functionalization of 0.8 (ETPA 3, Table 12). It is possible that some side oxidation and

cleavage reactions occurred.

7.26 CDCI3
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Figure 59. '"H-NMR (400 MHz) proton spectrum in CDCl; (7.26 ppm). spectrum of ETPA3 (Table 12).
Detail of N-CH»-CH,-S proton signals. PS= polysiloxane.

Due to insufficient functionalization, an additional photoinitiator was used, namely Irgacure 2959,
with the optimized solvent mixture and under 405 nm light. Nevertheless, a poorer result was
achieved (14% conversion, ETPA 4, Table 12), showing the unsuitability of this initiator with the
system. Alternatively, a thermal thiol-ene was also tested. Using AIBN in bulk condition at 80°C,
which allowed the homogenization of the reagent mixture, only 11 % of the double bonds were

derivatized.
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Table 12. Conversion of the double bonds (db) in different thiol-ene reaction conditions on high oleic
sunflower oil ether (HOSOET).

Initiator Solvent Conversion Amine
db? functionality
per TRG”

ETPA1 DMPA Et;O:EtOH (1:1) 53 Not

measurable*
ETPA2 TPO-L EtOAc 57 1.1
ETPA3 DMPA Et;O:EtOH (7:3) 86 0.8
ETPA4 Irgacure 2959 Et;O:EtOH (7:3) 14 0.4
ETPAS AIBN - 11 0.08

aMeasured via '"H-NMR, considering terminal -CHj (0.88 ppm, 9H)® Measured via 'H-NMR, by
the N-CH; integral at 2.85 ppm.*Overlapping signals.

In summary, under all the tested conditions, the result was the thiol-ene addition only to
one unsaturation of the HOSOET out of three. This showed an insufficient functionalization
for future application of the compound as monomer. To implement the reaction outcome,
further experiments can be performed by screening different concentrations or testing the

reaction in flow, as was previously described for HOSO.

Besides TRGs, terpenes and terpenoids spark attention for structural modification via thiol-
ene reactions as unsaturated linear and cyclic terpene derivatives occur in Nature. Although
thiol-ene reaction is a straightforward strategy to achieve biobased amines, only two
examples can be found in the scientific literature. The first difunctional terpene-derived
amine was reported by Meier and Firdaus in 2012.%4 The two corresponding isomers were
obtained from R-(+) and S-(-)-limonene in 84% and 81% yield, respectively. CAHC was
used in excess (1:3) and DMPA was employed as photoinitiator, with 365 nm UV light
(Figure 60). Consecutively, limonene diamine (LDA) was employed to synthesize

polyamides.
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UV 365 nm \/\NHQ
—_—
EtOH
S\/\NHZ
S-(-)-limonene 5-(-)-hmonene diamine
CACH S
UV 365 nm \/\NH2
—_—
EtOH .
P /_\/S\/\NH2
R-(+)-limonene R-(+)-limonene diamine

Figure 60. Limonene diamine obtained via photoinitiated thiol-ene reaction.

Through a thermoinitiated reaction, Alves et al.>** succeeded in the synthesis of the diamine
derived from linalool. The reaction was carried out in THF at 80 °C, AIBN was used as
thermal initiator in the presence of CAHC. Subsequently, three different formulations of
NIPUs were produced. Inspired by these works, the investigation of photoinitiated thiol-
ene reactions was carried on the geraniol and linalool isomers, as well as on myrcene

(Figure 61).

OH
OH

geraniol linalool myreene

Figure 61. Chemical structure of geraniol, linalool and myrcene.
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It is relevant to notice the different nature of the two unsaturations present in the two

isomers. Indeed, linalool presents a terminal double bond, which is supposed to be much

more reactive than the internal ones present in geraniol. Analogous to the synthesis starting

from limonene, ethanol is a suitable renewable solvent for these compounds. EtOH was

chosen as solvent, as terpenes and terpenoids are usually soluble in this media. Geraniol

and linalool were tested in parallel with DMPA and TPO-L photoinitiators. Initially,

myrcene was studied as a test compound. Taking as reference the study of Dove et al.,**

TPO-L was used as photoinitiator (Table 13). Moreover, EtOH is a renewable and

potentially biobased solvent. Due to the beneficial solubility of the overall system (CAHC

is soluble in EtOH), two conditions were tested: diluted (0.04 g of terpene g /mL, Table 13
T1) and concentrated condition (0.285 g of terpene/mL, Table 13 T2, T3, T4).

Table 13. Thiol-ene reactions of terpenes in diluted and concentrated media.

T1
T2
T3
T4

Terpene

Myrcene
Myrcene
Linalool

Geraniol

Concentration Products
(terpene g/ mL)
0.04 Monoamine
0.285 Di-, triamine
0.285 Mono-, diamine
0.285 Mono-, diamine

All the reactions were run with TPO-L photoinitiator, 405 nm UV-light LED (2W) for 6 h at room

temperature.

In the first case, only the formation of monoamine was detected (214.018 m/z by ESI-MS,

Figure 62-top). Alternatively, in the concentrated media, di- and triamines were formed,

respectively (291.00 m/z and 384.19 m/z, Figure 62-bottom). The incomplete conversion of

the double bounds can be attributed to their different substitution pattern.
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Figure 62. Top: thiol-ene reaction of myrcene in diluted condition (0.04 g/mL). Bottom: thiol-ene

reaction of myrcene in concentrated conditions (0.285 g/mL).
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In fact, terminal double bonds are known to be more reactive than internal ones in thiol-ene
reactions, therefore the internal double bond present in myrcene is less prone to be
functionalized by radicals. Owing to the successful conversion of myrcene to the di- and
triamine, these reaction conditions were also applied with linalool and geraniol. As a result,

a mixture of monoamine and diamine was obtained (Figure 63).
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Figure 63."H-NMR (400 MHz) proton spectrum in CDCIl5 (7.26 ppm) of myrcene before and after
undergone thiol-ene photoreaction.

As in the case of myrcene, also linalool and geraniol possess internal unsaturations (one for
linalool and two for geraniol). This can explain the presence of the monoamine in the final
product. Nevertheless, geraniol has two internal double bonds, however, the one in

position to the OH, is more reactive due to the presence of the hydroxyl group as EWG.

Due to the high difficulty and large solvent waste created by the chromatographic separation
of amines, the isolation of the single compounds from amine mixtures was not performed.
From a sustainability and efficiency point of view, it is worth studying further the
optimization of the thiol-ene process to achieve 100% functionalization of the double bonds.
This could be also investigated by screening other wavelengths, solvents or in a flow reactor,

as it was tested with HOSO (Chapter 2, Subchapter 2.4.1).
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In the thiol-ene reaction of HOSO, the miscibility of the reactant was a crucial point to
achieve. Therefore, the presence of an efficient solvent mixture and a proper amount of it
was necessary for the purpose. This issue was not encountered in the case of terpenes as
both CAHC and terpenes were soluble in EtOH. Therefore, in the latter case, the trend was
found to be the opposite in comparison to the one experienced with vegetable oil. As
decreasing the concentration of oil in the solvent media was reducing the conversion, the

opposite was shown in the case of the thiol-ene reaction of terpenes.

1.5 CONCLUSION

In this second part of the work, a direct functionalization of the unsaturations present in vegetable

oils and terpenes to achieve primary polyamines was investigated.

The study of the synthesis of vegetable oils led to optimization of the thiol-ene reaction on high
oleic sunflower oil in terms of efficiency and sustainability. Full conversion of the double bonds
was achieved within 7 h in an isopropanol/ethanol mixture replacing the unsafe dioxane. The use
of a2 W UV-LED and a valuable renewable polyamine was obtained in large scale. Moreover,

the upscale synthesis was preliminary tested with an in flow thiol-ene approach.

With an adapted thiol-ene strategy, also terpene derived diamines were achieved from linalool
and geraniol isomers and a mixture of di- and tri-amine was obtained from myrcene. Further
studies could be carried out to achieve the total conversion of the unsaturations. Moreover, these
molecules could be used as monomers for synthesizing different polymers such as epoxies, NIPUs

or polyureas.

Through the in flow system, it was possible to scale up the reaction on a 2 g oil, reduce the reaction
time to 6 h using a safe solvent, reaching > 99% conversion. Moreover, the UV LED employed
was a low-power source of light, which is favourable for low energy consumption. Possibly, the
reaction can be implemented using a faster flow rate or a lower concentration of the starting

reaction mixture.

The etherification of oleic sunflower oil was successfully achieved in a short time. Full conversion
was obtained in 30 minutes, with a trace of overoxidation (7% alcohol formation). Moreover,
diverse pathways were tested for the purification process in order to use more sustainable solvents
and reduce the amount of waste. The best strategy was achieved with the use of anisole.
Nevertheless, the problem of the presence of polysiloxaane in the final product (formed via

polymerization of the reducing agent) persisted.
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1.6 EXPERIMENTAL DATA

Characterization methods
Thin Layer Chromatography (TLC)

TLC was performed on aluminium plates coated with silica gel of the type 60 F254 from Sigma Aldrich.
The compounds on the plates were visualised via fluorescence quenching with 254 nm UV light or by
staining with Seebach solution (2 g cerium(IV) sulfate, 5 g phosphomolybdic acid hydrate, 16 mL
concentrated sulfuric acid, 200 mL water), vanillin solution (15 g vanillin, 2.5 mL concentrated sulfuric
acid, 250 mL ethanol), or KMnOjy staining solution (1.5 g KMnO4, 10 g K»CO3, 1.25 mL 10% NaOH
and 200 mL water) or ninhydrin solution (0.2 ninhydrin in 100 mL ethanol).

Flash Column Chromatography

Flash Column Chromatography was performed with silica gel 60 purchased from Sigma Aldrich. For
automatic flash column chromatography, a Biotage® Isolera™ One Flash Column equipped with a UV-
Vis detector (200 x 800 nm) with Biotage® Sfér Silica HC Duo Columns was used. All solvents were
used in HPLC grade.

Nuclear Magnetic Resonance (NMR) Spectroscopy

'H and *C NMR spectra were recorded at ambient temperature with a Bruker AVANCE DPX 400
spectrometer at 400 MHz for '"H NMR and 101 MHz for '*C NMR or with a Bruker AVANCE DPX
500 spectrometer at 500 MHz for 'H NMR and 126 MHz for 1*C NMR. Chemical shifts & are reported
in ppm relative to the solvent signal of CDCl; (7.26 ppm for 'H and 77.16 ppm for '*C spectra) or
DMSO-ds (2.50 ppm for 'H and 39.52 ppm for *C spectra). Spin multiplicity and corresponding signal
patterns were reported as follows: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet and
br = broadened. Coupling constants (J) are reported in Hertz (Hz). For full assignment of the signals to
the measured structure, 'H-'H Correlated Spectroscopy (‘H-'H-COSY), 'H-!*C Heteronuclear Single
Quantum Coherence ('H-'*C-HSQC), and 'H-'*C Heteronuclear Multiple Bond Correlation ('H-'*C-
HMBC) were used.

Fourier-Transformation Infrared (FT-IR) Spectroscopy

FT-IR spectra were recorded using a Bruker Alpha-P instrument applying ATR technology in a range
of ¥ =400-4000 cm™' with 24 scans per measurement.

High-Resolution Mass Spectrometry (HRMS)

Mass spectra were recorded on a Q Exactive (Orbitrap) mass spectrometer (Thermo Fisher Scientific,
San Jose, CA, USA) equipped with an atmospheric pressure ionization source operating in the nebulizer
assisted electrospray mode. Calibration of the instrument was done in the m/z-range 150-2000 using a
standard containing caffeine, Met-Arg-Phe-Ala acetate and a mixture of fluorinated phosphazenes
(Ultramark 1621) (all from Sigma-Aldrich). A constant spray voltage of 3.5 kV, a dimensionless sheath
gas of 6 and a sweep gas flow rate of 2 were applied. The capillary voltage and the S-lens RF level were
set to 68.0 V and 320 °C, respectively.

Gas Chromatography — Flame Ioniziation Detector (GC-FID)
GC Trace 1300 equipped with a FID detector (Thermo Fisher Scientific)
Electro spray ionization - Mass spectrometry (ESI-MS)

ESI-MS analysese were performed on a Linear Ion Trap mass spectrometer (LTQ, Thermo Fisher
Scientific) Identification was based on full-scan MS covering m/z 150-2000 and in MSn mode. Raw
data were analysed by Xcalibur software (Thermo Fisher Scientific).
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Size Exclusion Chromatography (SEC)

System I (Oligo SEC): A PSS SECcurity? SEC system based on Agilent Infinity 1260 II hardware was
used for the measurements. The system is equipped with a refractive index detector SECcurity? RI, a
column oven “(Bio)SECcurity? column compartment TCC65007, a “standard SECcurity?” autosampler,
and an isocratic pump “SECcurity? isocratic pump”. Anhydrous tetrahydrofuran stabilized with 250 ppm
butylated hydroxytoluene (BHT, >99.9%) was used at a flow rate of 1.0 ml min!and at 30 °C as mobile
phase. The analysis was performed on the following column system: PSS SDV analytical precolumn
(3 pm, 8 mm x 50 mm) with two PSS SDV analytical columns (3 pm, 8 mm x 300 mm, 1000 A).
For the calibration, narrow linear poly(methyl methacrylate) standards (Polymer Standards Service,
PSS, Germany) ranging from 102 to 62200 Da were used. For the preparation of the samples,

2.00 mg of analyte was dissolved in 1.50 mL anhydrous tetrahydrofuran stabilized with 250 ppm
butylated hydroxytoluene (BHT, >99.9%). All samples were filtered by syringe filter prior to use, to
avoid plugging of the injection setup or the column.

Differential Scanning Calorimetry (DSC)

DSC measurements were performed on a Mettler Toledo DSC1 instrument equipped with a sample
robot. Samples of 5-10 mg were loaded in a 100 pL aluminum crucible with pierced lid, and the
measurements were performed under nitrogen atmosphere with a flow rate of 50 mL-min~!. The DSC
thermograms were recorded at a heating/cooling rate of 10 K-min™! using the following heating/cooling
program: first heating from 20 to 110 °C, then cooling from 110 to =70 °C, and a final heating step from
—70to 110 °C. The data from the last heating step are shown in the DSC curves.

Materials

High-Oleic Sunflower oil (Bio-Zentrale), linalool (97% Siga Aldrich), geraniol (98% Sigma Aldrich),
myrcene (90% Sigma Aldrich), ethyl(2,4,6-trimethylbenzoyl) phenyl phosphinate (TPO-L, >95%, TCI),
2,2-dimethoxy-2-phenylacetophenone (DMPA, 99%, Thermo Scientific), Palladium(II)-Chloride
(99.9%, Sigma Aldrich), Oxygen (99.999%, Air Liquide), Sodium sulfate anhydrous (Bernd Kraft
GmbH), N,N-dimethylacetamide (99.5%, anhydrous, dried over molecular sieves, Thermo Scientific),
dichloromethane (DCM >99%, Fisher Chemicals), chloroform (>99.8%, Fisher Chemicals),
Cyclohexane (>99.5%, Honeywell) Ethylacetate (HPLC grade) 1,4-dioxane (Fluka Chemicals, 99.5%),
ethanol (>99.8%, Fisher Chemicals), and propan-2-ol (>99.5%, Fisher Chemical) were used without
further purification. Chloroform-d (CDCIs, and DMSO-d6 99.8% atom-%D, Euriso-Top). PdsP catalysts
supported on silica was synthetized by M.Sc. Arjun Neyyathala PhD student from Prof. Hanf group of
research of the Institute of Inorganic chemistry of KIT.

Pressure reactor

Brand: Berghof, size 200 mL
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Synthetic procedures

3-((10-oxooctadecanoyljoxy)propane-1,2-diyl bis(9-oxococtadecanoate)
Chemical Formula: Cs7H4040g
Molecular Weight: 933.45

o 3-((10-oxooctadecanoyl)oxy)propane-1,2-diyl bis(9-oxooctadecanoate)
Homogeneous catalysis

500 mg (0.56 mmol, 1.00 eq) of high oleic sunflower oil (HOSO, 85 % of monounsaturated fatty acid
chains, average 3 double bonds per triglyceride, calculated via '"H-NMR- from BioZenntrale) was
weighted to a 10 mL glass vial. Subsequently, 3 mL DMAc/H20 (9:1 v/v) were added as a solvent
mixture. Finally, 25 mg (0.14 mmol, 25.0 mol%) of PdCl; catalyst was added. The reaction mixture was
placed in a pressure reactor ad the reactor chamber was filled with O, (10 bar, 3 conditioning cycles).
The reaction was run for 24 hours under stirring at 70 °C. At the end, the crude was left cooling down
at room temperature. For purification, the crude diluted with cyclohexane and washed with distilled
water and saturated sodium chloride solution. Then, the cyclohexane phase was dried over sodium
sulphate anhydrous, which was subsequently filtered and the solvent removed under vacuum. The
product was obtained as a clear yellow oil. (Conversion double bods 62 %, yield: 95%)

TLC: Rf -Cyclohexane:EtOAc (8:2) = 0.57

"H-NMR (400 MHz, CDCI3): & (ppm) = 5.39-5.22 (CH=CH, m, 2H,), 5.19 (CH glycine unit, 1H.s),
4.23 (CH, glycine unit, 2H, dd), 4.07 (CH> glycine unit, 2H, dd), 2.27 (6H, CH, 6H, dt), 1.92 (CHa,
6H,dp), 1.6 (CH,, 6H, m) 1.19 (aliphatic H, 78 H, m), 0.81 (CHs, 9H, t).

FT-IR v [cm-1] = 2922 (vCH=CH, m), 2852 (5), 1742 (vC=0, 5), 1555 (), 1464 (w), 1376 (w), 1236
(W), 1160 (vC-O ester, s), 1096 (w), 1026 (w), 966 (W), 861 (w), 721 (s), 450 (m).

ESI-HRMS= Cs7H;0s09 [M+H]" calculated: 933.45, found: 934.88.
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S 1. 'H-NMR (400 MHz) proton spectrum in CDCI; (7.26 ppm) spectra of oxidized HOSO.

Methyl 9-oxooctadecanoate (or Methyl 10-oxooctadecanoate)
Heterogeneous catalysis- O as sole oxidant

In a 10 mL glass vial, methyl oleate 30 mg (0.1 mmol,1.00 eq) were weighted and the 5 mL of
the solvent mixture were added. Subsequently, 2.5% mol of the catalyst was added (26.6 mg,
0.0025 mmol, 0.025 eq). The vial was placed in an autoclave at 80 °C under 10 bar O-
atmosphere (3 conditioning cycles), 560 rpm, for 24 h. The crude was analyzed via GC-MS.

0] O

\OJ\MA/”\W/\

methyl 9-oxooctadecanoate
Chemical Formula: C1gH3503
Molecular Weight: 312.49

Methyl 9-oxooctadecanoate (or Methyl 10-oxooctadecanoate)
Heterogeneous catalysis- CuCl; as cocatalyst

In a 10 mL glass vial, methyl oleate 30 mg (0.1 mmol, 1.00 eq) were weighted and the 5 mL of
the solvent mixture were added. Subsequently, 2.5% mol of the Pd;P/SiO, (Pd 1% catalyst was
added (26.6 mg, 0.0025 mmol, 0.025 eq) and 5% CuCl, co-catalyst (0.005 mmol, 0.05 eq.) The
vial was placed in an autoclave at 80 °C under 10 bar O, atmosphere (3 conditioning cycles),
560 rpm, for 24 h. The crude was analyzed via GC-MS in EtOAc.
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3-((10-oxooctadecanoyl)oxy)propane-1,2-diyl bis(9-oxooctadecanoate)-
Heterogeneous catalysis- CuCl; as cocatalyst

In a 10 mL glass vial, methyl oleate §8.5 mg of high oleic sunflower oil (HOSO, 85 % of
monounsaturated fatty acid chains, average 3 double bonds per triglyceride, calculated via 'H-
NMR- from Bio-Zentrale) (0.1 mmol, 1.00 eq) were weighted and the 5 mL of the solvent
mixture were added. Subsequently, 7.5% mol of the Pd;P/SiO; (Pd 1%) catalyst was added (80
mg, 0.0075 mmol, 0.075 eq) and 15% CuCl; co-catalyst (0.0150 mmol, 0.15 eq.) The vial was
placed in an autoclave at 80 °C under 10 bar O, atmosphere (3 conditioning cycles), 560 rpm,
for 24 h. The crude was analyzed via NMR evaluating the forming integral at the 2.37 ppm peak
corresponding at CH»-(C=0)-CH; (4H, t). Reference peak: 0.88 ppm (-CH3, 3H, t).

'H-NMR (400 MHz, CDCI3): § (ppm), 3.66 (0=C-O-CHs, 3H, s), 2.37 (CH,-(C=0)-CH,, 4H,
£),1.97 (CH.CH,.C=0, 2H, t), 1.61 (CH,CH,.C=0, 2H, m), 1.25 (aliphatic H, s), 0.88 (-CH3,
3H, 1).

GC-MS analyses

Retention times of molecules detected in the reaction mixture of Wacker oxidation of methyl oleate
catalyzed by Pd;P/SiO..

Methyl oleate Epoxidate Ketone Methyl oleate
isomers isomer
15.7 min 18.1-18.5 min 18.6 min 19.2 min

Compounds percentage were evaluated by the ratio of the registered products peaks in the GC-
MS chromatograms.

Propane-1,2,3-triyl tris(10-((2-aminoethyl)thio)octadecanoate) with DMPA

propane-1,2,3-triyl tris(10-((2-aminoethyl)thio)octadecanoate)
Chemical Formula: Cg3Hq25N3053
Molecular Weight: 1116.89

500 mg (0.56 mmol, 1.00 eq) high oleic sunflower oil (HOSO, 85 % of monounsaturated fatty
acid chains, average 3 double bonds per triglyceride, calculated via '"H-NMR- from Bio-
Zentrale) were weighted in a 10 mL glass vial. The proper amount of the solvent mixture selected
was added (1,4-dioxane: EtOH,7:3 or isopropanol: EtOH, 1:1), with a concentration of

0.04 g/mL or 0.28 g/mL of oil. 572.6 mg (5.04 mmol, 9.00 eq) of cysteamine hydrochloride
(3.00 eq per double bond) The mixture was stirred for 30 minutes. Subsequently, 129.2 mg
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(0.504 mmol, 0.3 eq) DMPA (0.1 eq per double bond) were added in the vial. The reaction was
carried out under 365 or 405 nm UV LED-light, at room temperature for 7 hours. As the reaction
ended, the solvent was removed under reduced pressure. Then, CHCl; was added (20 mL) and
the crude washed one time with a basic solution of sodium carbonated and three times with
distilled water. The organic phase was dried with sodium sulfate anhydrous and then filtered.
The solvent was removed in vacuum. The product obtained was viscous liquid light-yellow
product (Double bond conversion >99 %)).

TLC: Red spot visible on the baseline revealed with ninhydrin solution. (EtOAc: MeOH, 9:1)

TH-NMR (400 MHz, CDCI;) 6 5.37 (CH=CH, 2H, m if present unreacted double bonds), 5.25
(CH glycerol unit, 1H, q), 4.08 — 4.34 (CH, glycerol unit,4 H, dd), 2.77 — 2.92 (CH,NH>, 6H,
t), 2.47-2.71 (CHSCH,, 6H, t), 2.22 — 2.38 (COCH2, 6H, t), 1.65 — 1.83 (s, -NH>), 1.08 — 1.65
(CH; aliphatic protons, m), 0.87 (CH3, 9H, t).

BC-NMR (101 MHz, CDCls) 6 173.25, 68.89, 62.09, 45.90, 41.72,35.07, 34.71, 34.02, 31.90,
29.67,29.62,29.31,29.10,26.85, 24.82, 22.68, 14.13.

DOSY- (500 MHz, CDCls) 6 68.89 (CH glyceryl structure), 62.10 (CH, glyceryl structure),
45.90 (CH-S), 41.71 (SH-CH»-CH»-NH>), 35.07 (SH-CH>-CH>-NHy), 14.13 (-CHs3).

FT-IR: v [em-1] = 2923 (v N-H, w), 1740 (v C=0, s), 1650 (5 N-H, m), 1604, 1462 (5 C-H, m)
1275 (v C-N, m).

ESI-HRMS Cs3H125N306S; [M+H] ™= calculated: 1116.89, found: 1116.89.

aliphatic H
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S 2. "H-NMR (400 MHz) proton spectrum in CDCl3 (7.26 ppm) spectra of HOSO-PA.
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e Propane-1,2,3-triyl tris(10-((2-aminoethyl)thio)octadecanoate) with TPO-L

500 mg (0.56 mmol) of high oleic sunflower oil (HOSO, 85 % of monounsaturated fatty acid chains,
average 3 double bonds per triglyceride, calculated via '"H-NMR from Rapuzel) were placed in a 10
mL glass vial. with cysteamine hydrochloride (CAHC, 3 equiv. per double bond, 5.08 mmol, 577.14
mg) and the correct amount of the solvent mixture chosen (Dioxane: EtOH,7:3 or Isopropanol:
EtOH, 1:1), with a concentration of 0.28 g/mL of oil. The mixture was stirred for 30 min.
Afterwards, a 2 wt% TPO-L solution was prepared in the solvent mixture chosen. The weight
percentage was calculated considering the total weight of total oil and cysteamine salt, in the
concentration of 1 mg/35 pL of oil. The reaction was stirred for 48 h at room temperature and
irradiated by 405 nm LEDs. As the reaction ended, the solvent was removed under reduced pressure.
Then, CHCI; was added (20 mL) and the crude washed one time with a basic solution of sodium
carbonated and three times with distilled water. The organic phase was dried with sodium sulfate
anhydrous and then filtered. The solvent was removed in vacuum. The product obtained was viscous
liquid light-yellow product (Double bond conversion >99 %).

o Propane-1,2,3-triyl tris(10-((2-aminoethyl)thio)octadecanoate) in flow

2 g of high oleic sunflower oil (HOSO, 87% of oleic fatty acid chains, average 3 double bonds per
triglyceride, calculated from '"H-NMR, from Alnatura) and 2.31 g (20.3 mmol, 9 eq- 3 eq per double
bond) of cysteamine hydrochloride were placed in a glass vial and 12 mL of isopropanol were added.
The mixture was stirred for 30 min. After DMPA photoinitiator (174 mg, 0.3 eq- 0.1 eq per double
bond) and the remaining solvent (2 mL) was added (total concentration 1g/7mL of oil). The reaction
mixture was connected to a flow reactor placing the flask reaction mixture under stirring and fed to
the UV chamber (365 nm, 16 W) via 1 mm diameter tube in a closed loop (Figure 1). The reaction
was monitored via 'H-NMR along the time.

o (2)-1-((1,3-bis(((Z)-octadec-9-en-1-yl)oxy)propan-2-yl) oxy)octadec-9-ene

(2)-1-((1,3-bis(((Z)-octadec-9-en-1-yl)oxy)propan-2-yljoxy)octadec-9-ene
Chemical Formula: Cs7H11904
Molecular Weight: 843.50

500 mg (0.56 mmol, 1.00 eq) high oleic sunflower oil (HOSO, 85 % of monounsaturated fatty acid
chains, average 3 double bonds per triglyceride, calculated via 'H-NMR- from Bio-Zentrale) were
weighted in a Schlenk glass vial. The oil was flushed with Ar for 30 minutes and slightly heated with a
heat gun in order to remove dry it. Then, GaBrs; was weighted in a glove box and placed in the Schlenk
vial. The reaction mixture was placed under styrring at 80°C and the connected with a syringe pump in
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order to add SiHEt; reducing agent (2.56 mL/min). The reaction was run for 1 h. Diverse work-up
procedures were tested.

1) The crude reaction was stirred overnight in THF. After, the organic phase was washed with water
three ties, dried with sodium sulfate anhydrous and filtered. The solvent removed under reduced
pressure. The product was purified via column chromatography with the following solvent gradient:
Cyclohexane:dietyl ether (8:2)- (8.5:1.5)-(9:1).

2) The crude reaction was stirred overnight in Et;O. The same procedure as above was then applied. The
product was purified via column chromatography with the following solvent gradient: Cyclohexane:dietyl
ether (8:2)- (8.5:1.5)-(9:1).

3) The crude reaction was stirred overnight in anisole. The same procedure as above was then applied.
Then anisole was removed by distillation.

Due to presence of polysiloxane in the final product, yields were not possible to calculate. Therefore,
the introduction of the Q value was established (Equation 1).

[ PS

B [ terminal CHs

Q Eq.1

ETHOSO purification methods in different solvents and respective Q factors.

Purification method Solvent Q
ETHOSO1 filtration toluene 3,7
ETHOSO1 filtration + column toluene 2,2
ETHOSO2 filtration diethyl ether 6,6
ETHOSO2 filtration + column diethyl ether 4,0
ETHOSO3 filtration + distillation anisole 3,0

Q as the ratio of the integral of polysiloxane (0.07 ppm) divided by the integrals of terminal
CH; groups at 0.88 ppm.

Product obtained as a clear liquid viscous substance. Quantitative conversion to ethers was achieved,
however, the polysiloxane formed was not possible to be fully removed from the product (fine white
solid).

TLC: 0.75 (Cycloexane:EtOAc 8:1)

'H-NMR (400 MHz, CDCl;) 6 5.34 (m, 6H, HC=CH), 3.45 (m, 1H, CH glycerine unit), 3.43 (m,4H,
CH; glycerine unit), 2.77 (t, CH linolenic unit traces), 2.02 (m,12 H, HC-CH=CH-CH), 1.27 (m, 6H,
0-CHa), 56 (m, aliphatic protons), 0.88 (9H, CH3).

BC-NMR (101 MHz, CDCl3): § / ppm = 130.07, 130.06, 130.00, 129.98, 129.97, 78.03, 71.79, 70.99,
70.75,32.06, 30.25, 29.93, 29.86, 29.82, 29.81, 29.77, 29.70, 29.68, 29.65, 29.64, 29.48, 29.44, 27.37,
26.29,26.25,22.84, 14.27.

FT-IR: v [cm-1]=3009 (v CH=CH, w), 3000-2780 (v C-H, w), 1471 (8 C-H, m), 1244 (v C-O, m).

ESI-HRM Cs7H11003; [M+H]+ calculated: 843.8528, found: 843.8526.
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S 3.'"H-NMR (400 MHz) proton spectrum in CDCI3 (7.26 ppm) spectra of ETHOSO.

o [6-((10-((2-aminoethyl)thio)octadecyl)oxy)-4,28-dioctyl-14, 18-dioxa-3,29-

dithiahentriacontane-1,31-diamine

6-((10-((2-aminoethyl)thio)octadecyl)oxy)-4,28-dioctyl-14,18-dioxa-3,29-dithiahentriacontane-1,31-diamine

w

Chemical Formula: CgzH125N3054
Maolecular Weight: 1116.89

500 mg (0.56 mmol, 1.00 eq) high oleic sunflower oil ethers (HOSOET) were weighted in a 10 mL glass
vial. The proper amount of the chosen solvent mixture selected was added (Table X). 572.6 mg (5.04
mmol, 9.00 eq) of cysteamine hydrochloride (3.00 eq per double bond) The mixture was stirred for 30
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minutes. Subsequently, the chosen initiator was added (Table X). The reaction was carried out under
405 nm UV LED-light, at room temperature for 7 hours. As the reaction ended, the solvent was removed
under reduced pressure. Then, CHCl; was added (20 mL) and the crude washed one time with a basic
solution of sodium carbonated and three times with distilled water. The organic phase was dried with
sodium sulfate anhydrous and then filtered. The solvent was removed in vacuum.

Different catalysts were testes (Table 16):

Table 14. Conversion of the double bonds (db) in different thiol-ene reaction conditions on high oleic
sunflower oil ether (HOSOET).

Initiator Solvent Conc Conversion Amine
HOSOET db? functionality

g/mL per TRG"

ETPA1 DMPA Et,O:EtOH (1:1) 33 Not
0.36 measurable*

ETPA2 TPO-L EtOAc 57 1.1
0.26

ETPA3 DMPA Et;O:EtOH (7:3) 026 86 0.8

ETPA4 | Irgacure 2959 = EO:EtOH (7:3) 026 14 0.4

ETPAS AIBNP - 11 0.08
bulk

aMeasured via 'H-NMR, considering terminal -CHj (0.88 ppm, 9H). ® Measured via 'H-NMR, by the
N- CH: integral at 2.85 ppm. *Overlapping signals. ® Reaction temperature= 80°C.

o 22" ((2-(4-methylpent-3-en-1-yl)butane- 1,4-diyl) bis (sulfanediyl))bis (ethan- I -amine)

S
Y\/j/\/ \/\NH2

S

‘

NH,

2,2'-((2-(4-methylpent-3-en-1-yl)butane-1,4-diyl)bis(sulfanediyl))bis(ethan-1-amine)
Chemical Formula: C14H3gN»S,
Molecular Weight: 290.53

Diluted conditions. 200 mg (1.47 mmol, 1.00 eq) myrcene were weighted in a 10 mL glass vial and 3
mL of EtOH were added. Then, 1.5 g cysteamine hydrochloride (13.23 mmol, 9.00 eq, meaning 3.00 eq
per double bond) was added and the reaction mixture was stirred for 30 minutes. Subsequently, a solution
in 2 mL of EtOH of TPO-L photoinitiaor 1 %wt. of the total weight terpene + CAHC (17 mg, 0.054
mmol) was prepared and mixed with the previous reactants. The reaction was carried out under 405 nm
UV LED-light (2W), at room temperature for 7 hours (0.04 g/mL of terpene).

Concentrated conditions. 200 mg (1.47 mmol, 1.00 eq) myrcene were weighted in a 10 mL glass vial
and 15 g cysteamine hydrochloride (13.23 mmol, 6.00 eq, meaning 3.00 eq per double bond) were added.
Subsequently, a solution in 700 uL. of EtOH of TPO-L photoinitiaor 1 %wt. of the total weight terpene
+ CAHC (17 mg, 0.058 mmol) was prepared and mixed with the previous reactants. The reaction was
carried out under 405 nm UV LED-light (2W), at room temperature for 7 hours (0.28 g/mL of terpene).
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As the reaction ended, the solvent was removed under reduced pressure. Then, CHCl; was added (20
mL) and the crude washed one time with a basic solution of sodium carbonated and three times with
distilled water. The organic phase was dried with sodium sulfate anhydrous and then filtered. The solvent
was removed in vacuum. The product obtained was yellow viscous liquid. (Diluted condition yield: 10%
Concentrated condition yield: 80%).

a_NH,

CDCly

3 D O v

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T R T
7.2 70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 38 36 34 3.2 3.0 28 26 24 22 20 18 16 14 12 10 0.8 06 04
ppm

S 4. 'H-NMR (400 MHz) proton spectrum in CDCI3 (7.26 ppm) spectra of myrcene amine.

TLC: Red spot visible on the baseline revealed with ninhydrin solution. (EtOAc: MeOH, 9:1)

'H NMR (400 MHz, CDCls) 6 5.29 (residual myrcene CH=CH), 5.20 (CH=CH, 2H, m), 5.03 (residual
myrcene CH=CH), 3.11(CH», 2H, m), 3.04 (CHa, 2H, m), 2.80 (CH,NH,, 4H, t), 2.54 (SCH>CH,NH>,
4H, t), 2.42 (CH», 2H, m), 2.32, 2.10 (CH,1H, m), 1.99 (NH), 1.86 (CHa, 2H, m), 1.59 (-CH3, 6H, m),
1.53.

FT-IR: v [cm-1]=3437-3118 (vN-H, w), 2905 (vC-H, s), 1646 (6N-H, m), 1590, 1456 (8C-H, m), 1270
(vC-N, m).

ESI-HRMS Ci4H30N,S, [M+H] "= diluted conditions, monoamine: calculated: 213.16 found: 214.0178
m/z

ESI-HRMS C/4H30N>S, [M+H] "= concentrated conditions, diamine: calculated: 290.19 found: 291.0107
m/z. triamine: calculated: 367.21+[NHj3] found: 384.1991 m/z
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o [,6-bis((2-aminoethyl)thio)-3, 7-dimethyloctan- 1-ol (diamine from linalool)

NH

[a%]

OH

%)

NH
3/\/ 2

1,6-bis((2-aminoethyl)thio)-3,7-dimethyloctan-3-ol
Chemical Formula: Cq4H3,N,0S,5
Molecular Weight: 308.54

Concentrated conditions. 200 mg (1.47 mmol, 1.00 eq) linalool were weighted in a 10 mL glass vial
and 1 g cysteamine hydrochloride (8.82 mmol, 6.00 eq, meaning 3.00 eq per double bond) were
added. Subsequently, a solution in 700 puL of EtOH of TPO-L photoinitiaor 1 %wt. of the total
weight terpene + CAHC (12 mg, 0.038 mmol) was prepared and mixed with the previous reactants.
The reaction was carried out under 405 nm UV LED-light (2W), at room temperature for 7 hours
(0.28 g/mL of terpene). As the reaction ended, the solvent was removed under reduced pressure.
Then, CHCl; was added (20 mL) and the crude washed one time with a basic solution of sodium
carbonated and three times with distilled water. The organic phase was dried with sodium sulfate
anhydrous and then filtered. The solvent was removed in vacuum. Slightly yellow viscous liquid,
yield= 42%.

o

NH;

a\b g

OH

S h
f 1 2
o i S/\/NHZ

d d m

a

L A
o
___,____JL__JL._.J“__J' A \ L__

T T T T T T T T T
4.5 4.0 35 3.0 25 2.0 15 1.0 05
ppm

S 5. 'H-NMR (400 MHz) proton spectrum in CDCI3 (7.26 ppm) spectra of linalol diamine.

TLC: Red spot visible on the baseline revealed with ninhydrin solution. (EtOAc: MeOH, 9:1)

TH-NMR (400 MHz, CDCIs) 2.89 (CH2NH,, 4H, t) 2.63 (SCH>CH:NH>, 4H, t), 1.83 (CH, 1H, m),
1.77 (CHa, 2H, m), 1.65 (NH), 1.37 (CH», 4H, m), 1.25 (-CH3s, 3H, s), 0.99, 0.95, 0.90, 0.87, 0.83
(-CH3, 6H, m).

FT-IR: v [em-1] = 3400-3200 (vN-H, O-H, w), 1643 (5N-H, m), 1445 (5C-H, m), 1284 (vC-N, m).
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ESI-HRMS Ci3H30N,0S; [M+H]"*= monoamine calculated: 231.17, found: 232.1728 diamine
calculated 308.20 m/z, found: 291.1920 — [H2O]

o [-((2-aminoethyl)thio)-6-((aminomethyl)thio)-3, 7-dimethyloctan-3-ol (diamine from geraniol)

OH

2,6-bis((2-aminoethyl)thio)-3,7-dimethyloctan-1-ol
Chemical Formula: C44H3:N,0S,
Molecular Weight: 308.54

Concentrated conditions. 200 mg (1.47 mmol, 1.00 eq) geraniol were weighted in a 10 mL glass vial
and 1 g cysteamine hydrochloride (8.82 mmol, 6.00 eq, meaning 3.00 eq per double bond) were
added. Subsequently, a solution in 700 puL of EtOH of TPO-L photoinitiaor 1 %wt. of the total
weight terpene + CAHC (12 mg, 0.038 mmol) was prepared and mixed with the previous reactants.
The reaction was carried out under 405 nm UV LED-light (2W), at room temperature for 7 hours
(0.28 g/mL of terpene). As the reaction ended, the solvent was removed under reduced pressure.
Then, CHCI; was added (20 mL) and the crude washed one time with a basic solution of sodium
carbonated and three times with distilled water. The organic phase was dried with sodium sulfate
anhydrous and then filtered. The solvent was removed in vacuum. Yellow highly viscous liquid
yield: 67%.

TLC: Red spot visible on the baseline revealed with ninhydrin solution. (EtOAc: MeOH, 9:1)

'H-NMR (400 MHz, CDCls) 8: 5.43,5.09, 4.16, 3.75,3.72,3.63, 3.02, 2.88, 2.76, 2.62, 1.84, 1.68,
1.60, 1.25,0.99, 0.93.

FT-IR: v [em-1] =3580-3070 (vN-H, O-H w), 2912 (vC-H, s), 1652 (dN-H, m), 1574, 1466 (6C-H,
m), 1224 (vC-N, m).

ESI-HRMS C;3H30N,0S, [M+H]= monoamine calculated: 231.17, found: 232.1730 diamine
calculated 308.20 m/z, found: 351.2134 m/z — [isopropyl]+.
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2 CHAPTER 3:ISOCYANATE-FREE URETHANE BIS-CYCLIC
CARBONATES (UBCs)

2.1 URETHANE BIS-CYCLIC CARBONATE (UBCS)SYNTHESIS

Different structural modifications are under investigation to improve the performances of cyclic

carbonate monomers in aminolysis reactions to achieve PHU materials (Figure 64).2%!
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Figure 64. Examples of strategy to synthesize CC with enhanced reactivity. a)*%? b)?%3 ¢)?%4,

The most common strategy is to insert an electron-withdrawing (EWG) group close to the CC ring
structure as an ester, ether or alkyl group.!'!%-265.266 Egter functions can be introduced in [ position to
the CC unit by using esters or carboxylic acids with glycerol carbonate.?® 2% In a study by Cramail
and coll., it was shown that 5-CCs with ester substituents in B position exhibit higher reactivity to
same-size CCs with ether or alkyl group substituents and similar reactivity to 6-CCs (Chapter 1,
Non-isocyanate polyurethanes).?®> As a drawback, the ester function can bring the formation of
undesired products. In fact, the amidation reaction was reported as a side reaction during the
aminolysis when an ester function was present.?® This leads to lower molar mass PHU or lower
crosslinking density and gel contents of PHU thermosets. 3% 266270, 271 The ysual strategy to obtain

urethane-linked polyfunctional cyclic carbonate monomers is by using isocyanates.?’>27* At present,
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Nohra et al.?” reported the only isocyanate-free synthetic pathway to achieve similar urethane cyclic

carbonate (Figure 65).
O
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Figure 65. Isocyanate-free synthesis of bis-CC.?"

The process involves diamines, glycerol carbonate and dimethyl carbonate via a catalytic reaction,
being a greener method in comparison to the previously reported ones, for instance due to the low
toxicity of the reactants and their renewable origin.>* 2’ However, in their study, no exploration of
the production of polymeric materials was documented. To further investigate this unexplored topic,
the synthesis of a CC bearing a urethane group in a position (urethane bis-cyclic carbonates-UBC)
was developed more sustainably. Together with the design of the synthesis and the interest in the
evaluation of the reactivity, the renewability of the starting compound was considered. Indeed, much
attention is dedicated nowadays to avoiding petrol-based sources in general, and in particular to the
CC synthesis.?”” In the frame of the EJD NIPU consortium, two novel UBC molecules following the
above-mentioned requirements were designed together with the group of Caillol (ESR2 Federico
Mundo) at Henkel Adhesive Technologies in Diisseldorf (Germany) as the industrial partner. Both
PhDs conceptualised this project, as well as the practical syntheses, analyses and data evaluation.
NMRs were run by the spectroscopy department at Henkel. Therefore, a defined attribution of tasks
to a single PhD student is not possible as this was a close collaboration and different tasks were

shared.

The selected starting compounds were 1,6-hexamethylene diamine (HA) as a medium aliphatic
chain diamine and isophorone diamine (IPDA) as a cyclic compound. The structural chemical
difference of the selected amine was chosen to evaluate how this dissimilarity will affect the
reactivity and the final polymer properties. To evaluate the synthetic strategy, both isocyanate and
isocyanate-free pathways were carried out. In the first case, 1,6-hexamethylene diisocyanate and
isophorone diisocyanate were reacted with glycerol carbonate to achieve the corresponding UBCs.
The reaction was monitored through FT-IR and the structures were confirmed by NMR. The
attention was on the decreasing intensity of the N=C=0 stretching band at 2250 cm™! and consequent
formation of the urethane stretching band (O-(C=0)-NH) at 1688 cm™' and N-H stretching at 1519

cm'. For both monomers, 80 % yield was achieved.
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Figure 66. Structures of M1 from HA and M2 from IPDA.
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Figure 67. 'H-NMR (400 MHz) proton spectrum of M1 in DMSO (2.5 ppm).
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Figure 68. 'H-NMR (400 MHz) proton spectrum of M2 in DMSO (2.5 ppm).

The isocyanate-free reaction was designed as a two-step one-pot reaction. Firstly, the aminolysis
reaction of glycerol carbonate (GC) and a chosen diamine was performed, resulting in dimeric diol
species suitable for SCC synthesis (Figure 69). In this case, the reaction was followed by IR
regarding the band at 1766 cm™' corresponding to the carbonyl of glycerol carbonate. At the same
time, the appearance of the broad band of the OH groups (3318 cm™) and the carbamate group (O-
(C=0)-NH 1688 cm and N-H 1519 cm™! was observed. The second step consists of the ring closure
between dimethyl carbonate and the previously formed polyols via a potassium-tert-butoxide-
catalyzed process (Figure 69). In this route, DMC acts as solvent and reactant, simultaneously. It is

worth noticing that the unreacted excess of DMC can be easily recovered and reused.
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Figure 69. Two-step-one pot synthesis of isocyanate-free.

The disappearance of the OH bands and the characteristic cyclic carbonate stretching band (1766
cm!) were detected. All the structures were confirmed via NMR. Yields of 47% for M1 and 68%
for M2 were obtained.

Achieving the same products through different pathways, enabled a sustainability comparison
between the two. E-factors were calculated by considering the amines as the starting point of the

process (isocyanates are generated from respective amines).

Table 15. E-factor values of the UBCs obtained via isocyanate and isocyanate-free synthetic routes

E-factor Isocyanate E-factor
route? Isocyanate-free route”
Ml 4.7 1.87
M2 16.61 1.16

aSynthetic pathway: amine-> isocyanate->cyclic carbonate ® Synthetic pathway: Amine-> cyclic carbonate.

For the isocyanate-route, the E-factors were calculated from literature HMDI?? and IPDI?® data.

It is obvious that the isocyanate-free route has an inferior environmental impact (Table 15). In fact,
the two new processes present E-factor values of 2.5 and 14 times lower than the respective obtained
from the syntheses via isocyanate. As a two-step synthesis from the amine, the isocyanate-based
route leads to higher waste production compared to the two-step one-pot isocyanate-free pathway.
Moreover, in the latter approach, safer chemicals are employed, such as DMC (LD50, oral, rabbit:
13000 mg/kg) in its dual action as solvent-reagent, preventing the need for additional chemicals. If
compared with isocyanates such as [IPDA (IPDI LD50, oral, rat = 1000 mg/kg), DMC is far less
harmful. Notably, DMC can also be renewably obtained from methanol and urea. Looking at the

current literature data, the E-factor values calculated in this study are 6 times lower than the average
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E-factor values reported for the synthesis of mono-functional cyclic carbonate obtained by DMC

and diols.

The reactivity of M1 through aminolysis was studied. Two model amines were chosen, such as
I-hexylamine as a primary amine and N-methyl hexylamine as a secondary amine. Moreover,
erythritol bis-CC (EBC), a biobased CC, was used as a benchmark to compare the reactivities and

to understand the impact of urethane functionality in the structure. The reaction was monitored by
FT-IR (Figure 70).
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Figure 70. Conversion rates of M1 and EBC with 1-hexylamine measured via FT-IR.

The reactions were run in DMSO at room temperature in a 1:1 ratio of functional groups (CC

=[0.5 M] and amine = [1M]. In this case, little difference was observed between the reactivity of the
two compounds. After 24 h of reaction, M1 and EBC showed 59% and 50% conversion of the CC
groups, respectively. Proceeding the reaction, after 18.5 days the monomers reached a maximum of
80% and 89% conversion of CC groups, respectively. The slightly lower conversion of M1 can be
attributed to higher H-bond density due to the greater presence of urethane groups in comparison to

the polymer obtained from EBC.
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2.2 PHU THERMOPLASTICS

To make use of M1 and M2, diverse PHU thermoplastics were synthesized. Difunctional
commercially available bio-biobased amines IPDA and Priamine 1071® and petrol-based Jeffamine

D230® were chosen as co-monomers (Table 16, Figure 71).

Table 16. M 1- and M2-based PHU and respective codes.

Monomers Code Monomers Code
Ml +Jeffamine D230® P1.1 M2+Jeffamine D230® P2.1

MI1+LDA P1.2 M2 +LDA P2.2

MI1+IPDA P13 M2 +IPDA P23
MI1+Priamine 1071® P14 M2 +Priamine 1071® P24

LDA=limonene diamine, IPDA= isophorone diamine

M1 resulted in being not miscible with the selected diamines, even with the help of heat (80-100

°C). Therefore, it was necessary to add a solvent to perform the polymerization. After a solubility
test, DMF and DMSO proved to be the only feasible candidates. Oppositely, with M2, bulk
polymerization was possible. Typically, a 1:1 ratio of the monomers was manually mixed and

subsequently cured at 80 °C for 24 h. The resulting PHU were then characterized.

NH,
S
~NH,
NH,
S\/\NH2 IPDA
LDA
HaN NH; NH
Vo)fz}( )

NH,

Jeffamine D230 Priamine 1071

Figure 71. Set of amines employed for PHUs synthesis with M1 and M2.
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SEC analyses were possible only with thermoplastics derived from M2 with the isophorone
monomer due to the insolubility of the other polymers in the solvent of analysis (DMF). The samples
were measured with a PMMA calibration method. It is relevant to know that PHUs do not have
currently a comparable analogous polymer for calibration. This leads to poor molar mass reliability.
Moreover, the presence of OH groups and urethane units in PHUs results in hydrogen bonding

interactions with chromatographic columns.

Table 17. Mn and Mw obtained by SEC in DMF of the PHU thermoplastics obtained from M2 with four
different diamines.

PHU M, M, D
g/mol g/mol

P2.1 4300 6000 1.41

P2.2 2900 4100 1.4

P23 2500 3100 1.23

P24 2500 4800 1.87

The SEC results of P2 series showed only the formation of oligomers (Table 17). P2.4 gave the
higher M, and M,, values with M, = 4300 g/mol and M= 6000 g/mol and a dispersity of 1.4. This
can be explained due to the large size amine molecule used for this polymer. TGA analyses were
carried out to evaluate the degradation behaviour of the polymers until 600 °C. P2.1 and P2.2 were
as resistant to high temperature, with a T, 5., of about 200 °C. All the PHU were fully degraded at
600 °C and none of them was affected by heating earlier than 150°C. DSC analyses of M1 and M2
showed melting points of 115°C and 50.5°C, respectively. The DSC traces of the polymers revealed
that the T,s of the oligomers made from M2 were higher in comparison to the ones made by M1.
This feature can be explained by the rigidity of the structure of this monomer in comparison to the
one of MI1. For instance, P2.3 displayed a 7, of 78.8 °C. Comparing same-amine PHU
thermoplastics, it is noticeable that 7, of P2.4 (with Priamine) is higher than the analogous one with
M1 (20.2 °C and 9.8°C, Table 17). The low T,s obtained can be attributed to the low molecular
weight of the oligomer detected by SEC.

In order to investigate the possible applicability of the PHUs produced, lap shear tests were
performed. P2 polymers were tested because of the homogeneity of the mixture in bulk. Three
adherent types were selected, such as softwood, PVC and aluminium. The uncured formulations
were placed on the substrates and cured at 80°C for 24h. The shear stress defines the adhesion

strength performance (Equation 5).
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T=FmnaW=x*L

Fuae = the maximum force in the force-displacement curve
w = the width and the area of adhesion
L = length of the area of adhesion

Generally, the primary and secondary hydroxylic groups and the urethane units present on PHUs
foster chemical interactions (hydrogen bonding and dipole forces) with the substrate, improving the
adhesiveness. This is enhanced with wood adherent because of the abundance of cellulose and lignin
OH, which interacts with the adhesive at the interface. As a consequence, the best performances
were registered when wood was tested, followed by aluminum and PVC, in order (Table 18). The
type of the specimen’s failure was also examined. In all the three cases, a cohesive failure was

displayed.

Table 18. Average force values (MPa) and breaking points (mm) calculated on five measurements
conducted with P2.4 on wood, PVC and aluminium.

P24 Force (MPa) Breaking point Failure type
(mm)
Wood 2.21+0.36 0.42 +£0.05 surface cohesive
Aluminum 1.69 +£0.52 0.33+0.11 adhesive/surface
cohesive
PVC 0.63 £0.18 0.54 £0.10 adhesive cohesive

r

1
ﬂ?

Adhesive Cohesive
failure failure

Figure 72. Representation of a specimen for lap shear tests and exemplification of adhesive and cohesive
failures.
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Considering the P2.3 PHU, the density of the urethane and hydroxyl group is higher, due to the short
chain of the two components. However, the shear stress values result in being lower than the above-
mentioned P2.4 (Table 18). This outcome might be attributed to the rigidity of the polymer chain,
due to the short and rigid structure of both UBC and amine monomers. Oppositely, in the case of
P2.4, the long aliphatic chains of Priamine® 1071 were promoting flexibility of the structure. Using
P2.3 adhesive, the type of failure was found to be cohesive for wood and aluminum (Table 19).

Alternatively, it was adhesive-cohesive for PVC substrates.

Table 19. Average force values (MPa) and breaking points (mm) calculated on five measurements
conducted with P2.3 on wood, PVC and aluminium.

P23 Force (MPa) Breaking point Failure type
(mm)

Wood 1.45+0.58 0.28 +£0.09 surface cohesive

Aluminum 0.47+0.13 0.16 £ 0.01 surface cohesive

PVC 0.26 £0.10 0.26 £0.12 adhesive cohesive

P2.2 and P2.3 have similar backbone structures because of the diamine employed. Indeed, the first
is made with limonene diamine (LDA) and the second with IPDA, which are both cyclic short-chain
molecules, with the first being biobased and the second potentially biobased. The performance on
wood and PVC of P2.2 resulted in being inferior in comparison to P2.3 (Table 20). Nevertheless,
the values of shear stress obtained with aluminium were similar. All the substrates presented surface

cohesive failure type.

Table 20. Average force values (MPa) and breaking points (mm) calculated on five measurements
conducted with P2.2 on wood, aluminium and PVC.

P2.2 Force (MPa) Breaking point Failure type
(mm)

Wood 0.73 £0.13 0.22+0.03 surface cohesive

Aluminum 0.46 +0.18 0.16 £ 0.04 surface cohesive

PVC 0.08 0.025 surface cohesive

This project was carried as a preliminary study. Due to the short time available to investigate this
novel topic, it was not possible to investigate further polymer formulations. In the future, it is

planned to further examine the possibility of ameliorating the polymer synthesis with the use of
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these UBCs. Moreover, with the monomer synthetic pathway performed, a library of new UBCs

could be created.

2.3 CONCLUSION

Two novel UBC monomers were synthesized via isocyanate-free route resulting in new monomer
structures through a more sustainable process. The comparison with the isocyanate-route synthesis
displayed the lower environmental impact (E factors) of the first synthetic pathway. In this way, an
efficient and safer process was proven to be a possible alternative. This route opens the to develop
UBC monomers from biobased amines with different chemical structures to yield fully biobased

building blocks.

Moreover, isocyanate-free oligomers were produced with the same aim of avoiding hazardous
chemicals. Despite the low molecular weight achieved with the four diamines selected, the PHUs
obtained showed good adhesive properties on lap shear tests, particularly when wood adherents were

used.
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2.4 EXPERIMENTAL DATA

Characterization methods

Nuclear Magnetic Resonance spectroscopy (NMR)

NMR spectra were recorded using the following spectrometer hardware.
Bruker AVANCE 400

'H-NMR (400 MHz), 3C-NMR (101 MHz)

Bruker AVANCE 500

'H-NMR (500 MHz), 3C-NMR (126 MHz)

DMSO-d6, CDCI; and MeOD were used as solvents and their respective resonance signals served as
reference for the chemical shift & in parts per million: 'H: CDCl; = 7.26 ppm, DMSO-d6 = 2.50 ppm;
BC: CDCI; = 77.2 ppm, DMSO-d6 = 39.5 ppm. The spin multiplicity and corresponding signal patterns
were abbreviated as follows: s = singlet, d = doublet, t = triplet, ¢ = quartet, quint. = quintet, m =
multiplet. Coupling constants J were noted in Hz. Furthermore, 2D NMR methods (e.g., heteronuclear
single quantum coherence (HSQC), heteronuclear multiple bond correlation (HMBC) and correlated
spectroscopy (COSY)) were carried out, if necessary, for signal assignment and structure elucidation.

Size exclusion Chromatography (SEC)

System I (Oligo SEC): A PSS SECcurity? SEC system based on Agilent Infinity 1260 II hardware was
used for the measurements. The system is equipped with a refractive index detector SECcurity? RI, a
column oven “(Bio)SECcurity? column compartment TCC6500”, a “standard SECcurity?” autosampler,
and an isocratic pump “SECcurity? isocratic pump”. Anhydrous tetrahydrofuran stabilized with 250 ppm
butylated hydroxytoluene (BHT, >99.9%) was used at a flow rate of 1.0 ml min~' and at 30 °C as mobile
phase. The analysis was performed on the following column system: PSS SDV analytical precolumn
(3 um, 8 mm x 50 mm) with two PSS SDV analytical columns (3 pm, 8 mm x 300 mm, 1000 A).
For the calibration, narrow linear poly(methyl methacrylate) standards (Polymer Standards Service,
PSS, Germany) ranging from 102 to 62200 Da were used. For the preparation of the samples,

2.00 mg of analyte was dissolved in 1.50 mL anhydrous tetrahydrofuran stabilized with 250 ppm
butylated hydroxytoluene (BHT, >99.9%). All samples were filtered by syringe filter prior to use, to
avoid plugging of the injection setup or the column.

Infrared spectroscopy

Infrared (IR) spectroscopy IR spectra were recorded on a Bruker alpha-p instrument in a frequency range
01 3997.41 to 373.828 cm-1 applying KBr- and ATR technology.

Thin Layer Chromatography (TLC)

All thin layer chromatography (TLC) experiments were performed on silica-gel-coated aluminum foil
(silica gel 60 F254, layer thickness: 0.25 mm, Sigma-Aldrich). Compounds were visualized by
irradiation with a UV lamp (A = 254 and 365 nm), by staining with Seebach solution (mixture of 5.00 g
phosphomolybdic acid hydrate, 2.00 g cerium(IV)- sulfate, 16.0 mL concentrated sulfuric acid and 200
mL water) or vanillin staining solution (mixture of 8.60 g vanillin and 2.50 mL concentrated sulfuric
acid and 200 mL ethanol), or KMnO#4 staining solution (1.50 g KMnOs, 10.0 g K2CO3, 1.25 mL 10%
NaOH and 200 mL water) or ninhydrin solution (0.2 ninhydrin in 100 mL ethanol).
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Orbitrap Electrospray Ionization-Mass Spectrometry (ESI-MS)

Mass spectra were recorded on a Q Exactive (Orbitrap) mass spectrometer (Thermo Fisher Scientific,
San José, CA, USA) equipped with an atmospheric pressure ionization source operating in the nebulizer
assisted electrospray mode. The instrument was calibrated in the m/z-range 150-2000 using a standard
containing caffeine, Met-Arg-Phe-Ala acetate (MRFA) and a mixture of fluorinated phosphazenes
(Ultramark 1621, all from Sigma Aldrich). A constant spray voltage of 3.5 kV, a dimensionless sheath
gas of 6, and a sweep gas flow rate of 2 were applied. The capillary voltage and the S-lens RF level were
set to 68.0 V and 320 °C, respectively. For the interpretation of the spectra, molecular peaks [M]+ ,
peaks of pseudo molecules [M+H]+ , [M+NH4] + , [M+Na]+ and [M+K]+ and characteristic fragment
peaks are indicated with their mass to charge ratio (m/z) and their intensity in percent, relative to the
most intense peak (100%).

Differential scanning calorimetry (DSC)

DSC analyses were run with DSC Q2000 instrument. Samples were placed in aluminium pans and
measured with a_heating rate of 10 K min-1 over a temperature range from -40 to 120 and 250 °C, gas
flow (nitrogen) of 50 mL/min.

Thermogravimetric Analysis (TGA)

TGA measurements were carried out on the TA Instruments TGA 5500 under nitrogen atmosphere using
platinum TGA sample pans and with a heating rate of 10 K min-1 over a temperature range from -40 to
600 °C. Thanks to Théato research group (KIT) for the instrument availability.

Materials

Glycerol carbonate (Jeffsol) (99%) was supplied by Huntsmann. Isophorone diamine (mixture of
isomers — 99%), dimethyl carbonate (99%), hexamethylene diamine (99%), isophorone diisocyanate
(99%), hexamethylene diisocyanate (99%), potassium tert butoxide (99%), sodium carbonate (99%)
were supplied by Sigma-Aldrich. 1-hexylamine (99%), N-methyl hexylamine (99%) were supplied by
TCI. NI,N6-dimethyl-1,6 hexyldiamine (99%) was supplied by BLD Pharm. All reagents were used
without further purification.

Synthesis procedures

o 2-oxo-1,3-dioxolan-4-yl ((2-oxo-1,3-dioxolan-4-yl)methyl) pentane-1,5-diyldicarbamate (M1)
from isophorone diisocyanate.

0 0 O
O#:fo)LHWHJkOIO\FO

2-ox0-1,3-dioxolan-4-yl ((2-oxo-1,3-dioxolan-4-yl)methyl)
pentane-1,5-diyldicarbamate
Chemical Formula: C44H5gN204q
Molecular Weight: 376.32

28.7g glycerol carbonate (243 mmol, 2eq) was dropped in a three-neck 500 mL round bottom flask
conditioned with nitrogen with a dropping funnel and heated at 80°C. Then, 20.2 g of 1,6-hexamethylene
diisocyanate (120 mmol, 1 eq) was added through the dropping funnel. The reaction was carried out at
80°C for 16.5h under mechanical stirring. The product was obtained as a white solid. (97% yield).
Solubility tests showed that the compound was insoluble in methanol, ethyl acetate and dichloromethane
and soluble in DMSO and DMF at room temperature. Consequently, purification was performed by
recrystallization in ethyl acetate at 80°C. After recrystallization, 80% yield of the pure product was
recovered.
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S 6. '"H-NMR (400 MHz) of M1 in DMSO (2.5 ppm).

'H-NMR (400 MHz, DMSO-d6 & 7.28 (J = 5.5 Hz, 2H, t), 4.95 (J = 11.2, 8.6, 2.6 Hz, 2H, ddd), 4.58 —
4.46 (2H, m), 4.23 — 4.17 (4H, m), 4.12 (J = 12.6, 5.0 Hz, 2H, dd), 2.93 (J = 13.0, 6.6 Hz, 4H, dd), 1.40
— 1.28 (4H, m), 1.20 (4H, s).

BC-NMR (101 MHz, DMSO) 4 156.05, 155.14, 75.29, 66.30, 63.47, 29.64, 26.30.

FT-IR v [cm-1]: 3340 (WN-H, m), 2937-2870 (vC-H, m), 1783 (vC=0 of CC, s), 1688 (vNH-C=0, s),
1521, 1477, 1398, 1338, 1259, 1218, 1166, 1146, 1045, 999, 770, 714.

o (2-oxo-1,3-dioxolan-4-yl)methyl(3,3,5-trimethyl-5-(((((2-oxo-1,3-dioxolan-4-
yl)oxy)carbonyl)amino)methyl)cyclohexyl)carbamate (M2) from isophorone diisocyanate

0 H O
Seas a0t ae s

(2-ox0-1,3-dioxolan-4-yl)methyl (3,3,5-trimethyl-5-(((((2-oxo-1,3-dioxolan-4-
yl)methoxy)carbonyl)amino)methyl)cyclohexyl)carbamate
Chemical Formula: CogHagN2O4q
Molecular Weight: 458,46

26.7g of isophorone diisocyanate (120 mmol, leq.) and glycerol carbonate (28,7 g, 243 mmol, 2 eq.)
were placed in a 500 mL round bottom flask and the reaction run at 80°C for 36 h under stirring. The
product was obtained as a transparent brittle solid (80% yield).
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S 7. 'TH-NMR (400 MHz) of M2 in DMSO (2.5 ppm
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'H-NMR (400 MHz, DMSO-d6) & 7.34 (J = 5.8 Hz, 1H, t), 7.20 (J = 10.1 Hz, 1H, t), 5.03 — 4.90 (2H,
m), 4.53 (J=8.5Hz, 4H, t),4.27 — 4.11 (4H, m), 3.60 — 3.50 (1H, m), 2.76 — 2.64 (2H, m), 1.52 - 0.68
(15H, m).

BC-NMR (101 MHz, DMSO-d6) 6 156.77, 156.66, 155.25, 155.09, 149.05, 77.43,75.31, 74.48, 66.28,
63.40,61.03,55.43, 54.79,49.03, 47.84, 46.99, 46.06, 45.76, 44.56, 41.61, 36.86, 36.71, 36.23, 35.36,
34.97,31.93,31.81,31.72,30.23,27.87,27.68,27.45,23.53.

FT-IR v [em-1]: 3333 (VN-H, m), 2953 (vC-H, m), 1785 (vC=0 of CC, s), 1703 (vNH-C=0, s), 1526,
1240, 1166, 1090, 1045, 1020, 765, 708.

33402937-2870 1783 1688 1521, 1477 1398, 1338, 1259, 1218, 1166, 1146, 1045, 999, 770, 714.
ESI-MS m/z C20H30N201o [M+H] "= calculated 458.46, found: 459.46

o 2-oxo-1,3-dioxolan-4-yl ((2-oxo-1,3-dioxolan-4-yl)methyl) pentane-1,5-diyldicarbamate (M1)
from 1,6 hexamethylene diamine, glycerol carbonate and dimethyl carbonate

Isocyanate-free M1 was synthesized in a one-pot two step procedure.

1) 23.2g of 1,6-hexamethylendiamine (200 mmol, 1 eq) and 47.2 g of glycerol carbonate (400 mmol, 2
eq) were placed in a round bottom flask and the reaction was run for 3 hours, 50°C under stirring. (During
the reaction, the temperature was increasing up to 65°C due to the exothermicity of the reaction).

2) 2,35 g of sodium carbonate (22 mmol, 5 wt.% compared to glycerol carbonate) and 36 g of dimethyl
carbonate (36g, 400 mmol, 34 mL, 2eq) were added to the reaction mixture. The reaction was carried
out for 16 h at 75°C under mechanical stirring. At the end of the reaction time, the mixture was cooled
down to room temperature. 1g of the crude reaction mixture was recrystallized in EtOAc under reflux

conditions and magnetic stirring. After 2h, the solution slowly cooled down and a white solid
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precipitated. The solid was filtered and dried under reduced pressure (Yield 47%). For product analyses
and attribution see “-oxo-1,3-dioxolan-4-yl  ((2-oxo-1,3-dioxolan-4-yl)methyl)  pentane-1,5-
diyldicarbamate (M1) from isophorone diisocyanate™).

o (2-oxo-1,3-dioxolan-4-yl)methyl(3,3,5-trimethyl-5-(((((2-oxo-1, 3-dioxolan-4-
yl)oxy)carbonyl)amino)methyl)cyclohexyl)carbamate (M2) from isophorone diamine, glycerol
carbonate, and dimethyl carbonate.

Isocyanate-free M2 was synthesized in a one-pot two step procedure

1) 94,5 g of glycerol carbonate (800 mmol, 2 eq.) and 68 g of isophorone diamine (400 mmol, 1 eq.)
were placed in a 500 mL three-neck round bottom flask. The reaction was run for 24h at 50°C under
stirring. at 50°C. (During the reaction, the temperature was increasing up to 65°C due to the
exothermicity of the reaction). After 2h, the reaction mixture drastically increases the viscosity.
Consequently, to facilitate the diffusion and increase the conversion of the reagents, 25 mL of MeOH
were added to the reaction mixture.

2) 2.3 g potassium tert-butoxide (20 mmol, 0,05 eq.) and 85 g of dimethyl carbonate (950 mmol, 2.4 eq)
were added to the reaction mixture The reaction was carried out for 16 h at 75°C under mechanical
stirring. Note. A distillation apparatus was connected to the three-neck round bottom flask to recover
the MeOH and the DMC evaporating from the reaction mixture. A solid white compound was obtained.
A chromatographic separation with 100% ethyl acetate as a mobile phase was performed and a solid
compound was yielded (68% yield). For product analyses and attribution see (2-oxo-1,3-dioxolan-4-
yl)methyl(3,3,5-trimethyl-5-(((((2-oxo-1,3-dioxolan-4-
yl)oxy)carbonyl)amino)methyl)cyclohexyl)carbamate (M2) from isophorone diisocyanate

Estimation of E-factor (Equation 1) of M1

E - fact weight of raw aterials —weight of desired product Eq.1
— factor =
weight of desired product
Reagents MW (g/mol) mmol g
Glycerol carbonate 118.09 240 28
Hexamethylene diisocyanate 161.21 125 20.18
Phosgene 90.08 155 14.05
Hexamethylene diamine 116.21 1170 136
Methanol 32.04 470 15.44
HCl 36.46 770 28
Hexamethylene diamine 189.13 1330 251.63
chlorohydrate
Amylbenzene 148.25 1715 254.24

123



Theoretic yield 4848 g
Experiental yield 38.78 g

E factor 4.71

Estimation of E-factor (Equation 1) of M2

Reagents MW (g/mol) mmol g
Glycerol carbonate 118.09 240 28
Isophorone diisocyanate 2223 120 26.68
Phosgene 90.08 424 38.25
Isophorone diamine 170.29 128 21.89
Chloroform 119.38 5798 692.3
Theoretic yield 55.0¢g
Experiental yield 443 g
E factor 16.61

Model reactions

Model reactions between M1 with HA and EBC with HA were performed and monitored via FT-IR.
Aliquots were taken at different time intervals. Conditions: room temperature, [bis-CC] = 0.5 M and
[HA] = 1M in DMSO under continuous stirring.

M1 or EBC (1 mmol, 1 eq.) and HA (2 mmol, 2 eq.) were added into a glass vial with 2 mL of DMSO.
Evaluation of the absorbance associated to the cyclic carbonate carbonyl stretch disappearance at 1785
cm! over time (Equation 2). Transmittance was converted in absorbance and the conversion was
calculated from absorbance values.

Absv(C = 0)CCi=o Eq.2

Conv.CC=1-—
Abcv(C = 0)CC,
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S 8. FT-IR measurements of M1+ 1-hexylamine (HA) at different reaction time (0 min- 440 h).

125



0.98
o 0.96 +
2
© 0.94
£092}
% L
S 090+
o L
ﬁ 088 L ——1h 15 min
IC__U i ——2h 15 min
—— 3h 15 min
g 0.86 - ——4h 15 min
- ——5h 15 min
< 0.84 |- ——6h 15 min
I ——24h
~———75h
0.82 e
[ — 440h
0.80 T T T Y T g T y 1
1850 1800 1750 1700 1650

Wavenumbers (cm-1)

S 9. FT-IR measurements of erythritol bis-cyclic carbonate (EBC)+1-hexylamine (HA) at different reaction
time (0 min- 440 h).
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Thermoplastics

Thermoplastics PHUs were synthesized mixing equimolar amount of cyclic carbonate to amino groups
of M2 and a proper amine (i.e. Priamine 1071®, limonene diamine, Jeffamine D230®, isophorone
diamine) at room temperature without any additional solvent. The curing process was performed at 80°C
for 24 h. The obtained PHUs were characterized via DSC, SEC, FT-IR and their MW evaluated via SEC
and NMR.

e Molecular weights measurements and calculations
SEC analyses were performed in DMF (Table 21).

Table 21. Mn and Mw obtained by SEC in DMF of the PHU thermoplastics obtained from M2 with four
different diamines (equimolar ration of primary amino groups and cyclic carbonate groups) compared with the
calculations of polymer MWs obtained via 'H-NMR.

PHU M, M, "H-NMR MW D
g/mol g/mol g/mol

P2.1 4300 6000 4100 1.41

P2.2 2900 4100 3400 1.4

P23 2500 3100 2300 1.23

P24 2500 4800 2500 1.87

The polymers molecular weights were also evaluated by '"H-NMR (Table 21). The calculation was made
by the ratio of a known integral: 2NH urethane peaks between 7.32-6.84 ppm (2 groups for each polymer
repeating unit, R.U.) and the signal of CH of the cyclic carbonate terminal at 4.98 ppm (Equation 3).
The, the number of R.U. was multiplied for the MW of the specific R.U. of the thermoset evaluated
(Equation 4).

[CH of CC
Number of RU.= ————— Eq.3
[NH /2
Polymer MW = JCHof cC * MW Eq. 4
Table 22. Detailed calculations of polymer MWs via 'H-NMR.
PHU Integral Integral Number MW per R.U. '"H-NMR MW
urethane termials R.U. (g/mol) kg/mol

P2.1 24.22 2 6 685.78 4.1
P2.2 20.37 2 5 694.97 3.4
P23 16.46 2 4 574.74 2.3
P24 10.55 2 2.5 939.44 2.5
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'H-NMR of P2.1-P2.4 in DMSO

M2 + Jeffamine D230® (P2.1)
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S 10. 'H-NMR (400 MHz) in DMSO of P2.1.

M2 + limonene diamine (P2.2)
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S 11.'"H-NMR (400 MHz) in DMSO of P2.2.
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S 12.'H-NMR (400 MHz) in DMSO of P2.3.
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S 13.'H-NMR (400 MHz) in DMSO of P2.4.
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Lap shear tests (Adhesive tests)
Specimen details: Aluminium, Berch wood and PVC 100 mm*2.5 mm substrates were used.

Specimen preparation. The uncured ad freshly prepared PHUs formulation (ca. 200 mg) was spread on
a surface area of the adherent equal to of 13 mm*25 mm and glued together with a second piece of
adherent (Figure 9). Later, the specimens were placed into an oven at 80°C for curing for 24 h. After
cooling down at room temperature the samples were ready to be tested.

Substrate glued area dimensions (left) and adhesive application (right):
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S 14. FT-IR of the four thermoplastics synthetized from M2. P2.1= M2+Jeffaine D230®; P2.2 M2+
limonene diamine (LDA); P2.3: M2-+isophorone diamine (IPDA): P2.4: M2+ Priamine 1071®.
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3 CHAPTER 4:NOVEL BIO-BASED VINYLOGOUS URETHANES (VUS)

3.1 VINYLOGOUS URETHANES (VUS)

With the discovery of dynamic networks by Bowman (2005)?7® and Leibler (2011),%7° covalent
adaptable networks (CANs) became a great innovation in the field of polymer chemistry. CANs are
nowadays considered to possess the potential to overcome some limitations of thermoset materials,
while displaying similar properties. Indeed, thermosets are essential polymeric materials in everyday
human life, exhibiting excellent mechanical and thermal properties. However, they are non-
recyclable and non-reshapable due to their covalent crosslinking. As mentioned in the first chapter,
the reuse, recycling or sustainable degradation of materials is crucial to conform to the circular
economy model. Unlike thermosets, the dynamic nature of CANs allows for the control of its
chemical connections through external stimuli (i.e. light, heat, solvent). Specifically, these bonds

can interchange by two types of mechanisms: dissociative or associative (Figure 73).280

[ A. Dissociative mechanism ]
B Associative mechanism J

%’g \ \

Figure 73. Representation of A) dissociative and B) associative dynamic mechanisms in CAN materials.

—

280

Figure 73A illustrates the dissociative mechanism, which consists of a temporary decrease of
crosslinking and its subsequent reformation. Differently, polymers exhibiting an associative
behaviour (Figure 73B) present a simultaneous break of the bonds with the formation of another
linkage. CANs with associative dynamics of covalent bonds are called vitrimers.?®® The first
example was represented by Bowman vig a transesterification reaction between an epoxy resin and
a carboxylic acid crosslinker.? Due to their associative nature, the crosslinking density of vitrimers
remains always constant, which translates into steady performances of the material. Moreover,

vitrimers are processable materials due to continuous and simultaneous debonding and re-bonding
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of the chemical network.?®!- 282 Further, the rate of the linkage exchange can be regulated through
different parameters, such as the temperature or the presence of a suitable catalyst.

In the last decade, numerous manuscripts describing the use of sustainable building blocks for the
production of CANs were published,.?®3 2% In the field of NIPUs, vinylogous urethanes (VUs) can
be considered as isocyanate-free vitrimers analogous to PUs (Figure 74). Developed for the first
time by Du Prez and coll., VUs are commonly synthesized by a transamination reaction between di-
or multifunctional acetoacetate containing monomers and amines.?8¢

o o A~ 0 HNT R,

+ H,NT TR, — + H,0
R1\OJ‘J\/U\ R1\O)J\/K

Figure 74. General reaction scheme for the synthesis of vinylogous urethanes.

The main advantages of VUs are their ease of production on a large scale, resistance to hydrolysis
(oppositely to esters) and high stability to elevated temperatures. In particular, the latter point can
be explained by the peculiar increase in the network exchange mechanism with rising temperature.2¢’
With the aim of developing new polyVUs, diverse biobased acetoacetate monomers by
transesterification reaction and amines via thiol-ene reaction (Chapter 2) were synthesized. Taking
advantage of this, the produced building blocks and some commercially available ones, different
polymers were generated. The curing of the materials was followed, and their physical and

mechanical properties evaluated.

311 Monomer syntheses

The procedure for the synthesis of acetoacetates was inspired by existing scientific literature and a

procedure previously used at Henkel (Figure 75).287- 288

o O 0O O 0O O
H

Figure 75. General transesterification reaction scheme for the synthesis of a polyacetoacetate.

Di- and tri-acetoacetates were synthesized via transesterification of fert-butyl acetoacetate (TBAA)

with castor oil (CoAcAc), 1,4-butanediol (BuAcAc), and glycerol (GlyAcAc) (Figure 76).
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Figure 76. Chemical structures of castor oil acetoacetate (CoAcAc), 1,4-butane acetoacetate (BuAcAc), and
glycerol acetoacetate (GlyAcAc).

A distillation apparatus was used to remove tert-butanol, a reusable side product, and a specific
temperature for each starting molecule was chosen to conduct the reaction. The syntheses were
performed without solvent and the reaction time was optimised to 3 h. The progress of the reaction
was monitored by FT-IR until no O-H stretching bend (3500-3000 cm-' region) was detectable

(Figure 77, further spectra can be found in the Experimental section).

134



—— CoAcAc

7 — GO
8 o5 A
c g -H
S v(O-H)
E §
UE) 0.6
E
©
= J
2
bl 0.4 =1 L : ; gg\cﬂ\c
S 0.2+ e \ [~ vic=0)
= 4 [ V(C=0) H LT AcAc
] 2 A V(C:O)
V(C:O) 1 utryg1|r::er[3we 1740 1720 1700 1680
00 = Wavenumbers (em ™)

1 I ' I 3 1 H I i I i I ' I
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)

Figure 77. FT-IR spectra of castor oil acetoacetate (CoAcAc-black line) and castor oil (CO-red line). In the blue
boxes the details relative to peaks proving the successful reaction.

It was possible to achieve high yields for all the three acetoacetate compounds: quantitative yield for
CoAcAc, and GlyAcAc, 93% for 1,4-BuAcAc (more information in the Experimental data). The colour
of the final monomer from orange to yellow it’s attributed to the impurities present in the TBAA, which
presented a yellow colour. In fact, it is reported that the colour of TBAA could be from transparent to
yellow. It was performed one reaction with CO and a transparent TBAA (Sigma Aldrich) and, unlike
the previous outcome, the final product was clear. The limonene polyamines necessary for subsequent
polyVUs synthesis was prepared via thiol-ene reaction under UV irradiation at 365 nm (Figure 78).
Thiol-ene reaction is an efficient click reaction known for the efficient and fast functionalization of
unsaturated compounds (see Chapter 3).2%-2% In the literature, a variety of applications of thiol-ene
chemistry were shown for polymerization approaches or monomer synthesis to produce polyols and
amines.”"> 22 Limonene was chosen as a short-chain aliphatic building block, which was already

reported by Meier and coll.*
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Figure 78. General reaction scheme for polyamine synthesis via thiol-ene photoinitiated reaction.

312 Fully and partially bio-based vinylogous urethane formulations

The three acetoacetates derived from castor oil, 1,4-butanediol, and glycerol (i.e. CoAcAc, BuAcAc
and GlyAcAc, respectively) were combined with petroleum- as well as bio-based commercially

available polyamines to obtain vinylogous urethane polymers (VUs, Table 23, Figure 79).

Figure 79. General scheme for the synthesis of polyvinylogous urethanes.

Equimolar amount of amine: acetoacetate groups were used. The commercial amines used for this
project were the following: isophorone diamine (IPDA), Jeffamine D230®, Jeffamine T403®,
Priamine 1071® and LDA (Figure 80).

While mixing the two components, the pot life of each formulation was determined (Table 23). Pot
life is defined as the time between the moment when the components of a formulation (i.e. adhesive,
coating) are placed in contact and mixed, until the viscosity increases to the point where the
formulation can no longer be applied to a surface (i.e. not workable in terms of mixing and spread).
This is a crucial parameter to establish possible future application of the material, because it
indicates the duration for which the mixture remains applicable. The determination of the pot life
was performed using a chronometer, while manually mixing the calculated amounts of the two

adhesive components at room temperature in a plastic container with a flat wood stick.
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Figure 80. Chemical structures of co-monomer pluriamines: limonene diamine (LDA), Jeffamine

D230®, isophorone diamine (IPDA), Jeffamine T403® and Priamine 1071 ®.

Table 1. VU formulations and their corresponding pot lives.

Code

vul

VU2

VU3

VU4

VUS

VU6

Acetoacetate
CoAcAc
GlyAcAc
GlyAcAc
1,4-BuAcAc
CoAcAc

GlyAcAc

Amine
IPDA
Jeffamine D230®
Priamine 1071®
Jeffamine T430®
LDA

LDA

Pot Life

2-5 min

20-25 min

55s

40 min

<1 min

The water formed during enamine formation remains trapped inside the network, but, due to its

small amount, it is not expected to trigger a depolymerization or affect the material properties.?’*

Spontaneous evaporation of water was noticed in the samples at room temperature. This could be

observed at macroscopic level by the change of light incidence on the material. In fact, after

evaporation of water, the materials shifted from opaque to transparent (Figure 81-left). To accelerate

the process, samples were placed in the oven at 80°C overnight (Figure 81-right). Higher

temperatures led to bubble formation and therefore inhomogeneity of the cross-linked materials.

With the help of an optical microscope, it was possible to observe the bubbles formed by the

evaporation of water. In Figure 82, the materials on the left appear opaque due to the presence of
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trapped H,O, while the same polymers are transparent after removal of H,O, on the right in Figure
82.

Figure 81. Pictures of vinylogous urethane materials. Top: VU2 before (left) and after drying in oven 80°C
(right). Bottom: VU3 before (left) after two weeks at rt (right).

Figure 82. Optical microscopy pictures of VU1-VU4 before (left) and after drying (right).
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The curing process was monitored by FT-IR. In particular, the attention was focused on the
appearance of the C=C stretching signal at 1590 cm™! and the shift to lower wavenumbers of the two
peaks corresponding to the carbonyl stretching of the acetoacetate group, from about 1740 and 1710
cm! to about 1650 cm! (Figure 83). It is worth noting that no solvent, no catalyst or heating was
needed for the synthesis of VUs. Monitoring the disappearance of the acetoacetate peaks at about
1740 and 1710 cm™! in FT-IR analyses, it was possible to determine that all the formulations were

cured after 5 h at room temperature.
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Figure 83. Details of GlyAcAc (blue line) and VU2 (yellow line) FT-IR spectra in the carbonyl and double

bond stretching region.

Shore A and Shore D durometer were employed to measure the relative hardness of the obtained
materials (Table 24). Generally, materials can be divided as follows (Figure 85):

e Shore 00: Used for soft and flexible materials (gels, soft foams, flexible rubbers).
e Shore A: Rubbers and flexible/semi-rigid plastics.

e Shore D: Hard/semi-rigid plastics and rubbers.

The use of Shore A or D instruments depends on the empirical hardness of the polymer (Figure 84),
since the force applied to the sample is different. For the vinylogous urethane materials analyzed in
this work, a force of 12.5 N and 50 N was applied for Shore A and D hardness testing, respectively.
Due to the high density of ester linkages and high hydrogen bonding density the materials prepared
using Jeffamine D230® as co-monomer resulted in being stiff._ VU5, obtained from the flexible
CoAcAc, displayed a softer structure compared to VU6, which had a higher crosslink density due
to the use of the lower-molecular-weight acetate (GlyAcAc), leading to a very lower inter-
crosslinking space and a rigid chemical network structure. Considering these observations, it stands

to reason that the vitrimers incorporating monomers with long aliphatic chains such as CoAcAc
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(VU1 and VUS) resulted in softer structure with a Shore A hardness typical of flexible rubbers
(Table 24). Similarly, the combination of Priamine 107® and the short trifunctional GlyAcAc was
also generating a flexible material (VU3), even though not as much as the prior. This can be
attributed to the higher aliphatic character of the CoAcAc in comparison to P1071.Morover, the
measurements were performed on hydrated (H) and dried (D) sample. The presence of water did not
influence strongly the hardness values (Table 24). However, a high increase in hardness was

detected for sample VU2-H to VU-D, with Shore D values of 2 and 12, respectively.

BXirg Soft Medium | Medium Hard Extra hard
soft soft hard

0 10 20 30 40 50 60 70 80 90 100

Figure 84. Shore A and Shore D hardness scales, with examples of common material hardness

values.’”?

Thermal analysis by DSC showed glass transition temperature (7,) values between -3 and -10 °C
for VU1, VU3, and VU4 (Table 24), close to room temperature for VU2 (35 °C) and higher for VU6
(65 °C). The vinylogous urethanes VU2 and VUG, prepared from GlyAcAc and a relatively rigid
amine (i. e. D230 and LDA) exhibited higher 7, values because of a rigid and highly cross-linked
polymer network. As expected, the 7,s of non-dried samples were lower compared to the dried

analogues, due to the plasticizing effect of water.
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Table 2. T, and 7y 5+ values of vinylogous urethane formulations, with and without water trapped in the

material.

VU1

VU2

VU3

VU4

VUS

VU6

AcAc

CoAcAc
GlyAcAc
GlyAcAc
BuAcAc
CoAcAc

GlyAcAc

Amine

IPDA
Jeffamine D230®
Priamine 1071®
Jeffamine T430®

DLA

DLA

T, (°O)

Dried

-9

35

-10

-3

25

65

T, (°0)

Hydrated

T 454 (°C)
Dried
330
287 (H)
308
287
160

190

Degradation temperatures at 5% weight loss of VU dried samples. Measured by TGA analyses.

TGA was measured to evaluate the degradation profile of the obtained materials (Table 24). VU1-

VU4 samples showed high temperature resistance, with temperatures at 5% mass loss (7 s5¢,) values

from 260 to 330 °C. Lower performances were displayed by polymers using LDA as monomers,

with a T4 59 of 160 °C for VU5 and 190 °C for VUS6.

The crosslinking density was evaluated via swelling tests in THF (Table 25). In particular, the
swelling index ranged from 150 (VU6-H) to 290% (VU4-H), while the gel contents were high (90%

- 98%) for all the formulations, indicating good cross-linking and showing that a minimal fraction

of the materials dissolved in the THF.
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Table 3. Swelling index and gel content values of vinylogous urethane formulations, with and without water
trapped in the material.

AcAc Amine Shore A ShoreD  Swelling Gel
index content
(%) (%)
12.5N S0N

VU2-H GlyAcAc Jeffamine D230® 2 188 95
VU3-H GlyAcAc Priamine 1071® 12.2 208 93
VU4-H 1,4-BuAcAc Jeffamine T430® 8.9 290 90
VUS-H CoAcAc DLA 2
VU6-H GlyAcAc DLA 36 1500 62
VU1-D CoAcAc IPDA 5.5 236 94
VU2-D GlyAcAc Jeffamine D230® 11.8 205 94
VU3-D GlyAcAc Priamine 1071® 10.3 288 92
VU4-D 1,4-BuAcAc Jeffamine T430® 11.1

H=containing trapped water; D=dried. Values of hardness measured with durometers Shore A (12.5 N applied)
and shore D (50 N applied).

NMR and SEC of the residual solvent from the swelling tests were recorded. The "H-NMR of VU1

showed traces of the CoAcAc structure. Similarly, the spectra of the other VUs showed traces of the

respective monomers (Figure 85, further spectra in the experimental section).
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Figure 85. 'H-NMR (CDCls) of residue found in THF after swelling tests for the VU1 sample.

SEC of the soluble residues from the swelling tests were recorded employing a PMMA calibration
standard. The Mn values indicated the presence of small oligomers (Figure 86). Typically, the
highest values obtained refer to formulations involving large monomers, such as VU1 (CoAcAc)

and VU3 (P1071), with Mn equal to 2100 g/mol and 1200 g/mol, respectively.

VU1-SWR|
8 <
6 -
o 4
2
0 4
16 1I5 2|0
t(min)

Figure 86. SEC chromatogram of VU1 residues found in solvent (THF) after swelling test. Retention time
detail from 10 to 25 min (measured in THF). System signal peak at 22 min.
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Tensile tests were also measured for VU1-VU4 samples (Table 26, Figure 87).

Table 4. Mechanical properties of vinylogous urethane formulations.

AcAc Amine Elongation at Stress Eoa
break (%) at break (MPa)
VUl CoAcAc IPDA 69+11 0.18+0.01 0.3
VU2 GlyAcAc D230 98+18 11+3 1405
VU3 GlyAcAc P1071 1249 8.8+0.4 3.4
VU4 BuAcAc JT430 40+11 0.55+0.12 1.6

Analyzing the stress-strain curves reported in Figure 65, different mechanical behaviours were
noticed. The stress-strain profile depends on the molecular structure, microstructure, temperature
and strain-rate. When the last two parameters are fixed in the measurements, the stress profile is
mostly influenced by the polymer structure. VU1 displayed a large elastic region up to the yielding
point, followed by a short plastic deformation before fracture, revealing a stress-strain profile
comparable to PMMA (Figure 65).27° A completely different profile was displayed by VU2, which
exhibited a much harder and tougher structure, characterized by lower elongation at yield, followed
by prolonged yielding and strain hardening before the breaking point. VU4 did not show any
significant deviation from a linear direct proportionality between stress and strain, until fracture, and

presented values of elongation and stress at break similar to polystyrene (Figure 87).2%
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Figure 87. Stress-strain profiles of VU1-VU4.

In order to test the vitrimeric nature of the network, reprocessing of the materials were performed
using a hot press. The tests were performed by PhD candidate Timo Sehn from Meier research group
during his permanence at the Laboratory of Organic Polymers (LCPO, University of Bordeaux,
France) supervised by Prof. Dr. Llevot. The materials were cut in small pieces and heated to 130

°C and subjected to a pressure of 30 bar for 30 minutes (Figure 88).
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Figure 88. Lefi: VUs cut in pieces. Right: VUs after hot press treatment.

After this process, the materials showed the ability of being re-build. The lighter colours shown by
the reprocessed materials (Figure 88, right side). were due to the reduced thickness in comparison
to the staring pieces (about 1 mm). To better evaluate the outcome of the treatment and the re-born
network, TGA and DSC were again performed and compared with the virgin thermosets.

Table 5. Tg and 7d, 5% values of VU1-VU4 before and after reprocessing process.

VU  T¢(°C)before T, (°C) after T45%(°C) before T4594(°C) after
reprocessing reprocessing reprocessing reprocessing
VU1 -9 -20 330 307
VU2 35 27 287 262
VU3 -10 -12 308 288
VU4 -3 29 287 266
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From an empirical point of view, the material achieved after the reprocessing process displayed a
solid and uniform composition. Form the analyses, a slight decrease in degradation temperature (at
5% wt. weight loss) was detected by thermogravimetric analyses, indicated a good reconstruction
of the chemical network. Parallelly, DSC analyses showed a decrease in T, values (Table 27),
indicating less cross-linking density. To obtain more insights about the network dynamics,
rheological mechanical tests (i.e. tensile tests) and rheological analyses should be performed. In the
frame of this work, further investigation was not possible due to lack of time and equipment
unavailability.

Lap-shear adhesion tests were performed (Table 28) to evaluate the adhesive properties of the
vinylogous urethane formulations. Three different substrate materials were chosen: PVC, birch

softwood and aluminium (Figure 89).

Table 6. Lap-shear strength of vinylogous urethane formulations with different substrate materials.

Strain Stress (Mpa)
PVC Wood Alu
VUl 1.40 +£0.06 1.93 £0.12 0.71 +£0.05
VU2 0.72 £0.15 8.49 +0.86 2.04 +£0.53
Failure Type A SF! A
Fiber tear
Failure Type AC SC AC
VU3 0.69 +0.15 0.81 +£0.50 0.32 +0.09
Failure Type AC SC A
VU4 1.28 £0.10 2.45 £0.16 0.75 £0.24
Failure Type AC SC A
VUS 3.30 £0.43 0.90 +£0.77 0.91 £0.26
Failure Type SF! SC AC
Stock-break
VU6 0.34 +£0.13
Failure Type A

Legend: A= adhesive, SC= surface cohesive, AC=adhesive cohesive, SF!= substrate failure

Note. Stress-strain values were obtained calculating the average of 5 measurements for each material.

All the formulations showed the best performances on wood substrates. This result was explained

from both a chemical and a physical perspective. Firstly, analyzing the chemical composition at the
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interface between wood and adhesive, the presence of -OH and -COOH groups on the softwood
surface and -NH and C=0O within the VU glues allowed hydrogen bonding, as well as possibly
covalent bond formation at the interface.?’”-?’® Secondly, the porous nature of the substrate permits
the adhesive to penetrate its structure more efficiently.?”” Good adhesion performances were also

evident by the type of failure observed, which resulted in being cohesive for all wood samples.

Figure 89. Substrates used for lap shear tests: Aluminium, PVC and softwood (from top to bottom).

Commonly, as the number of exchangeable bonds increases, the higher the strength of the adhesion.
Among all the VUs, the best performance on wood was registered by VU2 (8.48 MPa). VU2 was
composed of GlyAcAc and an ether diamine (JD230). The first permits high crosslinking density as
a short-chain and tri-functional compound. In this case, the strong adhesiveness resulted in a

substrate failure, termed “fibres tear” (Figure 90a).

Figure 90. Substrate failures: a) fibre tears of wood and b) stock-break of PVC.

Most of the measurements on aluminium substrates showed poor performance and mostly adhesive
type of failure, indicating that these VU formulations are rather unsuitable to glue aluminium. It is
worth mentioning that no pre-treatment of the aluminium specimens was performed. In order to
enhance the interaction between the adhesive and the metal, a pre-treatment might be required.?®* A
similar polarity between substrate and adhesive guarantees the best wetting of the substrate
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(interfacial defect model and the fracture energy model of adhesion), which is a key parameter for
strong adhesion.?? This explains why the performances on PVC were also not excellent. Once again,
the best result using PVC was obtained by VUS, showing a lap-shear strength two to three times
higher than the values achieved by other formulations. An excellent performance was observed for
this formulation on PVC substrate, showing another type of substrate failure defined “‘stock-break
failure” since the substrate material did not withstand the applied stress, resulting in premature
breakage (Figure 90b).

Usually, also plastic materials, likewise to metals, need surface pre-treatments.!® Usually, the
ultimate layer on the surface is called the weak boundary layer due to the presence of low molecular
chains of the polymer. Adhesive-cohesive failure was the most observed failure type in the case of
PVC adherents. VU1 and VUS are analogous formulations containing both CoAcAc with IPDA the
first and DLA the second, respectively. IPDA and DLA are diamines with comparable chemical
structures. Better performances were recorded for the wood adherent for VU1, similar stress strains
for aluminium in both formulations and definitively better performance of VU5 for PVC was
observed. A polyurethane made with a canola oil-derived polyol cured with pMDI hardener
(polymethylene diphenyl diisocyanate) was tested as wood adhesive and compared with a
commercial adhesive PU. The results showed a 3.9 and 4.9 MPa shear strength, respectively. In
comparison, VUl and VUS containing vegetable oil-derived acetoacetate showed lower
performances on wood such as 1.93 Pa and 0.83 MPa (Table 28). Moreover, on the same substrate,
the adhesive VU2 showed a greater performance with a shear strength equal to 8.5 MPa. In the frame
of vinylogous urethane adhesive, a lignin-based adhesive was recently reported.’®" The best
performance registered on wood was 4.4 MPa when the specimen was hot-pressed at 170°C for 30
minutes. Caillol and coll. reported a PHU adhesive exhibiting a 15 MPa shear stress on wood with
a formulation based on two polyfunctional cyclic carbonate and

1,3-cyclohexanebis(methylamine).?2

3.2 CONCLUSION

Three biobased acetoacetates were synthetized and combined with different commercial and
synthetized di- and tri- amines. The differences of the chemical structure of the monomers and their
combination gave reason to the final physical, chemical and mechanical properties of the

polyvinylogous urethanes (polyVUs) obtained. Due to the dynamic nature of this class of
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thermosets, polyVUs belong to the class of CANs (Covalent Adaptable Network materials).
Considering the advantage of CANs in comparison to normal thermosets, i.e. the possibility to be
recycled, reprocessing tests of the produced polyVUs were performed (the reprocessing was
performed by PhD Candidate Timo Sehn at LCPO laboratory of the University of Bordeaux). A
relation between 7, and reprocessing was observed, leading to easier reprocessing process for
materials with lower 7, values. DSC analyses displayed values of T, between -3 and 65 °C. High
resistance to temperature was observed by TGA analyses with the lower Tqsv, registered above
300°C for all the formulation except the ones containing LDA, displaying a Tqs% equal to 160°C
(with CoAcAc) and 190 °C (with GlyAcAc). Lap shear tests displayed the best performances of all
the formulations on softwood substrate. Moreover, differences in the adhesive properties were
showed according to the chemical structure and free OH density present in the polyVUs network.
As outlook, biodegradability and biocompatibility tests can give a wider view on the perspective of

applicability of the developed materials.
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3.3 EXPERIMENTAL DATA

Characterization methods

Nuclear Magnetic Resonance spectroscopy (NMR)

NMR spectra were recorded using the following spectrometer hardware.
Bruker AVANCE 400

1H NMR (400 MHz), 13C-NMR (101 MHz)

Bruker AVANCE 500

1H NMR (500 MHz), 13C-NMR (126 MHz)

DMSO-d6, CDCl; and MeOD were used as solvents and their respective resonance signals served
as reference for the chemical shift 6 in parts per million: 1H: CDCl; = 7.26 ppm, DMSO-d6 = 2.50
ppm; 13C: CDCl3 = 77.2 ppm, DMSO-d6 = 39.5 ppm. The spin multiplicity and corresponding
signal patterns were abbreviated as follows: s = singlet, d = doublet, t = triplet, q = quartet, quint. =
quintet, m = multiplet. Coupling constants J were noted in Hz. Furthermore, 2D NMR methods (e.g.,
heteronuclear single quantum coherence (HSQC), heteronuclear multiple bond correlation (HMBC)
and correlated spectroscopy (COSY)) were carried out, if necessary, for signal assignment and
structure elucidation.

Size exclusion Chromatography (SEC)

System I (Oligo SEC): A PSS SECcurity? SEC system based on Agilent Infinity 1260 II hardware
was used for the measurements. The system is equipped with a refractive index detector SECcurity?
RI, a column oven “(Bio)SECcurity? column compartment TCC6500”, a “standard SECcurity?”
autosampler, and an isocratic pump “SECcurity? isocratic pump”. Anhydrous tetrahydrofuran
stabilized with 250 ppm butylated hydroxytoluene (BHT, >99.9%) was used at a flow rate of 1.0 ml
min~! and at 30 °C as mobile phase. The analysis was performed on the following column system:
PSS SDV analytical precolumn (3 pm, 8 mm x 50 mm) with two PSS SDV analytical columns (3
pm, 8 mm x 300 mm, 1000 A). For the calibration, narrow linear poly(methyl methacrylate)
standards (Polymer Standards Service, PSS, Germany) ranging from 102 to 62200 Da were used.
For the preparation of the samples, 2.00 mg of analyte was dissolved in

1.50 mL anhydrous tetrahydrofuran stabilized with 250 ppm butylated hydroxytoluene (BHT,
>99.9%). All samples were filtered by syringe filter prior to use, to avoid plugging of the injection
setup or the column.

Infrared spectroscopy

Infrared (IR) spectroscopy IR spectra were recorded on a Bruker alpha-p instrument in a frequency
range of 3997.41 to 373.828 cm-1 applying KBr- and ATR technology.

Thin Layer Chromatography (TLC)

All thin layer chromatography (TLC) experiments were performed on silica-gel-coated aluminum
foil (silica gel 60 F254, layer thickness: 0.25 mm, Sigma-Aldrich). Compounds were visualized by
irradiation with a UV lamp (A = 254 and 365 nm), by staining with Seebach solution (mixture of
5.00 g phosphomolybdic acid hydrate, 2.00 g cerium(IV)- sulfate, 16.0 mL concentrated sulfuric
acid and 200 mL water) or vanillin staining solution (mixture of 8.60 g vanillin and 2.50 mL
concentrated sulfuric acid and 200 mL ethanol), or KMnO4 staining solution (1.50 g KMnO4, 10.0
g K2COs, 1.25 mL 10% NaOH and 200 mL water) or ninhydrin solution (0.2 ninhydrin in 100 mL
ethanol).

151



Orbitrap Electrospray Ionization-Mass Spectrometry (ESI-MS)

Mass spectra were recorded on a Q Exactive (Orbitrap) mass spectrometer (Thermo Fisher
Scientific, San José, CA, USA) equipped with an atmospheric pressure ionization source operating
in the nebulizer assisted electrospray mode. The instrument was calibrated in the m/z-range 150-
2000 using a standard containing caffeine, Met-Arg-Phe-Ala acetate (MRFA) and a mixture of
fluorinated phosphazenes (Ultramark 1621, all from Sigma Aldrich). A constant spray voltage of
3.5 kV, a dimensionless sheath gas of 6, and a sweep gas flow rate of 2 were applied. The capillary
voltage and the S-lens RF level were set to 68.0 V and 320 °C, respectively. For the interpretation
of the spectra, molecular peaks [M]+, peaks of pseudo molecules [M+H]+ , [M+NH4] +, [M+Na]+
and [M+K]+ and characteristic fragment peaks are indicated with their mass to charge ratio (m/z)
and their intensity in percent, relative to the most intense peak (100%).

Differential scanning calorimetry (DSC)

DSC analyses were run with DSC Q2000 instrument. Samples were placed in aluminium pans and
measured with a_heating rate of 10 K min-1 over a temperature range from -40 to 120 and 250 °C,
gas flow (nitrogen) of 50 mL/min.

Thermogravimetric Analysis (TGA)

TGA measurements were carried out on the TA Instruments TGA 5500 under nitrogen atmosphere
using platinum TGA sample pans and with a heating rate of 10 K min-1 over a temperature range
from -40 to 600 °C. Thanks to Théato research group (KIT) for the instrument availability.

Tensile tests

Tensile tests were performed by the Automated Laboratory at Henkel Adhesive and Technologies
department (Diisseldorf). The equipment for tensile tests was a Zwicks (Z050 frame) with respective
Loadcells XForce HP 2.5Measurement specifications. Pre-load= 0.1 MPa, Test speed: 10 mm/in.
Begin of Young’'s modulus determination 0.05%; end of Young’'s modulus determination 0.25%.

Lap shear tests

The tests were conducted on a Zwick 100. The set-up consists of two jaws holding the edges of the
specimen. When the experiment started, a tensile load was applied until bonding failure.

Materials

Isophorone diamine (IPDA) (Sigma Aldrich), Priamine 1071® (Cargill), Jeffamine D230®
(Evonik), Jeffamine T430® (Evonik), castor oil, R-(+)-limonene, glycerol, 1,4-butanediol, tert-butyl
acetoacetate (Acros Organics), sodium sulphate anhydrous (Sigma Aldrich). Solvents:
tetrahydrofuran (THF), chloroform (CHCIs), isopropanol (i-PrOH), ethanol (EtOH) from Acros
Organics.
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Synthesis and characterization

o Synthesis of 2-(((Z)-11-((3-oxobutanoyl)oxy)octadec-8-enoyl)oxy)propane-1,3-diyl (92,9'7)-
bis(12-((3-oxobutanoyl)oxy)octadec-9-enoate)- (castor oil acetoacetate)

O O
A
\ O O
O O O 0] OM
= 0
@]

2-({(Z£)-11-({3-oxobutanoyl)oxy)octadec-8-enoyl)oxy)propane-1,3-diyl (92,9'2)-bis(12-((3-
oxobutanoyljoxy)octadec-9-enoate)

(Castor acetoacetate)
Chemical Formula: C69H116 015
Molecular Weight: 1185.67

A 250 mL three-neck round bottom flask, equipped with a stirring bar and a thermocouple, was
charged with castor oil (60 g, 0.064 mol, 1 eq) and tert-butyl acetoacetate (30.506 g, 0.193 mol, 3
eq). The flask was connected to a distillation apparatus (vacuum applied: 200-250 mbar). The
reaction mixture was stirred at 130 °C for 3 h, until no more tert-butanol evolved (orange viscous
liquid, >99% recovered yield). Note. The colour is due to impurities already present in the tert-butyl

acetate, the colour of which is reported to be from colourless to yellow.

153



Castor oil acetoacetate (CoAcAc) 'H-NMR in CDCl;,
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S 15. 'THNMR (400 MHz) in CDCl; of CoAcAc reaction mixture after three-hour reaction.

'H NMR (400 MHz, CDCIs) 6 (ppm) 5.44 and 5.31(CH=CH, 6H, m), 5.23 (CH glycerin unit, 1 H, m),
4.90 (CH, 3H,m) 4.26 (CH, glycerin unit, 2H, dd), 4.12 (CH2 glycerin unit, 2H, dd),2.28 (CH-CH=CH-
CH, 12 H, m) ,1.98 (C=0O CH:C=0, 6H, m), 1.52 (CH,CH>-C=00 6H, m) 1.58 (CH,-C=00 6H,
m)1.27,1.24 (aliphatic H), 0.85(-CHj3, t, 9H). Reaction mixture after three-hour reaction.
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S 16. Castor oil (CO) vs castor oil acetoacetate (CoAcAc) full FT-IR spectra.

FT-IR v! [em™]: 3000-2700 (vC-H, m), 1738 and1718 (vC=0 acetoacetate, s), 1146 (vC-O
alkoxy, s.).
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Normalized transmittance
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S 17. Castor oil (CO) vs castor oil acetoacetate (CoAcAc) FT-IR spectra details of carbonyl bands stretching
vibrations (FT-IR).

o Synthesis of propane-1,2,3-triyl tris(3-oxobutanoate)-(glycerol acetoacetate)

o)

o O
o O/\fg)k)k
0]

propane-1,2,3-triyl tris(3-oxobutanoate)
(Glycerol acetoacetate)
Chemical Formula: C45H200g
Molecular Weight: 344.32

A 500 mL three-neck round bottom flask, equipped with a stirring bar and a thermocouple, was
chanrged with glycerol (50 g, 0.543 mol, 1 eq) and tert-butyl acetoacetate (257.67 g, 1.63 mol, 3 eq).
The flask was connected to a distillation apparatus (vacuum applied: 200-250 mbar). The reaction
mixture was stirred at 110 °C for 3 h, until no more tert-butanol evolved (yellow viscous liquid,
>99% yield).
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Glycerol acetoacetate (GlyAcAc) '"H-NMR in CDCl;,
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S 18.'H NMR (400 MHz) in CDCl; of GlyAcAc reaction mixture after three-hour reaction.

TH NMR (400 MHz, CDCl;) 6 (ppm) 5.30 (CH glycerin unit, 1H, m), 4.30-4.23 (CH; glycerin
unit, 4H, dd), 3.45 (CH, 3H, s), 2.20 (CH3, 9H, s). Reaction mixture after three-hour reaction.

— Glycerol
— GlycerolAcAc

Normalized transmittance

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)

S 19. Glycerol vs glycerol acetoacetate (GlyAcAc) full FT-IR spectra.

FT-IR v! [em™]: 3000-2700 (vC-H, m), 1743, 1709 (vC=0, s, acetoacetate), 1238 (vC-O acyl, s)

1147 (vC-O alkoxy, s).
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o Synthesis of butane-1,4-diyl bis(3-oxobutanoate)-(1,4-butane acetoacetate)

butane-1,4-diyl bis(3-oxobutanoate)
(1,4-butane acetoacetate)
Chemical Formula: C4,H50g
Molecular Weight: 258.27

A 500 mL three-neck round bottom flask, equipped with a stirring bar and a thermocouple, was
charged with castor oil (50 g, 0.555 mol, 1 eq), tert-butyl acetoacetate (174.54 g, 1.11 mol, 3 eq).
The flask was connected to a distillation apparatus (vacuum applied: 200-250 mbar). The reaction
mixture was stirred at 120 °C for 3 h, until no more tert-butanol evolved (yellow liquid, 93% yield).

Normalized transmittance

80

60

40

20

— 1,4-BuCH
— 1,4-BuAcAc

T T T
3500 3000 2500

T T T
1500 1000 500

Wavenumber cm-1

S 20. 1,4-Butanediol vs 1,4-butaneacetoacetate (BuAcAc) full FT-IR spectra.

FT-IR v! [em™]: 3000-2700 (vC-H, m), 1735 and 1707 (vC=0 acetoacetate, s), 1252 (vC-O acyl,

s) 1143 (vC-O alkoxy, s).
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o Synthesis of 2-((2-(3-((2-aminoethyl)thio)-4-methylcyclohexyl)propyl)thio)
ethan-1-amine-(limonene diamine)

2-((2-(3-((2-aminoethyl)thio)-4-methylcyclohexyl)propylithio)ethan-1-amine
(Limonene diamine)

Chemical Formula: Cq4H3oN2S;
Molecular Weight: 290.53

35 g of D-limonene (0.26 mol, 1 eq), cysteamine hydrochloride (202.9 g, 1.54 mol, 6 eq), and 2-hydroxy-
2-methylpropiophenone (0.847g, 5.14 mmol, 0.02 eq) were dissolved in about 300 mL were dissolved
in about 300 mL isopropanol. The UV LED was completely immersed in a suited flask. The mixture
was exposed to a UV lamp 365 nm for 24 h. After that time the solvent was evaporated under reduced
pressure. The crude mixture was dissolved in chloroform and subsequently washed with saturated
sodium carbonate solution and two to three aqueous workups untill neutral pH was achieved. Water
residues were removed with anhydrous sodium sulfate and the chloroform was removed under reduced
pressure. Yellow viscous liquid, 87% conversion). Note: the amount of solvent indicated was necessary
to allow the UV LED to be immersed in the reaction mixture.

"H NMR (400 MHz, Chloroform-d): 6 =5.29 (ddt, J=4.6, 3.4, 1.8 Hz, CH=C), 2.85 — 2.73 (m, -
S-CH2-CH2-, 4H), 2.58 —2.43 (m, 4H, -S-CH2-CH2), 2.28 (ddt, /= 14.8, 12.4, 8.4 Hz, 1H, CH-

S), 2.0 —1.2 (8H ring), 0.97 — 0.93 (m, 3H, - CH3), 0.89 (dd, /=6.9, 1.1 Hz, 3H, -CH3).
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S 21. 'H-NMR (400 MHz) in CDCI; of limonene diamine.
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o VUI- CastorAcAc+ isophorone diamine

Castor oil acetoacetate (60 g, 0.051 mol, 1 eq) was weighed in a plastic container for a speed mixer.
Afterwards, isophorone diamine (12.9 g, 0.076 mol, 1.5 eq) was added and the mixture was placed
in a speed mixer and mixed for 30 sec. reaching 300 mbar of vacuum plus 30 sec. of non-mixing
and reaching ambient pressure.

FT-IRv"' [em™']: 3287 (N-H str.), 2928, 2848 (C-H str), 1646 (C=0 str), 1605 (C=C str).
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S 22. VU1 full FT-IR spectrum at different curing times (left). VU1detail carbonyl stretching zone at
different curing times (right).

o  VU2- GlycerolAcAc + Jeffamine D230

Glycerol acetate (20 g, 0.058 mol, 1 eq) was weighed in a plastic container for a speed mixer. After,
Jeffamine D230 (20 g, 0.087 mol, 1.5 eq) was added and the mixture was placed in a speed mixer
and mixed for 30 sec reaching 300 mbar of vacuum plus 30 sec of non-mixing and reaching ambient
pressure. The samples were cured at room temperature and the curing was monitored along the time
by FT-IR.

FT-IRv' [em]: (N-H str.), (C-H str), 1652 (C=0 str), 1594 (C=C str).
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S 23. VU2 full FT-IR spectrum at 5h and 24h.
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o  VU3- GlycerolAcAc + Priamine 1071

Glycerol acetate (15 g, 0.043 mol, 1 eq) was weighed in a plastic container for a speed mixer. After,
Priamine 1071 (42.5 g, 0.065 mol, 1.5 eq) was added and the mixture was placed in a speed mixer
and mixed for 30 sec reaching 300 mbar of vacuum plus 30 sec of non-mixing and reaching ambient
pressure. The samples were cured at room temperature and the curing was monitored along the time
by FT-IR.

FT-IR v'' [cm™]: 3354 (N-H str.), 2922, 2959 (C-H str), 1656 (C=0 str), 1605 (C=C str).
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S 24. VU3 full FT-IR spectrum at 5h and 24h curing times (left). VU3 detail carbonyl stretching zone at different
curing times (right).

o VU4- 1,4-ButAcAc + Jeffamine T430

The acetoacetate (20 g, 0.077 mol, 1 eq) was weighed in a plastic container for a speed mixer. After,
the amine (22.5 g, 0.087 mol, 0.66 eq) was added and the mixture was placed in a speed mixer and
mixed for 30 sec reaching 300 mbar of vacuum plus 30 sec of non-mixing and reaching ambient
pressure. The samples were cured at room temperature and the curing was monitored along the time
by FT-IR.

FT-IR v' [enr'] : 3338 (N-H str.), 2973-2860 (C-H str), 1657 (C=0 str), 1588 (C=C str).

160



Normalized transmmittance
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S 25. VU4 full FT-IR spectrum after 24h curing time (left). VU4 detail carbonyl stretching zone (right).
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o  VUS5- CastorAcAc + limonene diamine

Castor oil acetoacetate (10 g, 0.008 mol, 1 eq) was weighed in a plastic container for a speed mixer.
After, limonene diamine (3.7 g, 0.012 mol, 1.5 eq) was added and the mixture was placed in a speed
mixer and mixed for 30 sec reaching 300 mbar of vacuum plus 30 sec of non-mixing and reaching
ambient pressure. The samples were cured at room temperature and the curing was monitored along

the time by FT-IR.

Lap shears note: the curing process was 16 h long at room temperature plus 5 h at 80 °C in the oven
to accelerate the curing process.

FT-IRv! [cm™]: 3350 (N-H str.), 2957-2858 (C-H str), 1650 (C=0 str), 1585 (C=C str).
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S 26. VU5 full FT-IR spectrum after 24h curing time (left). VU5 detail carbonyl stretching zone (right).

o VUG- GlycerolAcAc + limonene diamine

Glycerol acetoacetate (5 g, 0.014 mol, 1 eq) was weighed in a plastic container for a speed mixer.
After, limonene diamine (6.3 g, 0.022 mol, 1.5 eq) was added and the mixture was placed in a speed
mixer and mixed for 30 seconds reaching 300 mbar of vacuum plus 30 sec of non-mixing and
reaching ambient pressure.The samples were cured at room temperature and the curing was

monitored along the time by FT-IR.
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S 27. VU6 full FT-IR spectrum after 24h curing time (left). VU6 detail carbonyl stretching zone (right).
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Pot life. To measure the pot life of the mixture, the same procedure was repeated mixing manually,
while monitoring the time.

Curing. The samples were cured at room temperature and the curing was monitored along the time
by FT-IR

Swelling tests. About 500 mg of each sample were placed in THF (100g/5mL) for 24h. After, the
swelling index was calculated as follows:

where Wy is the weight of the swollen material and W, corresponds to the initial weight of the
material,

Afterwards the solvent was removed and the saple placed in oven at 50°C for 24 h. Subsequently,
gel contents were calculated as follows:

w
Gel% = £.100
w,

where W is the weight of the dried material after being swollen and W, corresponds to the initial
weight of the material.

SEC measurement of soluble fractions after swelling tests (SWR)

Table 29. Molecular weights registered for the solvent residue from swelling tests of VUs by GPC (THF).

Mn Mw Mz D
vul 2.1E+3 8.3E+3 1.94E+4 3.9
VU2 6.4E+2 1.1E+3 1.8E+3 1.7
vu3 1.2E+3 2.1E+3 3.2E+3 1.8
VU4 1.0E+3 2.1E+3 3.6E+3 2.0
VUs 5.2E+3 1.9E+4 4.4E+4 3.6
VU6 6.3E+2 1.5E+3 3.0E+3 24
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S 28. SEC chromatograms of VUI-VUG6 residues found in solvent (THF) after swelling test (measured in

THF). System signal peak at 22 min.

164



Lap shear preparation. The aluminium and PVC adherents were cleaned wiping the surface with
EtOH. The glueing area of the substrate was delimited and marked (13 mm in length). 200 mg of
the formulation was placed on this area (13 mm* 25 mm) and glued with the second adherent.
Subsequently, two office clips were placed on both sides of the junction area (Figure 91). The samples
were measured 24 h after curing at room temperature.

I[

Figure 91. Substrate dimensions (left) and adhesive application (right).
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{LF

Figure 92. Scheme of force direction during the test and possible types of failures.
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DSC measurements

DSC measurement VU1-VUG6: three circles -40 to 200 °C.
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S 29. DSC measurement VU1-VU6: three circles -40 to 200 °C.
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TGA measurements

TGA measurements of VUI-VU6 from room temperature to 600°C. D= Dried, H=hydrated. No substantial
difference was found in dried and hydrated samples, except for initial loss of water.
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S 30. TGA measurements of VUI-VUG6 from room temperature to 600°C.
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Tensile tests

Sample specifications. Standard dog bones shapes were manufactured with the follow dimensions:
length 40 mm x width 10 mm x thickness 2 mm.

Stress-strain profiles of VU1-VU4.
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S 31. Stress-strain profiles of VU1-VU4.
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DSC analyses VUI-VU4 after reprocessing (R)
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S 32. DSC analyses VUI-VU4 after reprocessing (R).
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4 CHAPTER 5:BI0-BASED POLY(HYDROXYURETHANE)S (PHUS)

4.1 PHU SYNTHESIS

In recent years, with the aim of developing more sustainable alternatives to petrol-based PU, diverse
strategies were designed to produce PU-like polymers.3®* 3% Among the different strategies, the
polyaddition reaction between di- or polyamines and bis- or polycyclic carbonates is the most explored.'>*
The aminolysis reaction generates the so-called poly(hydroxyurethane)s (PHUSs).3% The structural
difference between PUs and PHUs is the presence of primary and/or secondary hydroxy groups, which
are absent in PU chains. The type of OH groups formed depends on the path of the ring-opening after
the nucleophilic attack by the amine on the cyclic carbonate unit (Chapter 1, Figure 7).3%307In PHUs, the
presence of OH groups lead to increased hydrogen bonding and increased hydrophilicity, resulting in
distinct properties in comparison to PUs (i.e. improved adhesive properties). Although this synthetic
pathway is preferred to the isocyanate-based one of PUs, weaknesses of this approach are still present
(Chapter 1). Firstly, the reactivity of cyclic carbonates towards aminolysis is limited. Usually, the
reaction is slow and tough conditions are needed. 3%3!0 This translates into long reaction times or
incomplete conversions. Consequently, different research groups are studying the synthesis of activated
CC (ACC) to perform more efficient polymerization reactions.?'!3!2 Due to these limitations, usually,
PHUs show limited molecular weights. This can be also attributed to the reactivity of the monomers and
the high H bond density.?'3 Another way to overcome PHU limitations is to produce hybrid PHUs via
co-polymerization or prepolymer formation strategies.3'* 31> The tuning of the reactivity and the presence
of diverse functional groups can contribute to synthesis and properties improvements.3!® The newly
formed NIPUs need to be fully investigated, as PHUs are a new advancing class of materials, compared

to the well-established PU.

4.2 VEGETABLE OIL AND ERYTHRITOL-BASED PHUS

The previously synthesized polyamines (PAs) from HOSO and linseed oil (LO) were employed as a
monomer together with a bio-sourced sugar-based cyclic carbonate. Due the presence of linoleic chains
in LO (Figure 94), a higher degree of unsaturation is present (6 double bonds on average). A
functionalization with 4 primary amino groups per triglyceride was achieved via the described

photoinitiated thiol-ene reaction (Figure 1 and 2, Chapter 1, thiol-ene).
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Figure 95. 'H-NMR (400 MHz) of linseed oil (top) and linseed oil polyamine (LO-PA) in CDCI; (7.26 ppm). The

blue box shows the decreasing in intensity of the double bonds peak. Yellow boxes indicate the two CH, groups

of the alkyl chain of the linked cysteamine chain (bottom).

With the obtained vegetable oil polyamines, fully bio-based PHUs were produced. before that, a model

reaction was carried out between HOSO-PA and propylene carbonate as CC benchmark. The conversion

profile was screened along the time (Figure 96). Due to the liquid-viscous nature of the vegetable oil-
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derived triamine and the liquid mono-CC, the reaction was carried out in bulk condition at 80°C under

magnetic stirring.

e HOSO-PA+ PC
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Figure 96. Conversion profile of the model reaction between high oleic sunflower oil polyamine and propylene
carbonate.

The conversion monitoring was performed via proton NMR (CDCIs) of different aliquots collected at
determined time intervals. The evolution of the urethane NH proton peak at 6.0 ppm was monitored. As
shown in the graphic (Figure 73), the kinetic plateau was reached already after two hours, with a
maximum conversion detected at 5 hours, equal to 97%. Following, the subsequent step was to test
bicyclic carbonates to synthesize fully biobased PHUs. Erythritol bis-carbonate CC (EBC) was used as
a renewable comonomer, it can be easily obtained from erythritol and dimethyl carbonate

straightforwardly (Figure 97).”7

DCM O
v'on 5% mol TBD o 9 \(
HO - 9o
T OH 40 min, 60 °C )\O
OH 314 mbar 0

Figure 97. Synthesis of erythritol bicyclic carbonate (EBC) from erythritol and dimethyl carbonate (DCM).””

Erythritol is a natural sugar commonly used in the food and pharmaceutical sectors.’!” Due to its
importance, improvements in its biological production on an industrial-scale have been carried out.*!®

Due to its abundance in nature, it can be considered as a renewable feedstock.”® A second long chain bis
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carbonated monomer was tested to evaluate the difference in final properties of the PHUs obtained,

namely 1,6-henadiol bis(cyclo carbonate) (HCC, Figure 98).

=0

o:\/:jo 0

Figure 98. Chemical structure of 1,6-henadiol bis(cyclo carbonate) (HCC).

Firstly, the reactivity of HOSO-PA was evaluated with a model compound, such as propylene carbonate.
It was known, from previous kinetic studies, that vegetable oil CC monomers presented a low conversion
rate.? Therefore, a similar behaviour was expected. Unfortunately, some problems were encountered
on performing these studies. The tests were carried out directly in deuterated solvent to being able to
perform NMR analysis efficiently. Solubility issues were encountered performing the reaction in
DMSO, leading to consequent unbalance of stoichiometric ratio between amine and carbonate groups.
Therefore, the analysis was not valid to evaluating the kinetics. Alternatively, the same experiment was
repeated in THF lowering the temperature to 80 °C, facing the same problem. In chloroform the amine
is soluble, and the propylene carbonate is miscible, however the reaction could be only run at room

temperature. Eventually, a model kinetic analyses was not possible.

The polymerization reactions were carried out in bulk condition at 100°C in an inert atmosphere (Ar)
for 24 h. The equivalents of CC and -NH, were maintained at a 1:1 ratio. Four different thermosets were
synthesized by combining of HOSO-PA or LO-PA with EBC or HCC (Table 30).

Table 30. Swelling index and gel content values calculated after swelling tests of PHU1-PHU4 in THF. Tgs

registered via DSC analyses of PHU1, PHU2 and PHU4. Degradation temperatures at 5% wt. loss observed in
TGA analyses registered until 600°C of PHU1, PHU2 and PHU4 samples.

Code Amine CC Swelling index  Gel content T, Tas%

O O
PHU1 LO-PA EBC 235 75 -20 242
PHU2 LO-PA HCC 366 65 -6 202

PHU3 HOSO-PA EBC - - - -
PHU4 HOSO-PA HCC 1021 64 -26 266

The thermosets obtained with LO-PA (PHU1 and PHU2) resulted in being solid gummy brown
materials. Oppositely, with HOSO-PA, PHU3 showed a honey-like consistency. PHU4 obtained with
HCC displayed a sticky-gummy brown feature.
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FT-IR analyses were carried out to evaluate the PHU linkage formations. As an example, PHU1 versus
EBC FT-IR spectra are displaced in Figure 74 (further IR spectra can be found in the experimental
section). The formation of the broad band in the 3000-3500 cm™! region attributed to the O-H (primary
and secondary hydroxyl group typical of PHU) and N-H stretching (Figure 74) can be noticed.
Moreover, the formation of urethane linkages is observed in the region of 2000-1000 cm™!. The O-C=0
stretching vibration can be found at 1702 cm!, differently from the same vibration of the cyclic
carbonates at 1759 cm!. Additionally, the C-N stretching appears at 1530 cm™! (together with the N-H
bending) and 1459 cm! (Figure 99).
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Figure 99. FT-IR of PHU1 (black line) in comparison to erythritol biscarbonate (EBC, red line) with important
vibrational band indicated.

To evaluate the crosslinking, swelling test were performed in THF. It was observed that the swelling
index was particularly high for PHU4 (Table 30). For PHU2 and PHU4, indices of 235 and 366 were
obtained. PHU3 showed a complete dissolution in THF, indicating an incomplete crosslinking. All
samples showed the presence of soluble components, as colouring of the solvent was observed. These
residuals were further analysed by GPC (Figure 100). A similar gel content of about 65% was found for
PHU?2 and PHU4, while for PHU1 the gel content was 75% (Table 30).
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Figure 100. SEC (in THF) of the soluble part of PHU1 to PHU4 after swelling tests. SWR=swelling test residue

The DSC of the samples PHU1, PHU2 and PHU4 were analysed (Figure 101). It was not possible to
perform the analysis of the sample PHU3 due to the liquid-viscous behaviour of the sample. All the
thermoset exhibited 7, values below zero, i.e. -20 for PHUland -26 °C for PHU4. A higher 7, was
observed for PHU2, i.e. -6 °C. These values might be explained by the high aliphatic nature of all the
thermosets, which does not allow strong interactions between the polymer chains, a low degree of cross-

linking and a large mesh size in the network.
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Figure 101. DSC analyses of PHU1, PHU2 and PHU4 from -40 °C to 200 °C (3 cyrcles).

By TGA analyses, PHU1, PHU2 and PHU4 were shown to resist temperatures above 200 °C (Table
30). In fact, PHU2 showed 5% wt. loss at 202 °C, followed by PHU1 (242 °C, Table 30). The highest
degradation temperature at 5% weight loss was registered for PHU4, equal to 266°C. All the sample
showed full degradation at 500 °C (Figure 102).
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Figure 102. TGA analyses of PHU1, PHU2 and PHU4.

4.3 VEGETABLE OIL AND LIGNIN-BASED PHUS

To broaden the research scope, other thermosets were developed employing lignin based-CC as co-
monomer together with the HOSO-PA. In collaboration with a PhD student colleague, Celeste Libretti
from the group of Prof. Dr. Meier, fully biobased thermosets were produced. Different formulations with
diverse amounts of cyclic carbonate functionalized lignin (CCFL) were tested. As also shown in a
previous publication, the intrinsic aromatic nature of lignin led to highly brittle materials. In order to
tune the properties of the final thermosets, a tri-component thermoset was developed by Celeste Libretti
using HOSO-PA, EBC and CCFL. The stiff structure of lignin was balanced with the presence of the
long aliphatic chains present in the HOSO and LO-PA. and EBC was used as a co-monomer. A reference

material consisting of EBC with HOSO-PA was previously described. Moreover, the blank test of CCFL
and HOSO-PA yet exhibited a fragile structure.

Table 31. Thermoset compositions, their 7, and decomposition temperatures at 5%wt measured by DSC and
TGA, respectively.

LC %wt. CCFL eq. EBCeq. HOSO-PAeq. T,(°0) Tas%c0)

T1 26 0.15 0.85 1 -30-60 287
T2 38 0.25 0.75 1 20-80 290
T3 56 0.50 0.50 1 80-120 301
T4 67 0.75 0.25 1 90-130 307

LC= lignin content. CC:NH; groups were always kept 1:1 molar ratio. TBD catalyst was used in 0.1 eq in all the

entries.
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The molar ratio of CC and amino groups was maintained 1:1. The compositions developed contained
26% wt. (T1) of CCFL, 38% wt. (T2), 56% wt. (T3) ad 67% wt.(T4) of CCFL (Table 32). Consecutively
also the EBC:CCFL content was modulated according to this parameter (i.e. T4= EBC 0.75 eq and
CCFL 0.25 eq; Table 31). Curing time was established to be optimal after 2.5 days at 150°C. The curing

process was monitored by FT-IR.

All the samples were analysed by DSC, TGA and WCA. Moreover, it was possible to measure DMA of
T2. All thermosets presented a higher thermal stability. Lignin is responsible of thermal stability and
this was evident from TGA analyses. While increasing in CCFL content, the degradation temperature
was also increasing (754 = 287 °C, for T2; Ty s+ = 307 °C for T4, Table 32). The evaluation of the 7,
resulted to be difficult due to the broad T, step in the curve, due to the heterogeneity of the material. The
heating speed was increased in order to obtain a clearer thermal transition (from 10 to 30 K/min),
however with no visible improvement. It was thought to perform DMA analyses in order to obtain a
clearer 7, value, however it was only possible to measure DMA of T2 due to the material brittleness

(Figure 103, Table 32).
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Figure 103. T2 (38 wt% lignin content) DMA analysis. Storage modulus (E’) curve against temperature for the,
left side). Curve of the tan (8) against temperature (right).

The material showed a storage modulus below 7, from 1970 MPa at - 30 °C to 1220 MPa at 25 °C.
Subsequently, the modulus dropped to a minimum equal to E* = 5.72 + 2.41 MPa at 150 °C (Table 32).
The T, (or a relaxation temperature, T,) causes a large change in the material’s elasticity, resulting in a
decrease of the storage modulus and a peak in the tan(d) curve. This is mainly attributed to the aromatic
unit present and to the crosslinking density. The glass transition can be measured from the onset of the
storage modulus or the temperature at the maximum of the tan(d) peak. Storage modulus vs temperature
usually gives the lowest value of 7, and it is often a good indicator of when the mechanical strength of
the material starts to fail. Knowing this value is crucial for future application of the material. In the

second graphic, (Figure 80, right) a T of 97.3 °C (max peak tan(d), Table 32) was detected.
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Table 32. DMA analysis results of T2 (38 wt.% lignin content).

wt% lignin E’30c E’2sec E’ise)c (MPa)  Tg (°C) Tg (°C)
(MPa) (MPa) Onset E’ Max tan 6
38 1970 £+ 386 1220 +223 5.72 £2.41 552+24 97.3+4.1

Results are the average of three measurements.

Water contact angle (WCA) analyses were conducted to evaluate hydrophobic character of the
thermosets (static single-drop measurements). Due to aromaticity of lignin and the elevated aliphatic
character of HOSO-PA the polymer is expected to be quite hydrophobic. With the amount of HOSO-
PA being constant for all the thermosets, it was concluded that the hydrophobic character of the materials
was increasing proportionally with the crescent amount of lignin present. Similarly, the lignin content is
contributing to the crosslinking. In fact, it was noticed that the highest gel content was obtained for the
T4 composition (98%). Moreover, the lowest was obtained for T2. CCFL (79%). As expected, the

swelling index value and the gel content displayed an opposite behaviour.

4.4 CONCLUSION

The synthesis and optimization of vegetable oil polyamines gave the chance to develop new
poly(hydroxyurethane)s (PHUs). In this specific case, PHUs from renewable resources were obtained.
Two different biobased cyclic carbonates (CC) were tested as co-monomers, such as the erythritol
biscarbonate (EBC) and 1,6-hexanediol bis(cyclo carbonate) (HCC). It was noticed that the higher amine
functionalities present in LO-PA showed better crosslinking, even though higher GC are desirable for
thermoset materials The aliphatic nature of the amines give reason of the low T, measured (-26 to -6).
A quite high resistance to degradation of the PHUs was displayed by TGA analyses, having a starting
degradation at temperatures >200°C. A third component might be useful to improve the crosslinking
network and T, values of thermoset deriving from vegetable oils amines. As a consequence, using
HOSO-PA and EBC thermosets were developed with lignin cyclic carbonates (CCFL) in the described
collaborative project. Comprehensively, a trend in T, and wettability properties was observed in relation
to the lignin content. Generally, keeping the amount of amine fixed, the main differences between the
polymeric material properties resulted from the level of aromatics present in the final material. Among
the different formulations, the 36% wt. lignin content resulted to be the best due to the chemical structure

balance resulting in stiffness, low brittleness, crosslinking density (GC = 87%) and T, (97°C).

As future perspectives, biocompatibility and biodegradability tests would be interesting to investigate.
Moreover, mechanical tests, such as lap shear and tensile tests, could help to establish possible

applications of these new fully bio-based thermosets.
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4.5 EXPERIMENTAL DATA

Characterization methods
NMR analyses

All NMR characterizations have been performed on a Bruker advance 400 MHz spectrometer equipped
with a cryoprobe. 'H spectra result from 16 scans acquisitions while *C spectra were obtained from
1000 scans. The analyses were performed in CDCl; or DMSO-d6.

FTIR analyses

Fourier Transform InfraRed (FTIR) spectra were recorded on a Bruker-VERTEX 70 instrument (400 to
4000 cm-1, 4 cm-1 resolution, 32 scans, DLaTGS MIR) equipped with a Pike GladiATR optical design
diamond crystal) for attenuated total reflectance (ATR).

Size Exclusion Chromatography (SEC)

SEC measurements were performed in THF on a PSS SECcurity? GPC system based on Agilent infinity
1260 II hardware. The system was equipped with an autosampler SECcurity?, a SECcurity? isocratic
pump, a column oven (Bio)SECcurity? column compartment TCC6500, and a refractive index detector
SECcurity? RI. Analysis was performed using two PSS SDV analytical columns (3 um, 300 x 8.0 mm?,
1000 A) with a PSS SDV analytical precolumn (3 pm, 50 x 8.0 mm?). The flow rate for measurements
was set to 1 mL-min!. The system was calibrated with narrow linear poly(methyl methacrylate)
standards (Polymer Standards Service, PSS, Germany) ranging from 102 to 62200 Da.

Differential Scanning Calorimetry (DSC)

DSC measurements were performed on a Mettler Toledo DSC1 instrument equipped with a sample
robot. Samples of 5-10 mg were loaded in a 100 pL aluminum crucible with pierced lid, and the
measurements were performed under nitrogen atmosphere with a flow rate of 50 mL-min~!. The DSC
thermograms were recorded at a heating/cooling rate of 10 K-min™' using the following heating/cooling
program: first heating from 20 to 110 °C, then cooling from 110 to —70 °C, and a final heating step from
—70to 110 °C. The data from the last heating step are shown in the DSC curves.

Thermogravimetric Analysis (TGA)

TGA measurements were carried out on the TA Instruments TGA 5500 under nitrogen atmosphere using
platinum TGA sample pans and with a heating rate of 10 K min-1 over a temperature range from -40 to
600 °C. Thanks to Théato research group (KIT) for the instrument availability.

Materials

Organosolv beech wood lignin was kindly donated by the Fraunhofer Center for Chemical
Biotechnological Processes CBP (Leuna, Germany). 1,6-henadiol bis(cyclo carbonate) (HCC) was
kindly provided by the laboratory of Chemistry of Liege University from Dr. Bruno Grignard. High
oleic sunflower oil (Rapunzel), high oleic sunflower oil (Alnatura), 4-(hydroxymethyl)-1,3-dioxolan-2-
one (glycerol carbonate, 90%, BLDPharm), 2,2-dimethoxy-2-phenylacetophenone (DMAP, 99%,
Thermo Scientific), ethyl(2,4,6-trimethylbenzoyl) phenyl phosphinate (TPO-L, >95%, TCI), N-
hydroxy-5-norbornene-2,3-dicarboxylic acid imide (NHND, 97%, Alfa Aesar), Chromium(IIl)
acetylacetonate (99.99% trace metal basis, Sigma Aldrich), meso erythritol (99%, Alfa Aesar), dimethyl
carbonate (anhydrous, > 99%, Sigma-Aldrich), 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU, > 98%,
Fluorochem), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, > 98%, TCI Chemicals), pyridine (=99%,
Sigma Aldrich), N,N-dimethylacetamide (99.5%, anhydrous, dried over molecular sieves, Thermo
Scientific), dichloromethane (DCM >99%, Fisher Chemicals), chloroform (>99.8%, Fisher Chemicals),
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1,4-dioxane (Fluka Chemicals, 99.5%), ethanol (>99.8%, Fisher Chemicals), and propan-2-ol (>99.5%,
Fisher Chemical) were used without further purification. Deuterated solvents (DMSO-d6 and CDCI3)
were purchased from Eurisotop.

General PHU synthesis procedures

Equimolar NH2:CC group of the two monomers (HOSO-PA or LO-PA with EBC or HCC) were
weighed in a Schlenk flask and flushed with argon. The reaction mixture was placed in an oil bath and
kept stirring at 100 °C for 24 h.

PHUI- Linseed oil polyamine (LO-PA) and erythritol bis-cyclic carbonate (EBC)
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S 33. PHUI FT-IR Vs erythritol biscarbonate (EBC).

PHU?2- Linseed oil polyamine (LO-PA) and 1,6-hexa(cyclo carbonate) (HCC)
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PHU3- High oleic sunflower oil triamine (HOSO-PA) and erythritol bis-cyclic carbonate (EBC)
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S 35. PHU3 FT-IR Vs erythritol biscarbonate (EBC).

PHU4- High oleic sunflower oil triamine (HOSO-PA) and 1,6-hexa(cyclo carbonate) (HCC)
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S 36. PHU4 FT-IR Vs 1,6-hexa(cyclo carbonate) (HCC).

Swelling tests. About 500 mg of each sample were placed in THF (100g/5mL) for 24h. After, the
swelling index was calculated as follows:

WS_WO
SI =————.100
Wo
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where Wyis the weight of the swollen material and W, corresponds to the initial weight of the material.

Afterwards the solvent was removed and the saple placed in oven at 50°C for 24 h. Subsequently, gel
contents were calculated as follows:

Wy
Gel% = —.100
el% W

o

where Wgis the weight of the dried material after being swollen and W, corresponds to the initial
weight of the material,

Figure 104. Swollen (left) and dry (right) samples of PHU1 (56), PHU2 (57) PHU4 (58). The PHU
samples were placed in THF for 24h, afterwards the solvent was removed (swollen samples, left) and
the samples dried in oven for 50°C for 24h.

SEC measurement of soluble fractions after swelling tests (SWR)

Table 33. Molecular weights registered for the solvent residue from swelling tests of PHUs by GPC
(THF).

Mn Mw Mz D
PHU1 8.2E+2 2.3E+3 4.9E+3 2.8
PHU2 7.8E+2 1.3E+3 2.1E+3 1.7
PHU3 2.5E+2 7.1E+3 1.0E+5 2.8
PHU4 2.1E+3 9.5E+3 2.5E+4 4.8
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GPC analyses (residue swelling tests-SWR)
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8§ 37. PHU1-PUH4 GPC analyses of residues after swelling tests-SWR.
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DSC analyses
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TGA analyses
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5 CHAPTER 6:FULLY AND PARTIALLY BIO-BASED EPOXY RESINS

5.1 EPOXY RESINS

Epoxy resins are versatile materials finding applications in various fields such as construction,3?°
automotive,*! electronic,*?? marine3?*, and others.??*32° An epoxy resin can be defined as a molecule
containing a minimum number of two epoxy rings, or it can also indicate a material derived from the
previous. In the second case, epoxy rings are not anymore present in the structure after reacting with
a second component, such as an amine hardener. Epoxy resins were discovered by Prileschajew in
1909,3?7 while the first commercialised product was launched in 1938 by De Trey Fréres company
(Zurich, Switzerland).??® A widely exploited difunctional epoxy is the diglycidyl ether of bisphenol
A (DGEBA), usually obtained by the diglycidylation of bisphenol A (BPA) with epichlorohydrin in
the presence of a base (sodium hydroxide).3?° Indeed, the most frequent and effective strategy to
achieve epoxy-functionalized compounds is to react hydroxy-containing molecules with
epichlorohydrin.?* To minimize the impact of the synthesis, bio-based epichlorohydrin from
glycerol has been developed by Solvay (Epicerol®). In recent years, different regulations have been
introduced by the European Commission restricting the use of bisphenols in different production
sectors such as cosmetics,*? food,*! toys,**? or paper printing.”® The high safety concern is due to
the toxicity of this class of molecules, specifically for the human endocrine system, and the adverse
effects on the environment.** 334 In 2021, REACH included three bisphenols (BPA, BPB and 2,2-
bis(4'-hydroxyphenyl)-4-methylpentane) to the list of substances of very high concern (SVHC).3%
Major attention was pointed to food containers, since often food cans are coated with epoxy resins
as anticorrosion agents, which can release monomers to the food contained.*3¢ The tolerable daily
intake (TDI) of bisphenol A equals 0.2 ng/kg of body weight per day.3*” Diverse scientific studies
investigated the toxic effects of this compound.’*® Due to the high relevance of bisphenols in
polymers production (polycarbonates and epoxy resins), diverse groups researched for less
hazardous and bioderived alternatives.3?3338-340 Examples are diglycidyl derived from isosorbide,**!
soybean 0il,** or resorcinol.’*® However, their synthetic pathway involves the classic
epichlorohydrin route.??® Due to the toxicity of epichlorohydrin,'?® 12! alternative pathways have
been developed to synthesize epoxies.''” A different synthetic approach is the epoxidation of olefins
with peracids. Gross et al. performed an esterification reaction between adipic acid and allyl alcohol
followed by an epoxidation reaction using meta-chloroperoxybenzoic acid (mCPBA) with an overall
52% yield.>** Moreover, also mCPBA is a chemical of concern due to its high toxicity (acute
toxicity- category 4). Also, epoxidized vegetable oils are generated via the peroxidation reaction of
their double bonds.?* The conversion of palm olein to the epoxidized product was achieved by in-
situ formation of peracetic acid or performic acid with high conversion (95.5%).34¢

Enzymatic pathways were also investigated to carry out the epoxidation of diverse unsaturated fatty
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acids. Warwel and coll.**" employed an immobilized Candida antarctica lipase reaching major
yields between 68-91%. More recently, modified gallic and vanillic acids where epoxidized with

the same enzyme in moderately harsh conditions (toluene, 48h).34

During the epoxy resin formation, two reaction mechanisms can occur between the epoxy and the
specific functional group of the co-monomer:** Chain-growth and step-growth polymerization, of
which the first can be distinguished into cationic and anionic pathways (Figure 105). Chain-growth
polymerization occurs in four steps (initiation, propagation, chain transfer and termination). During
the initiation step, a cation or an anion is generated (active centre of the polymerization) by chemical
reaction or light irradiation. These ions subsequently generate primary chains, which continue
growing over time by the subsequent addition of monomers (propagation). During this process, the
centre of the polymerization is always present at the end of the chain. At the end, this process is

interrupted by a chain transfer or a termination step.

1)Cationic chain-growth polymerization
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Figure 105. Representation of epoxide-based chain-growth polymerizations; 1) cationic and 2) anionic
pathways. 3%
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Commonly, anionic polymerization takes place with imidazole derivatives and tertiary amines
(alkali hardeners). Cationic chain-growth is usually initiated by oxonium and onium salts and BF3

complexes.’?

Step-growth polymerizations advance step-by-step by consecutive addition of monomers (Figure
106). The number of functional groups and the ratio between these functionalities with the one of the
monomers are the controlling factors of the polymerization. Step-growth polymerization occurs, for
instance when using acids, isocyanates, thiols, phenols and amines.** The main difference between

the two mechanism is the Kinetic of the process.331-3%3
Step-growth polymerization
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Figure 106. Representation of epoxy and amino groups reaction in step-growth polymerization.3*

The compounds reacting with epoxides are commonly called /hardeners or crosslinkers, which act
as nucleophiles.'>® To obtain linear epoxy polymers, the two monomers have to present functionality
of 2. Differently, to achieve crosslinked material, one of the two components of the polymeric

system has to possess functionality > 2.

Polyfunctional amines are the most extensively employed crosslinkers. The reactivity of the amine
increases with its nucleophilic character as follows: primary > secondary > tertiary and aliphatic >
cycloaliphatic > aromatic. In the case of a primary amine, the resulting secondary amine after first
reaction with an epoxide is more reactive and can add a second equivalent of epoxide, whereby the
secondary amine is less reactive than the primary one. For instance, aromatic secondary amines are
2-5 times less reactive than the aromatic primary ones. Commonly, primary amines are used for
low-curing temperature applications, such as adhesives and coatings. Alternatively, secondary
amines are employed to build composite materials. Attention should be placed on the nature of the

amine, which can have hazardous characteristics.>>*3%¢ Additionally, amines contribute to the
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yellowing of the materials, particularly the aromatic ones.?*” 3% During the reaction mechanism
between epoxy and amine groups, hydroxyl groups catalyse the reaction through the formation of a
trimolecular complex, which assists the nucleophilic attack of the amine. The reaction has an
autocatalytic effect due to the continuous formation of secondary OH during the ring opening when
the epoxy-amine bond has formed.*% 3¢ Moreover, the process is exothermic, therefore this
phenomenon helps the progress of the reaction.!>® When an excess of epoxy is present, another

etherification reaction with OH group might happen, resulting in a change of epoxy:amine ratio.

As a result, the thermoset material obtained possesses a high 7, value, displaying characteristic
mechanical, thermal and chemical properties.** Certainly, the final material properties are highly

dependent on the structure and reactivity of the monomers.3¢! 362

Fully biobased examples of epoxy resins have been published in the recent literature.343363-365
Unfortunately, the majority of these resins use epichlorohydrin to incorporate epoxide groups.
Cramail and Wang employed a commercially available epoxidized soybean oil derived by the
oxidation of unsaturation, without the need for epichlorohydrin to obtain hybrid epoxy-NIPU

materials.263-264

1. Novel bio-based epoxy resins: a comparative study

With the aim to develop novel biobased epoxy resins and to compare their performances with
petroleum-based ones, a comparative study was carried out. This work was performed at Henkel
Adhesives and Technology, as Henkel was the assigned as industrial partner in the frame of the
NIPU-EJD consortium.

Two diglycidyl ethers were chosen for their structure similarity and different sources. As such,
diglycidyl ethers from bisphenol-A (DGEBA) and isosorbide (DGEISO) were selected, a
petroleum-based and a bio-based epoxy, respectively (Figure 107).

0 o o)
- "/O
o H %0
DGEBA DGEISO

Figure 107. Chemical structured of diglycidyl ether from bisphenol A (DGEBA) and isosorbide (DGEISO).
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As mentioned previously, DGEBA is a crucial building block for epoxy production, but undesired
due to hazardousness. As a consequence, analogous materials to the existing ones need to be studied
to achieve polymers with similar or better performances. A set of amine hardeners was chosen to

react with the abovementioned epoxies (Table 34).

Table 34. Sourcing of amines employed in this study.

Bio-based Petrol-based Production
Priamine 1071® Commercial
Castor oil triamine Synthesized in lab
IPDA7 IPDA Commercial
LDA Synthesized in lab

Priamine 1071® and castor oil triamine (COTA) were chosen as comparable long aliphatic di- and
tri-amine (Figure 108). COTA was not reported in any study prior to this one. It was synthesized via
a thiol-ene photoinitiated reaction (Chapter 2, thiol-ene). Priamine 1071® is part of a series of
biobased commercially available amines derived from fatty acids by Cargill.**¢ Moreover,
isophorone diamine (IPDA) and limonene diamine (LDA) were selected as short cycloaliphatic
amines with similar chemical structures (Figure 4). IPDA is a potentially biobased amine, which
was renewably produced at first by Evonik starting from bioderived acetone.’” LDA was
synthesized similarly to COTA via thiol-ene reaction (Chapter 1, thiol-ene). Priamine® and IPDA

have already been extensively studied to develop more sustainable polymers.3+-332

S NH.
\/\NHZ 2
s >[ j< NH»>
LDA IPDA
IPDA
O
S @]
;[oo HoN~gS—~Np,
NH>
O
OH NH,
Castor oil amine Priamine 1071

Figure 108. Polyamine hardeners selected for epoxy resin curing.
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As a first step, the epoxy equivalent weight of the diglycidyl monomer was evaluated by NMR using
an internal standard (Equation 6, Figure 109 and 110).

EW = fIntSt* H function « Mfunction * MW

Eq.6
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Figure 109. 'H-NMR (400 MHz; DMSO-d6, 2.5 ppm) spectrum of bisphenol A diglycidyl ether (DGEBA)

with 1,2,4,5- tetrachloro-3-nitrobenzene as internal standard (8.5 ppm) for the calculation of epoxy content
(EEW). 4.27 ppm peak from DGEBA was used for the calculation.
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Figure 110. 'H-NMR (400 MHz; DMSO-d6, 2.5 ppm) spectrum of isosorbide diglycidyl ether (DGEISO) with
1,2,4,5-tetrachloro- 3-nitrobenzene as internal standard (8.5 ppm) for the calculation of epoxy content (EEW).
3.06 ppm peak from DGEISO was used for the calculation.

Subsequently, the thermosets were formulated in equimolar amounts of epoxy/amino groups. The
curing process was monitored by FT-IR (Figure 11, further spectra can be found in the experimental

section).

Table 35. Shore A and Shore D hardness values for six epoxy resin formulations and swelling index and gel

content of six epoxy resin formulations measured in THF.

Epoxy Amine Shore A ShoreD Swelling Gel content

index
125N 50N
Ep1 DGEBA IPDA failure failure failure
Ep2 DGEBA COTA 13.4 195 86
Ep4 DGEBA DLA 47 104 95
Ep5S DGEISO IPDA failure 91 82
Ep7 DGEISO DLA 13 62 91
Ep8 DGEISO COTA 19 153 88
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Figure 111. FT-IR of the starting isosorbide dyglicidyl ether (black line) and Ep8 (red line).

The 830 cm’! vibrational peak represents the O-C-O symmetric stretching of the epoxy unit. Similarly,
900 cm! displays the O-C-O asymmetric stretching typical of epoxy groups. Those two vibrations are
no longer present in the spectrum of Ep8. Moreover, the formation of the C=0 band at 1740 cm™' and the
O-H and N-H stretching indicate the curing in Ep8. The C-O stretching units (1079 and 1011 cm) and
C-H (2932 and 2874 cm™) can be found in both spectra.

Figure 112. Picture of samples of the epoxy resins obtained. From left to right: Ep2, Ep6, Ep7 and Ep8.
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Hardness, crosslinking, adhesive, tensile and thermal properties of the materials were evaluated. The
hardness of the materials was measured by referring to a relative scale established by numerical
values of shores (1-100 scale). The measurements were performed by shore A and shore D
durometers. The first was used for measuring soft materials and it applies a 12.5 N force on the
sample. Differently, shore D evaluates hard materials imposing a 50 N force on the sample (Table
35). Presenting a short cyclic primary amine as a hardener (IPDA), the epoxies Ep1 and Ep5 were
glassy materials. The rigidity of the amine chemical structure reflected in macroscale on the material
hardness. Hence, the durometer tests failed in both cases because the material was immediately
broken as the instrument probe was in contact with the surface. In comparison, the epoxy materials
synthesized with the similar LDA monomer, generated slightly softer material, even still very rigid.
This can be attributed to the presence of the pendant amino group chains (NH2(CH»),S-), which
enhance the aliphatic character. The thermoset Ep4 displayed a 47 Shore D value that is comparable
to hard elastomers, such as vulcanized rubbers (Table 35). Oppositely, the thermoset obtained with
DGEISO and DLA (Ep7) displayed a softer nature, with a Shore A of 13 (Table 35). Ep2 and Ep8
were produced with COTA. The resin Ep8 resulted in a higher hardness of few points in comparison
to the respective one formulated with DGEBA. Ep3 and Ep6é produced with Priamine 1071®

showed uncomplete curing and a liquid viscous state, therefore the samples were not measured.

The crosslinking was evaluated by performing swelling tests in THF. Because of the glassy nature
of Epl, it was not possible to perform the swelling test due to its brittleness and therefore the
impossibility of obtaining a defined piece of specimen. The higher SI obtained was detected for Ep2
and Ep8 equal to 195 and 153, respectively (Table 35). This can be explained by the higher mesh-
size of the network due to the presence of a long-chain aliphatic crosslinker as COTA in both
formulations. Comparing the formulations with DLA (short cyclic aliphatic), the partially biobased
Ep4 showed almost double the value in comparison with the fully biobased one (Ep7, Table 35).
All the formulations showed a high gel content between 82% and 95% (Table 35). Ep7 and Ep4
showed similar GC (91 and 95, respectively, Table 35). Reasonably, Ep4 had the highest GC value
because of the short chain crosslinker (DLA) with the aromatic DGEBA and the reactivity of the
primary amino groups. Comparing IPDA and DLA formulations with DGEISO, the difference in
gel content might be attributed to the different reactivity of the amino group. In fact, while the amino
groups in DLA have comparable reactivity, the two groups present in IPDA show different ones.
Most probably, the -NH, connected to a primary carbon (high reactive) reacted earlier starting the
network formation and, in a later stage, the -NH, linked to a secondary carbon (less reactive)
finalizing the network.3¢-3"1The soluble parts were measured by SEC after the swelling tests. In all
the cases, only very small mass values were detected, probably due to some monomer leak (Figure

113).
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Figure 113. SEC (in THF) of the soluble residue recovered after swelling tests in THF of Ep2, Ep4, EpS,
Ep7, Ep8. SWR= swelling test residue.

DSC analyses were performed for all the samples. A 99.5 °C T, was detected for Ep1 (Table 35),

which can be attributed to the rigidity of [IPDA and the quite high crosslinking density (gel content

=86, Table 35). The second highest value obtained was detected in Ep5 (7,= 59 °C), the analogous
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composition substituted with DGEISO (Table 35). The difference in the two values might be linked
to the aromatic units present in the DGEBA monomer, responsible of increasing the stiffness of the
polymer chain and the possible m orbital interactions of the benzine rings withing different polymer
segments. Ep4 and Ep7, having DLA as co-monomer, showed comparable T, values (36 °C and 29
°C, respectively). The difference between the two values, can also be attributed to the aromaticity
of DGEBA, as previously. The lowest 7, was measured for the sample Ep8 with a T, equal to -5 °C,
which displays 26.5 degrees less than the corresponding Ep2, which displays a 7, of 21.2 °C. Due
to the great aliphatic nature of the COTA (common co-monomer in Ep2 and Ep8) the determining

factor affecting the 7, were attributed to the aromatic units in DGEBA.

The thermal degradation behaviour was evaluated by TGA. Epl and EpS displayed the highest
thermal resistance with 7 s¢; of 360 °C and 328, respectively, and 50% degradation at about 400 °C.
Similarity to these materials, Ep2 showed a 74s¢ above 300°C and 391°C T, 50 Slightly lower

values were obtained for 7502, for the formulation with DLA.

Tensile tests were also performed (Figure 114). It was not possible to manufacture dogbone samples
of Ep1 and Ep2 due to the material rigidity. Ep2 and Ep5 resulted in a very stiff materials with a
Young’s modulus of about 2000 and 3000 MPa. Consequently, the elongation at break was low (1.4
and 1.5 %, respectively). Oppositely, Ep7 registered a lower Emoa equal to 6.6 MPa. The sample
displayed a wide linear plastic region, leading to elongation at break values of about 27.3 % (Table

36, Figure 114).

Table 36. T,s and thermal degradation temperatures measured by DSC and TGA for six epoxy resin
formulations. Elongation and stress at break and Young's modulus (Emod) obtained by ensile tests of epoxy
resins.

Epoxy Amine T, Tas% Elongation Stress at Emoa
°0O) (°0) at break break
(%) (MPa) (MPa)

Epl DGEBA IPDA 99 362 / / /
Ep2 DGEBA COTA 21 310 1.4 20.0 1793
Ep4 DGEBA DLA 36 231 / / /
EpS DGEISO IPDA 59 328 1.5 43.0 3134
Ep7 DGEISO DLA 29 171 273 1.3 6.6
Ep8 DGEISO COTA -5 219 / / /

T, 50, decomposition temperature at 5% weight loss.
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Figure 114. Tensile tests of Ep2, Ep5 and Ep7.

Lap shear tests were performed to evaluate adhesive properties (Table 37). Three different substrates

were selected to study the adhesive performances on diverse materials. Aluminium, softwood and

PVC were chosen.
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Table 37. Lap shear tests of six epoxy formulations on three different adherents: wood, aluminium and PVC.

Epoxy
Epl DGEBA
Ep2 DGEBA
Ep4 DGEBA
Ep5 DGEISO
Ep7 DGEISO
Ep8 DGEISO

Amine

IPDA

COTA

DLA

IPDA

DLA

COTA

Adherent

Wood
Alu
PVC
Wood
Alu
PVC
Wood
Alu
PVC
Wood
Alu
PVC
Wood
Alu
PVC
Wood
Alu
PVC

Shear strength
(Mpa)
1.234+0.26
1.20+0.41
0.47+0.02
12.2+0.6
3.5+0.9
0.88+0.19
1.81+0.21
1.50+0.16
0.99+0.13
10.75+0.85
2.09+0.60
0.77+0.17
7.62+0.85
3.23+0.32
1.60+0.37
1.6+0.2
0.64+0.1
0.61+0.06

Break (mm)

0.24+0.03
0.21+0.03
0.28+0.02
1.38+0.09
0.33+0.05
0.38+0.05
0.34+0.04
0.30+£0.4
0.48+0.03
1.23£0.12
0.28+0.01
0.37+0.01
0.99+0.10
0.37+£0.02
0.65+0.4
0.38+0.06
0.28+0.04
0.60+0.14

As previously explained in Chapters 3 and 4, the hydroxyl group present on the surface of the wood

substrate (cellulose and lignin) improve the chemical interaction (hydrogen bond and dipole forces)

at the interface of the adhesive and the adherent. This gives reason to the highest values measured

for tests performed on wood samples. Among the epoxies with I[PDA, the Ep5 formulation with

DGEISO showed 9-times the shear stress in comparison to the analogous with DGEBA, equal to

about 11 MPa shear stress. Similarly, the highest registered value over all samples was observed for
Ep2 with the petroleum-based DGEBA and COTA with 12.2 MPa. An inferior performance was
exhibited by the comparable fully biobased Ep8 (1.6 MPa). Oppositely, the fully biobased Ep7
formulated with DLA manifested a 7.6 MPa shear stress with respect to the 1.8 MPa value of Ep4.

Generally, aluminium and PVC exhibited poorer performances when compared against wood, with

PVC as the lowest.
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5.2 CONCLUSION

Fully and partially bio-based epoxy resins were produced in order to compare the performances to
the petroleum-based bisphenol A diglycidyl ether and the isosorbide diglycidyl ether. The latter was
chosen as a possible alternative to DGEBA for possible future epoxy formulation with a high
biobased carbon content. What is playing a difference in properties of the final materials is
prevalently the presence of the aromatic units presents in DGEBA in comparison to DGEISO. This
leads to stiff materials resulting in higher 7,s. Hence, the 7, of materials obtained with DGEISO are
mostly above room temperature. It can be noticed that a great influence is played by the amine
hardener nature. All the epoxies displayed a high gel content (86-95) and good resistance to
degradation at high temperature (7 s, from about 200 to >300°C). Best adhesive properties were
recorded on wood substrate with the fully biobased EpS5 consisting of DGEISO and IPDA
overpassing the analogous petrol-based made of DGEBA and IPDA (Epl). Generally, all the
formulations with DGEISO showed higher performances of shore stress on wood adherents in

comparison to the respective epoxies containing DGEBA.
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5.3 EXPERIMENTAL DATA

Characterization methods

Nuclear Magnetic Resonance spectroscopy (NMR)

NMR spectra were recorded using the following spectrometer hardware.
Bruker AVANCE 400

'H-NMR (400 MHz), 3C-NMR (101 MHz)

Bruker AVANCE 500

'H-NMR (500 MHz), 3C-NMR (126 MHz)

DMSO-d6, CDCI; and MeOD were used as solvents and their respective resonance signals served as
reference for the chemical shift & in parts per million: 'H: CDCl; = 7.26 ppm, DMSO-d6 = 2.50 ppm;
BC: CDCI; = 77.2 ppm, DMSO-d6 = 39.5 ppm. The spin multiplicity and corresponding signal patterns
were abbreviated as follows: s = singlet, d = doublet, t = triplet, ¢ = quartet, quint. = quintet, m =
multiplet. Coupling constants J were noted in Hz. Furthermore, 2D NMR methods (e.g., heteronuclear
single quantum coherence (HSQC), heteronuclear multiple bond correlation (HMBC) and correlated
spectroscopy (COSY)) were carried out, if necessary, for signal assignment and structure elucidation.

Gel Permeation Chromatography (GPC)

System I (Oligo SEC): A PSS SECcurity? SEC system based on Agilent Infinity 1260 II hardware was
used for the measurements. The system is equipped with a refractive index detector SECcurity? RI, a
column oven “(Bio)SECcurity? column compartment TCC6500”, a “standard SECcurity?” autosampler,
and an isocratic pump “SECcurity? isocratic pump”. Anhydrous tetrahydrofuran stabilized with 250 ppm
butylated hydroxytoluene (BHT, >99.9%) was used at a flow rate of 1.0 ml min~' and at 30 °C as mobile
phase. The analysis was performed on the following column system: PSS SDV analytical precolumn
(3 um, 8 mm x 50 mm) with two PSS SDV analytical columns (3 pm, 8 mm x 300 mm, 1000 A).
For the calibration, narrow linear poly(methyl methacrylate) standards (Polymer Standards Service,
PSS, Germany) ranging from 102 to 62200 Da were used. For the preparation of the samples,

2.00 mg of analyte was dissolved in 1.50 mL anhydrous tetrahydrofuran stabilized with 250 ppm
butylated hydroxytoluene (BHT, >99.9%). All samples were filtered by syringe filter prior to use, to
avoid plugging of the injection setup or the column.

Infrared spectroscopy (FT-IR)

Infrared (IR) spectroscopy IR spectra were recorded on a Bruker alpha-p instrument in a frequency
range of 3997.41 to 373.828 cm-1 applying KBr- and ATR technology.

Thin Layer Chromatography (TLC)

All thin layer chromatography (TLC) experiments were performed on silica-gel-coated aluminum foil
(silica gel 60 F254, layer thickness: 0.25 mm, Sigma-Aldrich). Compounds were visualized by
irradiation with a UV lamp (A = 254 and 365 nm), by staining with Seebach solution (mixture of 5.00 g
phosphomolybdic acid hydrate, 2.00 g cerium(IV)- sulfate, 16.0 mL concentrated sulfuric acid and 200
mL water) or vanillin staining solution (mixture of 8.60 g vanillin and 2.50 mL concentrated sulfuric
acid and 200 mL ethanol), or KMnO#4 staining solution (1.50 g KMnOs, 10.0 g K2CO3, 1.25 mL 10%
NaOH and 200 mL water) or ninhydrin solution (0.2 ninhydrin in 100 mL ethanol).
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Differential scanning calorimetry (DSC)

DSC analyses were run with DSC Q2000 instrument. Samples were placed in aluminium pans and
measured with a_heating rate of 10 K min-1 over a temperature range from -40 to 200 °C, gas flow
(nitrogen) of 50 mL/min.

Thermogravimetric Analysis (TGA)

TGA measurements were carried out on the TA Instruments TGA 5500 under nitrogen atmosphere using
platinum TGA sample pans and with a heating rate of 10 K min-1 over a temperature range from
-40 to 600 °C. Thanks to Théato research group (KIT) for the instrument availability.

Tensile tests

Tensile tests were performed by the Automated Laboratory at Henkel Adhesive and Technologies
department (Diisseldorf). The equipment for tensile tests was a Zwicks (Z050 frame) with respective
Loadcells XForce HP 2.5 kN. Measurement specifications. Pre-load= 0.1 MPa, Test speed: 10 mm/in.
Begin of Young’'s modulus determination 0.05%; end of Young’'s modulus determination 0.25%.

Lap shear tests

The tests were conducted on a Zwick 100. The set-up consists of two jaws holding the edges of the
specimen. When the experiment started, a tensile load was applied until bonding failure.

Materials

Epikote™ Resin 828 (Westlake Epoxy), KDBM-1041 (KUKDO), isophorone diamine (IPDA) (Sigma
Aldrich), Priamine 1071® (Cargill), Jeffamine D230® (Evonik), Jeffamine T430® (Evonik), castor oil,
R-(+)-limonene (), cysteamine hydrochloride (). Solvents: tetrahydrofuran (THF), chloroform (CHCls),
isopropanol (i-PrOH), ethanol (EtOH) from Acros Organics.
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Synthesis and characterization

o Synthesis of propane-1,2,3-triyl tris(9-((2-aminoethyl)thio)- 1 2-hydroxyoctadecanoate)-(castor
oil triamine)

[NHe oH
S o~°
009 HN~gSomny,
HO o
OH

propane-1,2 3-triyl tris(9-((2-aminoethyl)thio)-12-hydroxyoctadecanoate)
(Castor oil triamine)
Chemical Formula: CB3H125N30983
Molecular Weight: 1164.89

20 g of castor oil (0.02 mol, 1 eq), cysteamine hydrochloride (25.4 g, 0.19 mol, 9 eq), and 2-
hydroxy-2-methylpropiophenone (1.05 g, 6.43 mmol, 0.3 eq) were dissolved in about 300 mL
isopropanol. The UV LED was completely immersed in a suited flask. The mixture was exposed
to a UV lamp 365 nm for 24 h. After that time, the solvent was evaporated under reduced pressure.
The crude mixture was dissolved in chloroform and subsequently washed with saturated sodium
carbonate solution and two to three aqueous workups until neutral pH was achieved. Water
residues were removed with anhydrous sodium sulfate and the chloroform was removed under
reduced pressure. (from yellow to orange viscous liquid 12 g, 46% yield, >99 % conversion).

Note: the amount of solvent indicated was necessary to allow the UV-lamp to be immersed
in the reaction mixture.

"H-NMR (400 MHz, Chloroform-d): 6 =5.57 — 5.39 (m, CH=CH), 5.24 (pd, /= 5.0, 0.0 Hz,
1H, CH2-CH-CH2), 4.27 (dd, J=11.9, 4.3 Hz, 2H, CH2-CH-CH2), 4.12 (dd, /= 11.8, 6.0
Hz, 2H, CH2-CH-CH2), 2.88 — 2.79 (m, 6H, CH2-CH2-NH2), 2.59 (d, J = 1059.5 Hz, 6H,
CH2-CH2-NH2), 2.04 (s, 6H, -NH2), 2.30 (td, /= 8.9, 7.5, 4.1 Hz, 6H), 1.14-1.69 (m, 87H
aliphatics), 0.86 (t, 9H, -CH3).
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o Synthesis of 2-((2-(3-((2-aminoethyl)thio)-4-methylcyclohexyl)propyl)thio)
ethan-1-amine-(limonene diamine)

S
ONH,

S
ONH,

2-((2-(3-((2-aminoethyl)thio)-4-methylcyclohexyl)propyljthio)ethan-1-amine
(Limonene diamine)

Chemical Formula: Cy4H39N-S,
Molecular Weight: 290.53

35 g of D-limonene (0.26 mol, 1 eq), cysteamine hydrochloride (202.9 g, 1.54 mol, 6 eq), and 2-hydroxy-
2-methylpropiophenone (0.847g, 5.14 mmol, 0.02 eq) were dissolved in about 300 mL were dissolved
in about 300 mL isopropanol. The UV LED was completely immersed in a suited flask. The mixture
was exposed to a UV lamp 365 nm for 24 h. After that time the solvent was evaporated under reduced
pressure. The crude mixture was dissolved in chloroform and subsequently washed with saturated
sodium carbonate solution and two to three aqueous workups untill neutral pH was achieved. Water
residues were removed with anhydrous sodium sulfate and the chloroform was removed under reduced
pressure. Yellow viscous liquid, 87% conversion). Note: the amount of solvent indicated was necessary
to allow the UV LED to be immersed in the reaction mixture.
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S 41. 'H-NMR (400 MHz) of limonene diamine in CDCl;.

'H NMR (400 MHz, Chloroform-d): & = 5.29 (ddt, J = 4.6, 3.4, 1.8 Hz, CH=C), 2.85 — 2.73 (m, -S-
CH2-CH2-, 4H), 2.58 — 2.43 (m, 4H, -S-CH2-CH2), 2.28 (ddt, J= 14.8, 12.4, 8.4 Hz, 1H, CH-S), 2.0
1.2 (8H ring), 0.97 — 0.93 (m, 3H,- CH3), 0.89 (dd, J= 6.9, 1.1 Hz, 3H, -CH3).

Curing. The samples were cured at room temperature and the curing was monitored along the time by
FT-IR.

Epoxy equivalent weight calculate by NMR with 1,2,4,5-tetrachloro-3-nitrobenzene as internal standard in
DMSO-deé:

EW = fIntSt* H function

Meunction
*
* MW st

| function * Hpus: Minest

EW (DGEBA)=370
EW (DEISO) = 322
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o EPI- Diglycidyl ether bisphenol A + isophorone diamine (IPDA)
4.0 g (10.8 mmol) of diglycidyl ether bisphenol A and IPDA (1.92g, 11.3 mmol) were mixed in
aratio 1:1 of epoxy to amine group.

— DGEBA
—Ep1 |

1.0+

o
[+ 2]
1

b
[=}]
1

=
i
1

Normalized transmittance

S
[+
1

0.0 1

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm1)

S 42. EP1 FT-IR Vs DGEBA.

o EP2- Diglycidyl ether bisphenol A + limonene diamine (DLA)
4.0 g (0.01 mol) of diglycidyl ether bisphenol A and DLA (3.12 g, 0.01 mol) were mixed in
aratio 1:1 of epoxy to amine group.

—— DGEBA|
—Ep2 |

1.0+

=
[o2]
L

=
[+2)
1

=
N
1

Normalized transmittance
(=]
ro
1

0.0 1

4000 ' 35|00 : 30|00 : 25|09 : 20|00 : 15|00 : 10|00 ' 560
Wavenumbers (cm-1)
S 43. EP2 FT-IR Vs DGEBA.

EP3- Diglycidyl ether bisphenol A + Priamine 1071® (P1071)
4.0 g (0.01 mol) of diglycidyl ether bisphenol A and Priamine 1071® (7 g, 0.01 mol) were
mixed in a ratio 1:1 of epoxy to amine group.
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o EP4- Diglycidyl ether bisphenol A + castor oil triamine (COTA)
1.0 g (2.7 mmol) of diglycidyl ether bisphenol A and COTA (2.07 g, 1.7 mmol) were mixed in
aratio 1:1 of epoxy to amine group.
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S 44. EP3 FT-IR Vs DGEBA.

o EP5-Isosorbide diglycidil ether + isophorone diamine (IPDA)
5.0 g (15.5 mmol) of isosorbide diglycidyl ether and IPDA (2.64 g, 15.5 mmol) were mixed in
aratio 1:1 of epoxy to amine group.
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S 45. EP5 FT-IR Vs DGEISO.

e EP6- Isosorbide diglycidyl ether + castor oil triamine (COTA)
3.0 g (9.3 mmol) of isosorbide diglycidyl ether and COTA (7.14 g, 6.13 mmol) were mixed
in a ratio 1:1 of epoxy to amine group.

o EP7-Isosorbide diglycidil ether + Priamine 1071® (P1071)
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5.0 g (15.5 mmol) of isosorbide diglycidyl ether and Priamine 1071® (10.0 g, 15.4 mmol)
were mixed in a ratio 1:1 of epoxy to amine group.
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S 46. EP7 FT-IR Vs DGEISO.

o EPS8- Isosorbide diglycidil ether + limonene diamine (DLA)
4.0 g (12.4 mmol) of isosorbide diglycidyl ether and DLA (3.6 g, 12.4 mmol) were mixed in
aratio 1:1 of epoxy to amine group.
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S 47. EP8 FT-IR Vs DGEISO.
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TGA analyses
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S 48. Epl, Ep2, Ep4, EpS, Ep7, Ep8 TGA analyses (25 — 600°C).
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DSC analyses
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S 49. Epl, Ep2, Ep4, Ep5, Ep7, Ep8 DSC analyses (-30 —200°C).
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Swelling tests. About 500 mg of each sample were placed in THF (100g/5mL) for 24h. After,
the swelling index was calculated as follows:

w.—W,
Wo

SI= .100

where W is the weight of the swollen material and W, corresponds to the initial weight of the
material,

Afterwards the solvent was removed and the sample placed in oven at 50°C for 24 h.
Subsequently, gel contents were calculated as follows:

w
Gel% = £.100
w,

where Wqis the weight of the dried material after being swollen and W, corresponds to the initial
weight of the material
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SEC measurements of soluble parts after swelling tests (SWR)
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S 50. SEC (in THF) of the soluble residue recovered after swelling tests in THF of Ep2, Ep4, Ep5, Ep7, EpS.

SWR= swelling test residue.
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Lap shear preparation. The aluminium and PVC adherents were cleaned wiping the surface with
EtOH. The glueing area of the substrate was delimited and marked (13 mm in length). 200 mg of the
formulation was placed on this area (13 mm* 25 mm) and glued with the second adherent. Subsequently,
two office clips were placed on both sides of the junction area (Figure 7). The samples were measured
24 h after curing at room temperature.

Tensile tests

Sample specifications. Standard dog bones shapes were manufactured with the follow dimensions:
length 40 mm x width 10 mm x thickness 2 mm.
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S 51. Tensile tests of Ep2, Ep5 and Ep7.
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6 General conclusion

With the aim of contributing to the transition to a more sustainable chemistry and promoting a
circular economy model, this research work aimed to the development of novel biobased polyamines
for the production of non-isocyanate polyurethanes (NIPUs). A central point of the study was the
design and optimization of the synthesis procedures with the purpose of optimizing the sustainability
of the processes. This involved the design of greener process which follow the 12 principles of green
chemistry as the maximum extent possible. Specifically, this research was successfully able to
respect the principles in relation to the choice of suitable renewable feedstock, the avoidance of toxic
chemicals as far as possible, targeting high atom economy, minimizing wastes and synthetic steps,

use of catalysts.

Starting from vegetable oils and terpene compounds, diverse polyamines from small to midsize were
achieved. Two main pathways were investigated such as: 1) catalytic oxidation followed by
reductive amination and direct functionalization by thiol-ene click photoinitiated reaction. Even
though, the reductive amination resulted unsuccessful, the oxidation pathway was studied and
implement in heterogeneous and homogenous catalysis, with the second having a great
accomplishment in term of reaction efficiency. The thiol-ene reaction prove to be an effective
strategy to achieve polyamine from unsaturated compound, but not free from challenges due to the
high number of parameters to evaluate and control to the successful reaction outcome. Moreover,

this reaction was also implemented for a scale up process in a in flow fashion.

Taking advantage of these novel molecules, different biobased NIPUs were produced and
characterized together with sugar- and lignin-based bis-cyclic carbonates via aminolysis reaction.
The three monomers employed allowed to balance their different chemical structures, as such the
aliphatic nature of the long chain vegetable oil-based polyamine, the rigid structure of lignin and the
small-size erythritol bicyclic carbonate. The study of the optima ratio between the three components

was crucial to achieve good results in the final thermoplastic properties.

Moreover, along the research path, new projects drove to the development of additional useful
monomers for polyurethane-analogous materials, such as urethane bis-cyclic carbonates (UBCs) and
acetoacetate. The synthesis was designed via isocyanate-free fashion and the reactivity of the UBCs
obtained were further investigated. Additionally, the isocyanate-free route and the and isocyanate-
based one were compered in terms of Environmental Impact. The two new UBC monomer were

synthetized and preliminary test on their polymerization were performed.
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Subsequently, three biobased acetoacetates were produced and combined with polyamines with
chemical structural diversity giving birth to polyvinylogous urethanes (polyVUs). The materials
achieved were characterized via TGA, DSC and IR. Furthermore, swelling, tensile and adhesives
tests were carried out to evaluate the performances of the polymers. Particularly, the adhesive lap
share tests run on wood suberates showed high strength-stress values. The dynamic intrinsic nature

of polyVUs, allowed the successful reprocessing of the materials produced.

Finally, a comparative study was carried out in the frame of bio-based epoxy materials with the aim
of investigating alternatives to bisphenol A diglycidyl ether for the development of a new generation
of epoxy resins. Bisphenol A diglycidyl ether and an isosorbide-based diglycidyl ether were
employed to create epoxy resins with a set of different amines. The thermosets were evaluated via
TGA, DSC and IR. swelling, Also, swelling, tensile and adhesives tests were measured. It was
observed that the aromatic nature of bisphenol A diglycidyl ether was playing a kye role in the final

polymer performances.
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Poly(hydroxazolidinone) formation via polyaddition reaction
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Possible synthetic strategies to achieve epoxy monomers from cardanol.
Direct epoxydation of vegetable oils
Chemical structures of 1,6-hexametylene diamine, a general Jeffamine

structure and isophorone diamine (IPDA).
Reactivity of different amines with 5-CC at room temperature.'?

Effect of protic solvent on CC.!8

Two-step synthesis for lignin amination.

Amination process of Kraf lignin

Three furan-derived diamines from furfurylamine, 5S-HMF and furfural.
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Thiol-ene reaction of vegetable oils

Three possible strategies to synthesize diamine compound from vanillin.

Synthetic pathways to achieve diamines from vanillin-derived dimers.

Catalytic route to lignin-derived diamine from lignin-derived diols.

Possible pathways to achieve polyamines from vegetable oils. A) Wacker

oxidation + reductive amination. B) thiol-ene click reaction.

General mechanism of Wacker oxidation process.

Markovnikov and anti-Markovnikov addiction on terminal olefin via
Wacker oxidation.

Individual reactions of the Wacker oxidation process

a) Wacker oxidation in low chlorine and co-catalyst concentration. b)
Wacker oxidation in high concentration of chlorine and co-catalyst30.
Proposed mechanism for co-catalyst free Wacker oxidation system.
TH-NMR spectrum of HOSO in CDCI3 for the determination of its
fatty acid composition.

3D structure of Pd3P. mp ID for the Pd3P is mp-19879 and data base
version is same as below (Data retrieved from the Materials Project for
PPd3 (mp- 19879) from database version v2023.11.1.).

Primary and secondary alcohol interaction with Raney-Ni® catalyst.

Proposed mechanism of catalytic reduction of esters by GaBrs catalyst
and Et;SiH reduction agent.

ETHOSO 'H-NMR proton spectrum.
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pathways.
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Thiol-ene reaction mechanism initiated by Type I photoinitiator.
Thiol-ene reaction mechanism initiated by Type II photoinitiator.
Representation of 1) thiol-ene on mercaptanized oil and 2) direct thiol-
ene on vegetable oil.

"H-NMR spectra of HOSO and HOSO-PA in comparison. In the top
spectrum (HOSO-PA) It can be noticed the disappearance of the double
bond peak at 5.37 ppm and the characteristic peaks of CH2 of the
cysteamine units at 2.77 and 2.99 ppm.

Visual representation of conversion and yield in in batch and in flow
systems.
Schematic representation of a continuous flow system.

'H-NMR spectrum of ETPA3 (Table 9). Detail of N-CH2-CH2-S proton
signals.

Limonene diamine obtained via photoinitiated thiol-ene reaction.
Chemical structure of geraniol, linalool and myrcene.

Top: thiol-ene reaction of myrcene in diluted condition (0.04 g/mL).
Bottom: thiol-ene reaction of myrcene in concentrated conditions (0.285
g/mL).

"H-NMR of myrcene before and after undergone thiol-ene photoreaction.
Examples of strategy to synthesize CC with enhanced reactivity.a)’b)c)®.
Isocyanate-free synthesis of bis-CC.

Structures of M1 from HA and M2 from IPDA.

Proton NMR of M1 in DMSO.

Proton NMR of M2 in DMSO.

Two-step-one pot synthesis of isocyanate-free.

Conversion rates of M1 and EBC with 1-hexyllamine measured via FT-IR.

Set of amines employed for PHUs synthesis with M1 and M2.

Representation of a specimen for lap shear tests and exemplification of
adhesive and cohesive failures.

Representation of A) dissociative and B) associative dynamic
mechanisms in CAN materials.

General reaction scheme for the synthesis of vinylogous urethanes.

General transesterification reaction scheme for the synthesis of a
polyacetoacetate.

Chemical structures of castor oil acetoacetate (CoAcAc), 1,4-butane
acetoacetate (BuAcAc), and glycerol acetoacetate (GlyAcAc).

FT-IR spectra of castor oil acetoacetate (CoAcAc-black line) and castor oil

(CO-red line). In the blue boxes the details relative to peaks proving the
successful reaction.

General reaction scheme for polyamine synthesis via thiol-

ene photoinitiated reaction.

General scheme for the synthesis of polyvinylogous urethanes.

Chemical structures of co-monomer pluriamines: limonene diamine
(LDA), Jeffamine D230®, isophorone diamine (IPDA), Jeffamine T403®
and Priamine 1071®.

Pictures of vinylogous urethane materials. Top: VU2 before (left) and after
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rt (right).
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Optical microscopy pictures of VU1-VU4 before (left) and after drying
(right).

Details of GlyAcAc (blue line) and VU2 (yellow line) FT-IR spectra in
the carbonyl and double bond stretching region.

Shore A and Shore D hardness scales, with examples of common material
hardness values.!"

'H-NMR (CDCI3) of residue found in THF after swelling tests for the
VUI sample.

SEC chromatogram of VUI residues found in solvent (THF) after
swelling test. Retention time detail from 10 to 25 min (measured in

THF). System
signal peak at 22 min.

Stress-strain profiles of VU1-VU4.

Left: VUs cut in pieces. Right: VUs after hot press treatment.

Substrates used for lap shear tests: Aluminium, PVC and softwood (from
top to bottom).

Substrate failures: a) fibre tears of wood and b) stock-break of PVC.

Substrate dimensions (left) and adhesive application (right).

Substrate sample details.

Scheme of force direction during the test and possible types of failures.
Chemical structure of linseed oil polyamine.

'H-NMR of linseed oil (top) and linseed oil polyamine (LO-PA) in
CDCI3. The blue box shows the decreasing in intensity of the double
bonds peak.

Yellow boxes indicate the two CH2 groups of the alkyl chain of the
linked cysteamine chain (bottom).

Conversion profile of the model reaction between high oleic sunflower oil
polyamine and propylene carbonate.

Synthesis of erythritol biscyclic carbonate (EBC) from erythritol and
dimethyl carbonate (DCM).

Chemical structure of 1,6-henadiol bis(cyclo carbonate) (HCC).

FT-IR of PHU1 (black line) in comparison to erythritol biscarbonate
(EBC, red line) with important vibrational band indicated.

SEC (in THF) of the soluble part of PHU1 to PHU4 after swelling tests.
SWR=swelling test residue

DSC analyses of PHU1, PHU2 and PHU4 from -40 °C to 200 °C (3
cyrcles).

TGA analyses of PHU1, PHU2 and PHU4.

T2 (38 wt% lignin content) DMA analysis. Storage modulus (E’) curve
against temperature for the, left side). Curve of the tan (3) against
temperature (right).

Swollen (left) and dry (right) samples of PHU1 (56), PHU2 (57) PHU4
(58). The PHU samples were placed in THF for 24h, afterwards the
solvent

was removed (swollen samples, left) and the samples dried in oven for
50°C for 24h.

Representation of epoxide-based chain-growth polymerizations; 1)
cationic and 2) anionic pathways.*’

Representation of epoxy and amino groups reaction in step-growth
polymerization.”

Chemical structured of diglycidyl ether from bisphenol A (DGEBA)
and isosorbide (DGEISO).

Polyamine hardeners selected for epoxy resin curing.
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Figure 109  "H-NMR (DMSO-d6) spectrum of bisphenol A diglycidyl ether (DGEBA) 199
with 1,2,4,5-tetrachloro-3-nitrobenzene as internal standard (8.5 ppm) for
the calculation of epoxy content (EEW). 4.27 ppm peak from DGEBA was
used for the calculation.

Figure 110  "H-NMR (DMSO-d6) spectrum of isosorbide diglycidyl ether (DGEISO) 200
with 1,2,4,5-tetrachloro-3-nitrobenzene as internal standard (8.5 ppm) for
the calculation of epoxy content (EEW). 3.06 ppm ppm peak from
DGEISO was used for the calculation.

Figure 111  FT-IR of the starting isosorbide dyglicidyl ether (black line) and Ep8 (red 201
line).

Figure 112 Picture of samples of the epoxy resins obtained. From left to right: Ep2, 201
Ep6, Ep7 and Ep8.

Figure 113 SEC (in THF) of the soluble residue recovered after swelling tests in THF 203
of Ep2, Ep4, Ep5, Ep7, Ep8. SWR= swelling test residue.
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