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“Look again at that dot. That's here. That's home. That's us. On it everyone you love, every-
one you know, everyone you ever heard of, every human being who ever was, lived out their
lives. The aggregate of our joy and suffering, thousands of confident religions, ideologies,
and economic doctrines, every hunter and forager, every hero and coward, every creator
and destroyer of civilization, every king and peasant, every young couple in love, every
mother and father, hopeful child, inventor and explorer, every teacher of morals, every cor-
rupt politician, every ‘superstar,’ every ‘supreme leader,’ every saint and sinner in the history

of our species lived there-on a mote of dust suspended in a sunbeam.

The Earth is a very small stage in a vast cosmic arena. Think of the rivers of blood spilled by
all those generals and emperors so that, in glory and triumph, they could become the mo-
mentary masters of a fraction of a dot. Think of the endless cruelties visited by the inhabit-
ants of one corner of this pixel on the scarcely distinguishable inhabitants of some other
corner, how frequent their misunderstandings, how eager they are to kill one another, how

fervent their hatreds.

Our posturings, our imagined self-importance, the delusion that we have some privileged
position in the Universe, are challenged by this point of pale light. Our planet is a lonely
speck in the great enveloping cosmic dark. In our obscurity, in all this vastness, there is no

hint that help will come from elsewhere to save us from ourselves.

The Earth is the only world known so far to harbor life. There is nowhere else, at least in the
near future, to which our species could migrate. Visit, yes. Settle, not yet. Like it or not, for

the moment the Earth is where we make our stand.

It has been said that astronomy is a humbling and character-building experience. There is
perhaps no better demonstration of the folly of human conceits than this distant image of
our tiny world. To me, it underscores our responsibility to deal more kindly with one an-

other, and to preserve and cherish the pale blue dot, the only home we've ever known.”

— Carl Sagan, Pale Blue Dot, 1994

Copyright © 1994 by Carl Sagan, Copyright © 2006 by Democritus Properties, LLC.
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Abstract

Extensive research has been conducted on epoxy polymers, which are recognized as
an important class of thermosetting materials. These polymers exhibit exceptional qualities
such as versatile curing methods, minimal shrinkage, electrical insulation, and thermal and
chemical stability. Due to their outstanding qualities, epoxy thermosets have been utilized
in a wide range of industries, including construction, high-end sports equipment, aerospace,
and automotive manufacturing. Despite the remarkable properties and numerous potential
applications of epoxy thermosets, they tend to be brittle and unrecyclable. To address the
brittleness issue, researchers have explored different fillers to adjust the mechanical prop-
erties of the thermoset networks. lonic Liquids (ILs) emerge as a promising platform among
the fillers. ILs are organic salts with melting temperatures below 100 °C. Because of the var-
ious combination possibilities of cations and anions, a wide range of properties can be
achieved by incorporating ILs into epoxy materials. Indeed, ILs exhibit exceptional proper-
ties that make them highly valuable in material science, including high thermal stability, low
volatility, wide liquid temperature range, compatibilizing ability, and tunable physical and
chemical properties. To attain advanced multifunctional properties in thermosets, we inte-
grated the remarkable attributes of both epoxy and ILs into a single molecule, introducing
a new class of epoxy resins referred to as the second generation. Furthermore, to address
the limited recyclability of epoxy thermosets, we incorporated cleavable ester groups to en-
sure the selective solvolysis of the networks. This approach enables the recovery of IL de-
rivatives and offers a more sustainable end-of-life solution for thermosets, presenting an
alternative to landfilling and pyrolysis. Herein, we have designed a small library of epox-
idized-IL monomers that can be categorized into two families. The first family incorporates
imidazolium-moiety, cleavable ester groups and multiple oxirane groups. The second family
features monomers with imidazolium and benzyl moieties and two cycloaliphatic epoxy
groups. This approach allowed building materials with fine-tuned mechanical properties
and emerging features, such as increased thermal stability, shape memory, hydrophobicity,
and tailored degradability. Fundamentally, our objective was to systematically design and
synthesize a library of second-generation epoxy resins to construct thermosets and compo-
sites that exhibit exceptional performance and multi-functionality. Additionally, we aimed
to enhance the sustainability of these thermosets at their end-of-life, aligning with the prin-

ciples of the circular economy.

Vi
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Résumé

De nombreuses recherches ont été menées sur les polymeéres époxy, reconnus
comme une classe importante de matériaux thermodurcissables. Ces polymeéres présentent
des qualités exceptionnelles telles que des méthodes de reticulations polyvalentes, une ré-
traction minimale, une isolation électrique, ainsi qu'une stabilité thermique et chimique.
Grace a leurs propriétés remarquables, les thermosets époxy ont été utilisés dans de nom-
breux secteurs industriels, notamment la construction, les équipements sportifs haut de
gamme, 1'aérospatiale et l'industrie automobile. Malgré leurs propriétés exceptionnelles et
leurs nombreuses applications potentielles, les thermosets époxy ont tendance a étre fra-
giles et non recyclables. Pour remédier a la fragilité, les chercheurs ont exploré différentes
charges afin d'ajuster les propriétés mécaniques des réseaux thermosets. Les liquides io-
niques (LI) se présentent comme une plateforme prometteuse parmi ces charges. Les LI
sont des sels organiques avec des températures de fusion inférieures a 100 °C. En raison des
diverses combinaisons possibles de cations et d'anions, une large gamme de propriétés peut
étre obtenue en incorporant des LI dans les matériaux époxy. En effet, les LI présentent des
propriétés exceptionnelles qui les rendent extrémement précieux en science des matériaux,
notamment une stabilité thermique élevée, une faible volatilité, une large plage de tempé-
rature liquide, une capacité de compatibilisation et des propriétés physiques et chimiques
ajustables. Afin d'obtenir des propriétés multifonctionnelles avancées dans les thermosets,
nous avons intégré les caractéristiques remarquables de 1'époxy et des LI dans une seule
molécule, introduisant ainsi une nouvelle classe de résines époxy appelée "deuxieme géné-
ration". De plus, pour remédier a la recyclabilité limitée des thermosets époxy, nous avons
incorporé des groupes ester clivables permettant la solvolyse sélective des réseaux. Cette
approche permet de récupérer des dérivés de LI et offre une solution plus durable en fin de
vie pour les thermosets, constituant une alternative a I'enfouissement et a la pyrolyse. Dans
cette étude, nous avons concu une petite bibliotheque de monomeres époxydés-LI qui peu-
vent étre classés en deux familles. La premiére famille intégre des groupes imidazolium, des
groupes ester clivables et plusieurs groupes oxirane. La deuxiéme famille comprend des
monomeres avec des groupes imidazolium et benzyl, ainsi que deux groupes époxy cycloa-
liphatiques. Cette approche a permis de construire des matériaux avec des propriétés mé-
caniques ajustées et des caractéristiques émergentes telles qu'une stabilité thermique ac-
crue, une mémoire de forme, une hydrophobicité et une dégradabilité adaptées. Fondamen-
talement, notre objectif était de concevoir et de synthétiser systématiquement une biblio-

théque de résines époxy de deuxieme génération afin de construire des thermosets.
vii
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Note to the Reader

The dissertation is organized into chapters, as specified below. The results were pre-
sented in a format similar to research papers, except for the fact that we provided additional

information to aid the reader to further understand our work.
Chapter I - Historical Introduction: A Brief Time-lapse on Epoxy Research at IMP

This chapter exposes an overview of the epoxy research conducted at IMP INSA
Lyon. It is an integral part of the attempt to understand the importance of this manuscript
for our local research and, more broadly, for material science. This section describes the
main findings from the first publication on epoxy prepolymers in our lab to this present
moment. The purpose of this section is not to delve into all the advancements made in the
area of epoxy-based thermosets but rather to link the prior research conducted in our la-
boratory to the present. The final part of this chapter highlights the long-term goals of this

research.
Chapter II - State of Art

In state-of-the-art, we endeavored to situate the reader concerning the main topics
addressed in this manuscript. Initially, we presented an overview about the synthesis of
various epoxidized monomers bearing ionic liquid (IL) moieties of different natures to de-
velop thermosets. Subsequently, we introduced the conventional recycling methodologies
on thermoset materials and the recent advances regarding incorporating cleavable bonds
to degrade, depolymerize or reprocess these crosslinked materials. Finally, we reviewed the
main aspects of cationic photopolymerization and several works that combined photo-in-

duced reactions and ionic liquid-based precursors.

Chapter III - From the Design of Novel Tri- and Tetra-Epoxidized Ionic Liquid Mono-

mers to the End-of-Life of Multifunctional Degradable Epoxy Thermosets

Chapter III comprises three distinct parts: an abstract in French, the main findings,
and supplementary information in the Appendix. In the results and discussion, we pre-
sented the molecular design of two novel monomers bearing cleavable ester groups, an im-
idazolium-based IL moiety, and adjacent epoxy groups. Using these newepoxidized ILs, we
created six different epoxy thermosets that were later degraded, leading to an eco-friendlier

and more sustainable end-of-life for the thermosets.

Chapter IV - Design for Disassembly of Composites and Thermoset by Using Cleavable

Ionic Liquid Monomers as Molecular Building Blocks
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This chapter is structured similarly to the previous one, consisting of an abstract in
French, the main findings, and the supplementary information in the Appendix. Building on
our prior work, we optimized and scaled up the synthesis of an epoxidized IL. In addition,
we investigated this molecule as a comonomer, utilizing a commercial monomer as the main
component of the newly designed networks. Our goal was to evaluate the influence of this
new IL monomer on the thermoset properties and, more crucially, to design more sustain-
able carbon-fiber (CF) composites. Our findings indicated that when employed as a cleava-
ble building block, the synthesised monomer confers degradability to the thermoset matri-
ces under mild conditions. This, in turn, allows for the recovery of CFs in their original con-
dition. Furthermore, we explored the potential of using these synthetic IL monomers to de-
velop degradable adhesives, ensuring their degradation to facilitate the recovery of the com-

posites’ adherends.

Chapter V - Activated Cycloaliphatic Epoxidized Ionic Liquids as New Versatile Mon-

omers for the Construction of Multifunctional Degradable Thermosets

The chapter is divided into four main sections, including an abstract in French, major
findings, perspectives on synthesizing cationic photopolymerizable monomers, and supple-
mentary information found in the Appendix. It is worth noting that this project was initially
aimed at synthesizing ILs for the development of 3D printing resins based on ILs. However,
we discovered that the cationic photopolymerization of the cycloaliphatic epoxidized ILs
(CEILs) did not proceed as we had anticipated. Therefore, the polymerization of these new
monomers was carried out via thermally-activated curing. We examined the CEIL monomer
as a molecular building block and discovered that this comonomer could afford various
novel properties, including higher homogeneity, excellent thermal stability, and shape
memory. At the end of this chapter, we detailed our efforts to synthesize multiple cycloali-
phatic epoxidized ILs and provide a comprehensive examination of the ionic exchange re-

actions that we found to be crucial for advancing this project.
Chapter VI - General Conclusions & Perspectives

The last chapter addresses the primary inquiries raised throughout this study and
offers some insights into potential future research or applications associated with our main

outcomes.
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Chapter I - Historical Introduction

1. Les époxydes a travers le temps : Une activité de recherche historique
au cceur du laboratoire d’Ingénierie des Matériaux Polymeres (IMP-
UMR CNRS 5223)

Lors de I'écriture de notre manuscrit de thése, une question essentielle s'impose a

nous :
Quelle est la contribution de ma theése sur cette thématique ?
Deux sous-questions se posent :

(D Comment nos recherches actuelles s'inscrivent-elles dans les objectifs du La-

boratoire d'Ingénierie des Matériaux Polymeéres (IMP) ?

(ID Quelle est la réelle valeur ajoutée de notre contribution au domaine

des polymeres ?

Comme premier élemément de reponse, cette partie introductive retrace l'histo-

rique de cette thématique au sein du laboratoire IMP.
Professeur Quang Tho Pham - 1983

Principales contributions : Compréhension des mécanismes de polymérisation des
époxy-amine et de l'influence de la structure chimique des monomeres époxy dans le déve-

loppement des réseaux.!

La premiere recherche sur les prépolymeres époxy a été publiée en 1982 et s'intitule
"Etude des prépolyméres époxydes par chromatographie et 1H RMN & 350 MHz" et a comme
auteur correspondant le Professeur Quang Tho Pham. Dans ce travail, les auteurs ont porté
une attention particuliere sur la composition exacte des prépolymeéres époxyde ainsi que
sur leur caractérisation. En particulier, ils ont étudié differents prépolymeéres commerciaux
synthetisés par le procédé Taffy et possédant différents équivalents époxyde (EE). D’apreés
la littérature, le procédé taffy est la méthode de synthése du prépolymere le plus communé-
ment utilisé de nos jours, c’est-a-dire le diglycidyl éther de bisphénol A (DGEBA). Dans cette
réaction, le bisphénol A réagit avec le 2-(chlorométhyl)oxirane (épichlorhydrine) dans des
proportions appropriées pour obtenir des résines époxyde (DGEBA) de différentes masses
molaires. Les monomeres époxyde sont obtenus selon une distribution statistique puisque
les premiers monomeéres primaires peuvent continuer a réagir pour générer des oligo-
meéres. Les auteurs ont illustré la voie de synthese et ont étudié les molécules probablement

formées au cours de la synthése (Schéma I-1).1
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Schéma I-1. Synthése de monomeéres et d'oligomeéres a base de DGEBA proposée par le pro-

fesseur Quang Tho Pham.!
Les auteurs ont proposé :

- Les différentes structures possibles résultantes de la réaction d'ouverture du
cycle époxy par les composants du mélange réactionnel.
- Une compréhension globale de la synthese pour favoriser la formation d'oligo-

meéres de masse molaire plus élevée (Schéma I-2).

OH®
- ~AR-OH + 2 ~———e . ~Ar-OCH;~CH-CH,Cl )
" OH
OH®
. ~Ar—OCH,=CH~CH,CI e .. .—Ar-OCH,~CH—CH, + HCl @)
[ k,, rapide N/
OH 0
. .~Ar—OCH;—CH—CH, —L e . _Ar—OCH;~CH~CH,~O—Ar—OH 3
\0/ ks, lent H

Schéma I-2. Breve compréhension de la cinétique des réactions.!

Selon les auteurs, une compétition a lieu entre les réactions (1) et (3). Comme I’
épichlorhydrine 2 est beaucoup trop réactive avec le Bisphénol A 1, la formation d'oligo-
meres de masse molaire plus élevée est empéchée. Ainsi, il est nécessaire de diminuer la

quantité de 2 par rapporta 1.1
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Les prépolymeéres époxyde obtenus ne sont pas terminés uniquement par des
groupes époxyde; ils peuvent étre terminés par des groupes de nature différente. Ces
groupes secondaires peuvent avoir une grande influence sur les réactions de durcissement.
De ce fait, plusieurs auteurs ont cherché a caractériser completement ces molécules. Les
techniques utilisées sont généralement la chromatographie par perméation de gel (GPC), la
chromatographie liquide haute pression (HPLC), ou la chromatographie sur couche mince.
Elles sont souvent couplées a d'autres techniques comme la spectrométrie de masse, l'infra-

rouge ou la résonance magnétique nucléaire (RMN).1

Dans ce travail développé al'IMP, la composition des prépolymeéres a pu étre déduite
par GPC et par HPLC couplée a un détecteur UV-vis. Pour compléter la caractérisation, les
auteurs ont réalisé des analyses RMN 1H dans lesquelles ils ont observé la présence de grou-
pements hydroxyle terminaux. Par la suite, ils ont fait réagir ces monomeres porteurs de
groupes hydroxyle terminaux avec du monoisocyanate. Ils ont observé trois environne-
ments chimiques distincts pour les groupes hydroxyle suggérant qu'il existait trois natures

différentes de ces groupes.!

En conclusion, les auteurs ont montré la possibilité d'obtenir une bonne estimation
de la composition des prépolyméres DGEBA par HPLC avec gradient d'élution. Ces résultats
sont d’autant plus probants qu’ils sont accompagnés d’'une analyse du produit modifié par
un monoisocyanate réactif vis-a-vis des fonctions hydroxyles. L’étude approfondie par RMN
1H leur ont permis d'accéder a la fonctionnalité des oligoméres et de mettre en évidence la

structure des extrémités de chaines anormales.

2

Les fonctions hydroxyle primaires et secondaires attachées a ces extrémités de
chaines peuvent jouer un réle important lors de la polycondensation ultérieure de ces pré-
polymeres avec des diamines.! La compréhension de la structure des monomeéres et des
propriétés physiques des matériaux a été un aspect crucial de ces recherches depuis le dé-

but des travaux de I'IMP. Cela continue d'étre un point central dans nos recherches actuelles.
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Professeur Jean Pierre Pascault - 1986

Principales contributions : Etude du comportement thermique par DSC et influence de
l'utilisation d’un catalyseur pour des systemes époxy-amine et époxy-anhydride pour le dé-

veloppement de réseaux thermodurcissables.?

Dans ce travail, les auteurs ont comme objectif de comprendre le mécanisme de po-
lymérisation d’une réaction époxy-amine (Schéma I-3). Ils ont émis I'hypothese que la
seule réaction notable en I'absence de catalyseur concerne les hydrogénes actifs de I'amine
comme le montrent les équations 2 et 3. Les auteurs ont suggéré que 'amine tertiaire créée
dans la deuxieme réaction (3) est trop encombrée stériquement pour permettre la troi-
siéme réaction correspondant a I'étherification (4). Cependant, lorsqu'un catalyseur est uti-
lisé, des réactions peuvent compliquer la polyaddition ; par exemple I'oligomérisation im-

pliquant I'hydroxyle et 1'époxy par un processus ionique (Schéma I-3).2

R—NH; + CH;—CH—E —

N /S
0
(2)
R—N—CH;—CH—E
I I
H OH
R—N—CH,—CH—E
I |
H OH
OH

I

+ CH;—CH—E — R—N
N/
o CH,—CH—FE

OH

—CH— + CH>—CH—E —
I N/
— CH—

I
O—CH;—CH—E
|
OH

Schéma I-3. Différentes voies possibles de réaction d’addition époxy-amine.2

Les auteurs ont étudié les aspects thermodynamiques de cette réaction de polymé-
risation et les propriétés résultantes des différents durcisseurs utilisés ; amines et anhy-
drides. L'enthalpie de réaction et les températures de transition vitreuse (Tg) ont été éva-
luées et reliées a la structure du durcisseur pour les systemes époxy-diamine. Une technique

a également été mise au point pour déterminer I'énergie d'activation.2
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Tableau I-1. Précurseurs de réseaux époxy.2

Molecular State/

Name Weight Structure Functionality Mixing
CHa
" |
Diglycidyl ether of He—CH—CH;—0—(())—C—(0)—0—CH:—CH—LCH 20or4  T,=RT
biphenol A a)DGEBA 342 0_\20/ —0—() : @ —CH—CH, .
GH,
CHs
Trimethyl | I
hexamethylene TMHMD 158 Herar—t:H2-—t|:|-|-*c|-|=,—(F>—c+¢,—r;|-|.r~|~u-|2 4 lig/RT"
diamine
CHs CHs
NH,
CHa _
Isophorone diamine b)IPD 170 /\ 4 lig/RT
CHs~  /
CHy  CH:NH;

4-4’-diamino diphenyl . o
methane DOM 193 HN—(O)—CHr—~(O)—NH: 4 s0lid/80°C

4-4’-diamino diphenyl

H:N 50, —(())—NH id/130°
s DDS 248 " —@— z—@—N 2 4 solid/130°C

Cyanoguanidine (or HzN—-C=N—CN 4 Nd/RT

Bicyanodiamide) DDA 84 | (ref. 17 to 19) S°td/!
NH,
CHs ca\

Methyl tetra .
hydrophtalic MTHPA 166 ; 0 2 lig/RT
anhydride /

co
Benzyl dimethylamine ~ BDMA 135 (O)—CH—N(CHy)2 catalytic agent

Les auteurs ont également étudié le rapport stoechiométrique amine-époxy (r) en
considérant les quatre hydrogenes actifs des amines et les deux sites réactifs des prépoly-
meéres époxydes. Les Tg plus élevées ont été observées pour r = 1. En effet, les auteurs pré-
cisent que l'exces d'amines peut jouer un réle de plastifiant. De plus, faire varier r impacte
significativement la structure des réseaux. Cet aspect est essentiel pour la conception de
réseaux homogenes bien maitrisés. Pour ces raisons, les réseaux développés au cours de

cette thése ont toujours considéré un rapport stoechiométrique de r = 1 (Tableau 1-2).2
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Tableau I-2. Composants et structures formés en fonction du rapport époxy-amine.?

Component Structure Conditions
OH CHa
I |
1. Prepolymer repeat unit «—~CHz—CH—CH;—0—CeH,—C—CeH:—0— Always
|
CHa
) b Ve
2. Fully reacted hardener unit /N—X—N\ r=1
3. Partly reacted hardener unit -—HN—X—-N: 1<r<15
e=HN—X—NH— 1.5<r<2.0
4. Unreacted epoxy ends «—CH H—CH. r<1
—7
5. Ether unit «—CHy—CH—0—CH;—CH—0— r < 1 and catalyst
I i
R R

Comme mentionné précédemment, I'influence de la benzyldiméthylamine, en tant
que catalyseur, dans les systemes DGEBA/anhydride et DGEBA/diamine a été étudié. En
utilisant différents types de durcisseur, les auteurs ont démontré un lien entre la nature de
ce dernier et les propriétés physiques des réseaux époxy. En modifiant la nature chimique
des durcisseurs amines, d'aliphatique (TMHMD), de cycloaliphatique (IPD) a aromatique
(DDM ou DDS), les T4 évoluent fortement. En effet, les réseaux a base d'amines aliphatiques
conduisent a des réseaux de plus faible Ty (105 °C pour la TMHMD) tandis que I'utilisation
d’amines cycloaliphatiques et aromatiques, plus encombrés stériquement menent a une ré-

duction de la mobilité des réseaux et par conséquent a des Ty plus élevées.?

Tableau I-3. Evaluation des températures de polymérisation et vitreuse des réseaux a stoe-

chiométrie en fonction de la nature de ’amine.?

Curing Agent T,(°C) T,(°C) Ti°C) T, (°C)

TMHMD 40 100 200 105
IPD 45 118 214 155
DDM 100 170 210 165
DDS 135 222 340 190
DDA 170 — 300 125

* Ty, Ty et T2 correspondent au pic exothermique observé au DSC. T; indique le début du pic de
polymérisation, T, sa valeur maximale, et T la fin du pic de polymérisation exothermique.

En se basant sur les travaux menés par Jean Pierre Pascault, nous avons également
étudié les propriétés des réseaux époxy-amine en fonction du type de durcisseurs et de mo-
nomeres utilisés. Ainsi, dans le troisiéme chapitre de ce travail, vous verrez que de nouveaux
réseaux epoxy-amine ont été développés a partir de nouveaux monomeres liquides ioniques

époxydés et des amines aliphatiques, cycloaliphatiques et aromatiques comme durcisseurs.
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Professeur Jean Francois Gérard - 1996

Principales contributions : Développement et caractérisation de réseaux multi-compo-

sants afin d'améliorer les performances mécaniques des matériaux époxy.3+4

Apres avoir étudié et caractérisé de nombreux systemes epoxydes en termes de ré-
activité, influence du rapport stoechiométrique, étude des réactions de polymérisation et
d’identification des réactions secondaires, notre laboratoire a travaillé sur le développe-
ment de mélanges multicomposants pour améliorer les performances des matériaux époxy-
amine. Cela impliquait l'introduction de charges (particules coeur-coquille, fibres de car-
bone) et le développement de systémes multi-composants complexes susceptibles d'amé-
liorer leurs propriétés. L'objectif était de mieux comprendre les relations structure-pro-

priété liées a I'ajout de ces composants dans ces réseaux.3

Dans le premier travail dirigé par le Professeur Jean Francois Gérard, les auteurs ont
construit différents réseaux époxy en introduisant des particules cceur-coquille constituées
de copolymeéres a blocs pour améliorer les propriétés mécaniques et étudier le comporte-
ment a la rupture.3 Les mélanges ont été obtenus dans des conditions de mise en ceuvre
parfaitement définies afin de moduler 1'état de dispersion des particules dans la matrice.
Dans ce cas-présent, l'utilisation d'une extrudeuse comme mélangeur conventionnellement
utilisé pour la mise en ceuvre des thermoplastiques a permis de conduire a une excellente
dispersion des particules de copolymére a blocs dans la matrice époxy. Ainsi, ces travaux
ont mis en évidence que l'incorporation de ces particules réduit de fagon signifcative 1'ini-

tiation et la propagation de la fissure.

Les auteurs ont émis 'hypothese que les mécanismes de réticulation sont liés a la
cavitation et a 'apparition de bandes de cisaillement au sein du matériau. Les résultats ont
également démontré que la formation d’interfaces et/ou d’interphases affectent I'adhésion
entre les phases et influencent les propriétés de ténacité a la rupture. Parallélement, I'adhé-
sion est controlée et assurée par les fonctionnalités présentent sur les particules de copoly-

mere a blocs.

Dans un autre travail, les auteurs ont proposé I'utilisation d'un élastomeére réticu-
lable a base de copolymere butadiene acrylonitrile a terminaison carboxy.5 L'ajout de cet
élément améliore les propriétés de la matrice époxy et renforce les fibres de carbone. En
utilisant un processus d'enroulement filamentaire, les charges d’élastomeres ont été adsor-
bées sur les fibres de carbone oxydées puis enduites dans la matrice époxy comme décrit

sur la Fig. I-1.

10
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Figure I-1. Traitement de surface des enroulements fibres-filaments.5

Les réseaux époxy modifiés et les composites renforcés de fibres de carbone ont été
étudiés par analyse mécanique dynamique (AMD). Ces résultats ont permis de mettre en

ceuvre les différentes relaxations mécaniques et les attribuer aux differents composants
(Fig.I-2 et I-3).4
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Figure I-2. Evaluation des relaxations au sein d'un composite DGEBA-DDM-fibre de car-

bone.4
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Figure I-3. 3 relaxation du réseau époxy et a, transition de charge d’élastomeére a 3,3 10-2

Hz.4

L'introduction des fibres de carbone et des copolymeres a base d'élastomeres décale
la température des transitions {3, sans induire de transitions séparées. Cette observation est
importante car elle montre que, premiérement, les systemes sont homogenes et deuxiéme-
ment, les charges ont bien été introduites dans le composites. La seule transition induite

observée concernait le composite utilisant la fibre de carbone A1l.

Le matériau composite résultant peut étre décrit comme un systeme triphasé com-
posé : d'un réseau époxy servant de matrice, de fibres de carbone et d'une couche intermé-
diaire souple, jouant le role d'interphase. Les propriétés mécaniques des matériaux compo-
sites unidirectionnels ont été évaluées par flexion et par tests aux chocs. Ces analyses réve-
lent une forte dépendance par rapport a I'épaisseur de l'interphase a la surface des fibres

de carbone.*

La stratégie d’utiliser des charges pour ajuster les propriétés mécaniques des maté-
riaux époxy, considérés trop cassants, est encore exploitée a I'IMP. Parmi les différentes
charges qui ont été étudiées, les liquides ioniques ont suscité une attention particuliere dans
notre laboratoire. Dans ce travail de these, nous avons con¢u des monomeres liquides io-

niques époxydés afin de développer des composites a fibres de carbone potentiellement
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plus durables et dégradables permettant par exemple la récupération des fibres de carbone

afin d’étre réutiliser.
Professeure Jannick Duchet-Rumeau - 2000

Principales contributions : Développements et caractérisations de nanocomposites époxy

structurés.6’

Dans ce travail, la professeure Jannick Duchet-Rumeau a étudié la modification chi-
mique de charges lamellaires, en particulier des argiles puis la dispersion des montmorillo-
nites modifiées organiquement (MMTM) dans systémes époxy-amine. Plus précisément,
I'étude a porté sur l'utilisation de la DGEBA utilisée comme prépolymere époxy et sur un
durcisseur de type amine aliphatique a squelette polyoxypropyléne ( notée Jeffamine
D2000). la morphologie de ces systémes a été étudiée a différentes échelles (du nano vers
le macro) par diffraction des rayons X, par diffusion des rayons X aux petit angles (SAXS) et

par rhéologie.

Les propriétés mécaniques des gels résultants et la viscosité a haut taux de cisaille-
ment sont liées a 1'état de dispersion a I'échelle nanométrique de la MMTM. Cela révele
'existence de deux organisations différentes; basées sur les interactions entre 1'argile orga-
nique et le prépolymémere DGEBA. Pour obtenir une caractérisation plus précise de la soli-
dité des gels, le module de conservation a été analysé en faisant varier la quantité de MMTM
introduite dans la DGEBA (Fig. 1-4).

104 (F) r

0.01 0.1 1 10 100

Shear stress (Pa)

Figure I-4. Variations du module de conservation a 80 °C des suspensions MMTM/DGEBA
pour différentes quantités de MMTM: (A) O phr, (B) 1 phr, (C) 2 phr, (D) 5 phr, (E) 10 phr,
et (F) 30 phr.¢
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Pour un taux de montmorillonite faible (< 2 phr), aucun changement dans le module
mécanique n’'a été observé. Pour des taux plus élevés (>10 phr), la réponse viscoélastique

prouve la formation de gels.6

Afin de comprendre le comportement des mélanges réactifs et la structure des ré-
seaux époxy-amine, les Professeurs Duchet-Rumeau et Pascault ont étudié leur homogé-
néité par microscopie a force atomique (AFM pour atomic force microscope). En effet, I'ho-

mogénéité de ces réseaux reste toujours aujourd’hui un sujet a débat.”

En utilisant ’AFM, en mode tapping, 1a morphologie a pu étre examinée selon la na-
ture du durcisseur et la stoechiométrie du mélange réactif . Une topographie homogene du

réseau époxy, similaire a celle d'un thermoplastique amorphe, a été obtenue.”

Les auteurs ont précisé que, pour pouvoir observer les surfaces a une échelle nano-
métrique, deux précautions doivent étre prises : (1) conserver la résolution nanométrique
des pointes pour éviter la distorsion de l'image et (2) vérifier que les surfaces soient suffi-

samment planes pour éviter une influence sur le contraste de phase (Fig. I-5).7

50.0 ne 25.0 nm
12.5 nee

o
2
-

0

Bl ‘ . Q. ' : |
0 0.25 0.50 0.75 T 0 0.25 0.50 0.75

Figure I-5. Images AFM en mode tapping d'une surface fracturée DGEBA-IPD : images et
profils de hauteur (a gauche) réalisés avec une pointe au rayon de courbure élargi (RA =

37 A”) et (a droite) réalisés avec une pointe neuve (RA=17 A").7

Cette étude a fourni les lignes directrices de 1'utilisation de 'AFM , en mode tapping,

pour caractériser les réseaux époxy-amine et discuter de leur homogénéité.
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Professeur Sébastien Livi - 2011

Principales contributions : Conceptions et développement de réseaux époxy modifiés par
des liquides ioniques (LIs), employés comme des amorceurs de polymérisation/durcisseur

soit comme nouveaux monomeres époxydés.s?

Un liquide ionique (LI) est un sel organique constitué d'un cation et d’'un anion, sous
forme de liquide pour des températures inférieures a 100°C.10 Les LIs jouent un role de plus
en plus important dans le domaine des matériaux polymeéres pouvant servir d’agents sur-
factants de charges lamellaires, d’agents plastifiants, de compatiblisants de mélanges poly-

meres, d’électrolytes et d'agents de durcissement.!!

En 2011, Professeur Sébastien Livi a étudié l'influence et I'impact des liquides io-
niques pyridinium, imidazolium et phosphonium sur les diverses propriétés physiques des

réseaux époxy-amine (Tableau I-4).8

Tableau I-4. Structure des prépolymeres utilisés pour 1'élaboration de réseaux époxy mo-

difiés.8

Name Structure Characteristics
Epon 827 from shell
DGEBA jege!
7 e SR “> chemistry; 177-188 gleq
HaN cl NH, Supplied b Lonza,
MCDEA 1 PPHECY
Molar mass = 380 g/mol
) Prepared according to
L3-bis the literature. Mol
# e literature. Molar
Octadecylimidazolium iodide AN T
] ! mass = 699.9 g/mol, mp
[DodImid][1]

Octadecylpyridinium iodide
[OdPyr] [1]

=64 °C

Molar mass = 459
g /mol, mp =102 °C

Octadecyltriphenyl
phosphonium iodide
[OdTPP] [I]

Molar mass = 641.9

g /mol,

mp =86 °C

Octadecyltriphenyl
phosphonium
hexafluorophosphate
[OdTPP][PFe]

Qgpafmm\
f PF,q

Molar mass = 660 g/mol,

mp =80 °C
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Les quatre LIs ont été introduits, en proportions variables, dans le systéme

DGEBA/MCDEA.
Il a été observé que :

- Les LIs a base d'imidazolium et de pyridinium jouent un réle d’'amorceurs de
polymérisation anionique. En effet, leur dégradation a haute température (du-
rant le protocole de cuisson) mene a la formation de complexes epoxy-imidazole
et epoxy-pyridine servant d’'amorceurs.

- Les LIs a base de phosphonium n'ont pas eu d'impact significatif sur la réticula-
tion du réseau epoxy-amine comme I’ont démontré les analyses DSC dynamique
et FTIR (voir Figure I-7).

- L'ajoutde LI a entrainé une diminution de la température de transition vitreuse
du systéme. Ainsi, I'utilisation de quantités de I'ordre de 5 phr ont conduit a un
effet plastifiant. L'effet est moins prononcé dans les systemes contenant

[OdTPP] [PFe].

DGEBA/MCDEA[OdPyYT] 1) DGEBA/MCDEA/[Dodimid] [1]

04 [/ & 0.4 FOA k
0.2 ‘ R
°
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Figure I-7. Thermogrammes DSC pour balayage dynamique de DGEBA/MCDEA en fonction
de la nature LI (¢) 0, (O0) 1, (+) 2,5 et (©) 5,0 phr d’'LIs.8

Les LIs a base de phosphonium se sont avérés mieux confinés dans le réseau époxy.
De plus, I'inclusion d'un contre-anion iodure avec le cation phosphonium a permis d’obtenir
une meilleure stabilité thermique, se rapprochant de celle pouvant étre obtenue pour des

réseaux époxy-amine.
16
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A partir de ces résultats, les auteurs ont conclu que l'utilisation de LIs & base de
phosphonium était préférable pour limiter les nombreuses réactions de polymérisation
possibles que peuvent induire les liquides ioniques imidazolium par exemple, avec la for-
mation de carbene, lors de la dégradation du liquide ionique et initié initié potentiellement
par l'anion. Ainsi, ils représentent la meilleure alternative pour obtenir de nouveaux ré-
seaux epoxy présentant une bonne stabilité thermique, un haut module mécanique et une

température de transition vitreuse élévée.8

Ce travail a suggéré qu'il existait un potentiel dans le développement de nouveaux

réseaux thermodurcissables a haut module et haute température de transition vitreuse.8

Dans un travail plus récent, le professeur Sébastien Livi et ses co-auteurs ont rap-
porté une nouvelle facon de développer des réseaux époxy en utilisant des LIs a base de
phosphonium combinés a des contre-ions phosphinate, carboxylate et phosphate (Fig. I-

8).9

cl cl o /{ﬁ
-0 IL-EHP
HoN NH
“Joopym sae ;
HoN NH
x~2.5 2 2

Jeffamine D230 MCDEA

,1:

(©

24
s

OO

Ve
-R-o

o

IL-DEP

Figure I-8. Structures chimiques des DGEBA, Jeffamine D230, MCDEA et liquides ioniques
a cation phosphonium et anion phosphinate (IL-TMP), phosphate (IL-EHP et DEP) et car-
boxylate (IL-EPC).?

Ils ont montré qu'une petite quantité de LIs (de 10 a 30 phr) pouvait conduire a la
formation de réseaux époxy-LI avec des propriétés physiques finales améliorées.
L'influence de la nature chimique des anions a été étudiée sur la cinétique de polymérisation
des systemes époxy ainsi que sur les propriétés thermiques et mécaniques des réseaux
époxy-Ll. Dans tous les cas, les LIs ont montré une forte réactivité vis-a-vis du prépolymere
et ont conduit a la formation de réseaux avec une conversion des groupes époxy pouvant

aller jusqu’a 96 %.°
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Par rapport aux systémes époxy-amine classiques, les réseaux amorcés par des Lls
ont obtenu des valeurs de température de transition alpha et de module mécanique simi-
laires ou supérieurs. Ces premiers résultats sont encourageants et ont montré le potentiel

des LIs comme comme amorceurs de polymérisation.®

Tableau I-5. Comportement thermomécanique des réseaux époxy polymérisés par diffé-

rents durcisseurs.®

curing agent T2 2C) E'R" (MPa) v (mol-m~3)
MCDEA 160 16 1385
D230 100 16 1591
IL-TMP 140 104 9412
IL-EPC 144 124 11121
IL-DEP 117 16 1527
IL-EHP 98 14 1399

En effet, les réseaux époxy-LI ont montré un comportement hydrophobe et une ex-
cellente stabilité thermique (supérieure a 350 ° C) sous azote avec des Tg allant de 90 a 150
°C selon la structure chimique du LI. Les propriétés mécaniques en flexion ont été évaluées
ainsi que la ténacité a la rupture de ces réseaux a également été étudiée. Les valeurs obte-
nues sont comparables a celles des réseaux epoxy-amine conventionnels. Ces travaux ont
ouvert la voie au développement de réseaux époxy en utilisant, comme additifs réactifs, les

Lls.?

Plus tard, des réseaux epoxy-amine ont été mis au point a partir de liquides ioniques
diépoxydés en collaboration avec le laboratoire de Chimie Moléculaire et Thiorganique
(LCMT).12-15 Ainsi, une quarantaine de nouveaux monomeres ont été mis au point et utilisés
comme co-monomeres (Figure I-9). Ces réseaux ont montré de nouvelles propriétés inté-
ressantes et ont conduit a des réseaux possédant des T de 'ordre de 50°C a 130°C dépen-
dant la nature chimique du durcisseur utilisé (aliphatique versus cycloaliphatique ou aro-

matique).
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Figure I-9. Plateforme des monomeres liquide ionique synthétisés.

Notre travail s'inscrit dans la continuité de la synthése de nouveaux monomeres li-

quide ioniques pouvant mener a des réseaux a plus hautes T, pour des applications poten-

tielles dans I'automobile et I'aéronautique. La circularité de ces nouveaux réseaux po-

lyepoxydes ioniques est une caractéristique importante que nous souhaitons intégrer en y

insérant des liaisons clivables témoignant de notre engagement continu dans ce domaine

scientifique et de la durabilité des noveaux matériaux. Finalement, ce manuscrit bien qu'il

soit modeste, représente une contribution a ces travaux de recherche et s'inscrit dans la

continuité de cette thématique.
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2.  Objectifs a long terme
L'objectif a long terme de cette recherche est d'ouvrir la voie a la création d'une bi-
bliothéque de monomeéres liquides ioniques époxydés pour développer des thermodurcis-

sables et des composites multifonctionnels, performants et durables.

Cette recherche consiste en trois projets principaux : (1) Conception et synthese de
monomeres LIs tri- et tétra-époxydés pour construire des thermodurcissables multifonc-
tionnels et dégradables ; (2) Exploration d'un monomeére LI clivable pour adapter le déve-
loppement, le déssassemblage et le recyclage de thermodurcissables et composites de
hautes performances et (3) Recherche et synthese de LIs photopolymérisables a base de

monomeres époxy cycloaliphatiques.

Concernant le développement du projet (1), les étapes suivantes ont été cruciales :
(1a) Etude des interactions intermoléculaires et des propriétés résultantes des réseaux par
modélisation ; (1b) conception stratégique des voies de syntheése, suivie de I'optimisation
de la synthése et du scale-up ; (1c) élaboration des réseaux époxy-amines, évaluation de

leurs caractéristiques et gestion des déchets.

Pour aborder la production des composites (2), le procédé a impliqué (2a) la syn-
these d'un LI époxydé clivable et la conception des réseaux thermodurcissables ; (2b) suivi
du développement des composites et de leurs caractérisations et (2c) dégradation sélective

de la matrice thermodure pour récupérer les fibres de carbone.

Le défi de la synthese des LIs photopolymérisables (3) a été relevé par (3a) la con-
ception de LIs époxydés cycloaliphatiques et leurs voies de synthéses correspondantes,
(3b) I'étude de la photopolymérisation ou de la polymérisation thermique de ces composés,
et (3c¢) la caractérisation compléte des matériaux afin d'obtenir un scénario de fin de vie

plus respectueux de I'environnement ont été menés.
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Schéma I-4. Déroulement de cette recherche doctorale. La premiére étape (A) concerne, a
moindre cofit énergétique, économie d'atome et d'effort. L'étape correspond a (B) ingénie-
rie moléculaire en introduisant des fragments de LIs, des groupes clivables et des groupes
époxy classique ou cyclo-aliphatique. La troisiéme étape, (C) développement de matériaux
multifonctionnels et leurs caractérisations, en essayant de comprendre les relations struc-
ture-propriétés. L'étape (D) est1'étape de solvolyse sélective de la matrice de thermodures,

récupération des dérivés LIs ou des composants des composites.

En résumé, dans ce travail de thése, nous nous sommes efforcés de concevoir de
nouvelles résines époxy-amine de deuxieme génération qui ont des performances élevées

et satisferont également les prérequis de I’ économie circulaire.

Tout au long de notre rétrospective, nous avons abordé la premiére sous-question
(I), et nous allons essayer de répondre a la deuxiéme sous-question (II) - a savoir, quelle est
la plus value de ces travaux par rapport au domaine des matériaux polymeéres ? - dans la sec-

tion dédiée aux perspectives et conclusions.
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4. Long-Term Goals
This research aims to pave the way to create a library of second-generation epoxy
monomers to manufacture multifunctional, performing and sustainable thermosets and

composites.

This research consists of three main projects: (1) Efficient design and synthesis of
tri- and tetra-epoxidized IL. monomers to build multifunctional and degradable thermosets;
(2) Exploring a cleavable IL. monomer for tailoring the manufacture, disassembly, and recy-
cling of high-performance thermosets and composites and (3) Investigation and synthesis

of photopolymerizable ILs based on cycloaliphatic epoxy monomers.

Concerning the development of the project (1), the following steps were crucial:
(1a) prediction of intermolecular interactions and resulting network properties by a com-
putational-assisted methodology; (1b) strategic designing of the synthetic routes, followed
by the optimization, synthesis, and scale up; (1c) creation the epoxy-amine networks, as-

sessing their characteristics, and managing waste.

To tackle the production of composites (2), the process involved (2a) the synthesis
of a cleavable epoxidized IL and the design of the thermoset networks; (2b) followed by the
manufacture of the composites and their characterization and (2c) selectively degradation

of the thermoset matrix to recover the CFs.

The challenge of synthesizing photopolymerizable ILs (3) was attended through
(3a) designing cycloaliphatic epoxidized ILs and their corresponding synthetic routes, (3b)
studying the photopolymerization or thermal polymerization of these compounds, and (3c)
thoroughly characterizing the materials to achieve a more environmentally friendly end-of-

life scenario for them.
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Scheme I-4. Workflow of this doctorate research. In (A) efficient design to conserve energy,
resource and effort by predicting the maximum information about the new monomers and
networks. (B) Molecular engineering by introducing IL moieties, cleavable groups and reg-
ular or cyclo-aliphatic epoxy groups. (C) Development of multifunctional materials and
their characterization, trying to understand the structure-properties relationships. (D) Se-
lective solvolysis of the thermoset matrix, recovering IL derivatives or composites' compo-

nents.

In summary, in this doctorate research, we endeavored to utilize computational
chemistry to efficiently design second-generation of epoxy resins, then synthesize these
molecules and craft materials that achieve high performance and satisfy the prerequisites

of a circular economy.

Throughout our historical overview, we strove to tackle the first subquestion (I),
and we have plans to re-visit the significance of (II) - namely, what actual value does it add

to Polymer and Material Science? - in the section dedicated to conclusions and perspectives.
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Chapter II - Literature Review

1. The Promising Synergy Between lonic Liquids and Thermosetting Pol-
ymers

1.1. A Concise Introduction on Ionic Liquids

Ionic liquids (ILs) are unique organic compounds attracting research attention due
to their great potential for various industrial applications.!2 ILs are conventionally defined
as ionic organic compounds with melting temperatures below 100 °C, and the majority of
them are liquid at room temperature (RTILs).3-¢ This unique feature is attributed to the
combination of large and asymmetric organic cations and inorganic counter anions, leading

to decreased lattice energy.

The tunability of ILs’ properties is rooted in their ability to undergo significant struc-
tural changes by combining different cations and anions, leading to a vast range of possibil-
ities (around 1018). This diversity results in various features, such as high chemical stability,
non-flammability, high ionic conductivity, low vapor pressure, and thermal stability, making

them ideal for numerous applications (Fig. II-1).7-12
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Figure II-1. lonic Liquids are versatile substances. In the center are the most commonly

used ionic liquid families surrounded by their potential applications.#513.14

The first IL was discovered by Paul Walden in 1914, but it only became a relevant

scientific topic almost a century later. It wasn't until 1934 that a patent was filed for the use
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of quaternary ammonium salts in liquid form as processing aids for cellulose.!s Their capac-
ity to dissolve diverse organic substances and be employed in liquid-liquid extraction has

made them a favorable option for processing poorly soluble biopolymers.16-23

The main protagonists of this doctorate research, i.e. imidazolium salts, came to the
forefront only in the 1980s, when Wilkes and other researchers explored the potential of
ILs as electrolytes in batteries.+24-26 At this moment, ILs are a widely accepted choice for
electrolytes in the electrodeposition of metals onto conductive materials.27-31 Their primary
benefit stems from their exceptional electrochemical stability, which enables the reduction
of numerous metals at room temperature. ILs have also been employed as polymerization
media in numerous pathways, such as free-radical, living radical, cationic, anionic, and con-

densation polymerizations.32-37

In addition, ILs find application as additives for modifying polymers, including serv-
ing as plasticizers for PMMA and PVC to replace phthalate esters, which are known to have
adverse effects on human health. These studies aimed to propose new, potentially safe plas-
ticizers while utilizing the versatility of ILs.38-42 More recently, ILs have been highlighted to
be a promising alternative to conventional compatibilizers for polymer blends, such as
starch/zein, PP/PA, and polyesters, resulting in polymer materials with improved proper-
ties, such as enhanced water barrier or mechanical performances.*3-%° In recent times, ILs

have also been studied as lubricants, surfactants, and templates for porous polymers.49-53

Furthermore, ILs have since garnered increasing interest in the field of thermoset-
ting polymers. Consequently, new approaches to designing epoxy networks utilizing ILs as
either unreactive or reactive functional additives have recently been reported.54-59 Two pri-
mary approaches have been examined to merge epoxy thermosets and ILs: i) the use of ILs
as functional or reactive additives in traditional epoxy prepolymers to either initiate the
polymerization pathway or to tailor the polymer features and ii) synthesizing IL molecules
that bear epoxy termini groups that can polymerize to build different crosslinked poly-

mers.60,61
1.2. ILs as Reactive Additives to Tailor Thermoset Properties

Multiple studies have explored the role of imidazole in initiating and catalyzing
polymerization in epoxy thermosets. As a result of their comparable chemical structure, im-
idazolium ILs were initially described in the literature as potential new initiators for anionic
polymerization in 2003.5562-66 The use of 1-butyl-3-methylimidazolium tetrafluoroborate
as a latent hardener for epoxy prepolymer was first reported by Kowalczyk et al. 67 These

researchers incorporated varying amounts of the IL (ranging from 0.5 to 5 phr) and studied
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its effect on the crosslinking of the epoxy prepolymer at 190°C using FT-IR and DSC anal-
yses. The imidazolium IL epoxy reactive mixture was stable at room temperature for up to
six months without gelation phenomena. The polymerization mechanisms were not fully

explained, leading to further research in this area by other investigators.62-65,

Rahmathullah et al. were the first to demonstrate in 2009 the use of an imidazolium-
based IL as an initiator for bisphenol-A diglycidyl ether (DGEBA) and to investigate the
mechanisms of the crosslinking reactions.3 The authors showed that the IL exhibited excel-
lent miscibility with the epoxy precursors and that IL/epoxy mixtures remained stable at
room temperature for extended periods.636869 Additionally, the authors revealed that the
heat of reaction normalized by mole of epoxy groups was similar to the 100 k] mol-1 value
reported in other studies for chain polymerization of DGEBA prepolymer. They observed
two exothermic polymerization peaks suggesting a bimodal character corresponding to two
mechanisms of polymerization. They argued that the first one could be started from the an-
ion dicyanamide and the other by the eventual presence of imidazole resulting from the N-

dealkylation of imidazolium.3

In 2012, Maka and colleagues explored the reactivity of epoxy prepolymer using var-
ious counter anions, including chloride, dicyanamide, and tetrafluoroborate, in combination
with 1-butyl-3-methylimidazolium and 1-decyl-3-methylimidazolium ILs.686%. They also
considered the mechanisms initiated by the anions and the imidazole resulting from the N-
dealkylation pathway. They also proposed that the imidazolium could undergo deprotona-
tion to form a carbene that could attack an epoxy, leading to the polymerization of the epoxy

monomers.68

Thus, multiple reaction mechanisms for anionic polymerization have been pro-
posed, as depicted in Scheme II-1. These include: a) the imidazole route resulting from the
degradation of the imidazolium-IL into dealkylated products, b) the impact of the counter
anion due to its nucleophilicity character, and c) the carbene route generated from the

deprotonation of imidazolium.
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Scheme II-1. Three reaction pathways to initiate the epoxy polymerization reaction from
imidazolium-based IL: In a) the imidazole route derived from the dealkylating degradation
reaction, b) nucleophilic attack from the anion and finally, ) the nucleophilic attack of the

carbene generated by the deprotonation of imidazolium derivatives.

The various authors have emphasized that the different reaction mechanisms are
frequently intertwined. This involves considering several parameters, such as: i) the con-
centration of the ILs, ii) the nucleophilic and steric-hindrance character of the anions, iii)

the possibility of forming reactive species during the heating, and iv) the curing conditions.

Although numerous studies have reported the preparation of epoxy networks based
on imidazolium ILs, very few works have investigated the resulting properties and the mor-
phologies of these new networks.¢8-72 This investigation into the physicochemical aspects
of the resulting networks, including thermal stability, homogeneity, and mechanical prop-
erties, was pioneered by Maka’s group.¢8697173 They conducted several studies into reactive
curing agents, which involved examining imidazolium ILs combined with chloride, dicyan-

amide, and tetrafluoroborate counter anions.

They investigated, for instance, the influence of 1-ethyl-3-methylimidazolium chlo-
ride (1,3 and 9 phr) on the final properties of epoxy networks prepared from low molar
mass, based on bisphenol A Epidian 6.73 Authors evaluated glass transition temperatures
that fall between 90°C to 110°C. The mechanical performances were then evaluated using
tensile, 3-point bending, and shear tests. The results showed that an increase in the amount
of ILs led to significant plasticization of the resulting epoxy networks, significantly reducing
the tensile, flexural, and shear strengths. 73. They concluded that adding 3 phr of imidazo-
lium-IL led to optimal properties. This is likely because 3 phr represents a good compromise

between the catalyst and plasticizer effects in the resulting epoxy networks.”3
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That year, the authors released a publication examining the impact of two different
cations, specifically 1-butyl-3-methylimidazolium and 1-decyl-3-methylimidazolium with
three different anions: chloride, dicyanamide, and tetrafluoroborate. The concentration of
ILs and their reactivities were also investigated in terms of the thermomechanical proper-
ties.68 They observed that the combination of imidazolium IL with dicyanamide counter an-
ion demonstrated higher reactivity and led to a viscosity rise in the temperature range of
125-150 °C. In contrast, the same ILs combined with tetrafluoroborate anion exhibited the

same effect at higher temperatures (200-240 °C).

Interestingly, no difference was observed in the reactivity of the systems based on
the cation's chemical nature. 68 The epoxy networks were built with a Ty range of 55 to
180°C, and it was demonstrated that an IL concentration of 3 phr is optimal for achieving

the highest crosslinking density.
1.3. Monoepoxidized ILs: The First Proposals

During the latter half of the 20th century, multiple research groups reported the
production of an epoxy group-containing quaternary ammonium salt through amine alkyl-
ation using epichlorohydrin.”+75 Subsequently, these salts were utilized to introduce the cat-

ionic group into various organic compounds owing to the high reactivity of the epoxy group.

For instance, GlyMesNCl (2,3-epoxypropyltrimethylammonium chloride) was ex-
tensively employed to cationize diverse polysaccharides. Scheme II-2 illustrates an exam-
ple of this reaction.”677 Materials modified in this manner have been used in various indus-
tries such as food, cosmetics, petroleum, paper-making, and water treatment, and the pub-

lications concerning these materials have already been reviewed.76.78-80
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tion with GlyMe3;NCL.77

More recently, Ciejka et al. reported the functionalization of nano/microspheres of
chitosan with GlyMesNCl turning this biopolymer cationic.8! Studies demonstrated that
these particles have the ability to absorb human coronavirus (HCoV-NL63) and mouse hep-
atitis virus in a reversible manner. The same modification technique was also utilized on a
synthetic polymer, poly(p-phenylene terephthalamide), to obtain ion exchange membranes

resistant to organic solvent Scheme II-3.82

Scheme II-3. Modification of poly(p-phenylene terephthalamide) backbone through reac-
tion with GlyMe3N(l.82

/

Endo et al. also used GlyMe3;NClI followed by an ion exchange reaction with LiNTf, to
obtain an ionic liquid at room temperature glycidyl trimethylammonium bis(trifluoro-
methanesulfonyl) imide (GlyMe3NNTf;).83 Subsequently, the IL precursor was incorporated
into a copolymerization process with amino-terminated polyethers and epoxy. The result-
ing networks exhibited low crystallinity and a Ty of approximately -60 °C. Including quater-
nary ammonium groups slightly decreased the material's thermal stability. However, it re-

sulted in an increase in ionic conductivity up to 2.8x10-3 S/m at room temperature.838+

In a recent study, Liu et al. developed a new epoxy di-ammonium salt and used it to
introduce hydrophilic ionic functionality into a perfluorinated polymer, as illustrated in
Scheme I1-4.85 This innovative material was proposed for the production of ion exchange
membranes used in fuel cells. Results demonstrated that the membrane exhibited an ion

conductivity of 88.6 mS cm-! at 80°C and considerable alkali resistance.

32

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0044/these.pdf
© [G. Perli], [2023], INSA Lyon, tous droits réservés



I l® @l
_—
AN CH4CN, 60°C %NMN@Z

e} 6
{CF,—CFy){CF,— CF+ cFs

o- CF,~CF-O~CF,~CF,—S0,-NH, | 1)DMF. 60°C

2) 2M KOH
{cF,—cF,HcF,—cF- ' ®o
n | m CI:FS |
O-CF,—CF-0-CF,~CF,—S0,-NH g Q

Scheme II-4. Synthesis of epoxy di-ammonium salt and its subsequently reaction with

poly(tetrafluoroethylene-co-perfluorovinyl ether sulfonamide).8>

Essentially, epoxy-containing ammonium salts are valuable reagents for introducing
cationic groups into polymer materials. However, their usage is limited by the requeriment
of toxic epichlorohydrin during synthesis and the relatively low thermal stability of quater-

nary ammonium, which restricts their application on an industrial scale.

Demberelnyamba et al. devised a method for synthesizing various epoxy ILs, such
as 1-glycidyl-3-methylimidazolium tetrafluoroborate, in order to introduce novel function-
alities to room temperature ILs. (Scheme II-5).8¢ To produce 1-glycidyl-3-methylimidazo-
lium tetrafluoroborate, methylimidazole was reacted with epichlorohydrin, forming an im-
idazolium salt that was subsequently subjected to ion exchange with NH4BF4. However, the
available characterization data for this compound is limited, with the authors only indicat-
ing that its T, is below -33.4°C without providing an exact value. Despite this, several sub-

sequent studies have suggested various applications for this compound.

Cl e )

g Cl BF,
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\—/ CH;CN, reflux o \=/ 0 \=/

Scheme II-5. Epichlorohydrin-derived route to synthesize 1-glycidyl-3-methylimidazolium

tetrafluoroborate.86

Xie et al. utilized this method to obtain 1-glycidyl-3-butylimidazolium chloride
(GBIMCI) and used it to create supported catalysts for CO2 cycloaddition reaction, as illus-
trated in Scheme II-6.87 The researchers used the reaction between the amino groups pre-
sent on the surface of modified silica or polymer spheres and the epoxy group in GBIMCI to
connect the imidazolium group to the particles. These supported catalysts were then eval-

uated for their efficacy in facilitating the cycloaddition reaction between propylene oxide
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and COz. The findings revealed that the polymer-supported catalyst was even more efficient

than free GBIMC], and could be recycled up to 10 times without reducing its activity.
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Scheme II-6. Synthesis of supported imidazolium catalyst and its application for cycloaddi-

tion reaction.8”

Guo et al. have proposed an alternative method to produce a supported catalyst for
the CO; cycloaddition reaction.88 The researchers created a crosslinked copolymer by com-
bining di-vinylbenzene with either 1-vinyl-3-epoxy imidazolium chloride or bromide, fol-
lowed by hydrolyzing the epoxy groups to produce vicinal hydroxy groups. Results indi-
cated that these networks containing imidazolium groups were effective catalysts for the
CO2 cycloaddition reaction with various epoxides (such as styrene oxide, epichlorohydrin,

and cyclohexene oxide) and could be conveniently recycled.

Eftekhari-Sis's group employed a method similar to the previously reported synthe-
sis of supported catalysts using 1-glycidyl-3-methylimidazolium chloride to introduce ionic
groups onto octa-aminopropyl polyhedral oligomeric silsesquioxane (OA-P0SS).8% The hy-
brids obtained were utilized to immobilize Cu or Ag nanoparticles, which were then utilized
as catalysts for Cu-catalyzed click reactions and nitrophenol reduction, respectively. How-

ever, these supported catalysts experienced a partial activity loss after each recycling.
Xu et al. modified graphene using an epoxy imidazolium-IL.%0 They fixed 1-glycidyl-
3-vinylimidazolium tetrafluoroborate on the surface of graphene through m — m stacking

and polymerized it through the vinylic bond. The resulting modified graphene was then

used to produce hybrid materials with 2,2-bis(4-cyanatophenyl) propane through thermal
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curing. Including poly(IL) improved the dispersion of graphene in the resin matrix and en-

hanced the interaction between the resin and the nanofiller.

Liu's group, previously mentioned for their work on ammonium-perfluorinated pol-
ymer hybrids (Scheme 11-4),85 employed a similar approach to produce perfluorinated pol-
ymers with imidazolium functionality.9! They also synthesized IL-functionalized graphene
nanoribbons by reacting amino group-containing modified graphene with 1-glycidyl-3-me-
thylimidazolium chloride. These two ionic hybrids were utilized to create a novel composite

anion exchange membrane.

Gold’s research team utilized epoxy IL to modify graphene, as well.92 In their study,
they utilized 1-glycidyl-3-methylimidazolium chloride to obtain gold nanoparticles sup-
ported on graphene that was grafted with a supramolecular IL. First, hydroxy groups that
were present on the modified graphene were activated with cesium hydroxide to initiate
the epoxide polymerization (Scheme II-7). Next, the obtained grafted poly(ionic liquid) was
utilized to capture gold cations, which were then reduced to produce gold nanoparticles.
This final compound was demonstrated to be an excellent catalyst for the selective aerobic
oxidation reaction of primary and secondary alcohols into their corresponding aldehydes
and ketones. A very similar approach was subsequently used to create Cu(l)@Fe304 nano-
particles that were supported on imidazolium-based IL-grafted cellulose for N-sulfonylami-

dines and N-sulfonylacrylamidines synthesis.?3.94

Graphene OH Graphene o N@N cl 1) KOH
Substrate § NH 3n N @ DN Substrate & NH oy 2HAuCK
OH o 3)NaBH,
OH A

CsOH 0 \
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Scheme II-7. Synthesis of gold nanoparticles supported on supramolecular ionic liquid

grafted graphene substrate.9?
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Two recent studies describe the modification of chitosan using epoxy imidazolium
salt.959 In one study, Lou et al. reacted the amino groups of chitosan with epoxy imidazo-
lium salts, similar to the method shown in Scheme I1-1.95 However, the analysis provided
was insufficient to confirm the suggested product structure. Nevertheless, the modified chi-
tosan was shown to absorb Re(VII) selectively in the presence of other metal ions. In an-
other study, Rahimi et al. modified chitosan using 1-glycidyl-3-methylimidazolium chlo-
ride.%¢ Instead of using chitosan's amino groups, the OH groups in the C-6 position were
activated with sodium methoxide to initiate epoxy ring-opening polymerization and graft
the poly(imidazolium) chain. The remaining amino groups were used to link polyethylene
glycol. The structure of the product is shown in Fig. II-2. Magnetic nanocarriers were added
to the structure, and the compound was tested for targeted drug delivery, demonstrating

promising results.
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Figure II-2. Polysaccharide hybrids reported by Rahimi et al.9¢ a) and by Lobregas et al.9”
b)

Cationic starch was obtained by Lobregas et al. through a reaction between 1-glyc-
idyl-3-methylimidazolium chloride and the OH-group of starch, as depicted in Fig. II-2b.97
The modified starch was used to create gels in DMSO along with additional free 1-glycidyl-
3-methylimidazolium chloride as a plasticizer, which was then used to manufacture dye-
sensitized solar cells. Likewise, Zhang et al. modified corn stalk polysaccharide by reacting
it with 1-glycidyl-3-methylimidazolium chloride, resulting in a cationic polysaccharide that

exhibited steel corrosion inhibition properties.’8

Liao et al. proposed a method for synthesizing carbonaceous materials with a high
surface area of 595 m2 g1 using poly(1-glycidyl-2,3-dimethylimidazolium chloride) based

on the knowledge that ILs and poly(IL)s serve as effective precursors for such materials.%
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The authors suggested that the polymerization of 1-glycidyl-2,3-dimethylimidazolium chlo-
ride leads to the simultaneous synthesis and formation of poly(IL), which can subsequently
be carbonized.1%0 However, no empirical or analytical evidence was presented to validate

this synthetic process.

In order to synthesize the aforementioned epoxy imidazolium-based ILs, the use of
toxic and carcinogenic epichlorohydrin was required, limiting the practical applications of
these methods in industry. To address this issue, our research group developed a clean and
effective methodology for producing epoxidized imidazolium salts without the need for
epichlorohydrin.101 These monomers were suggested as an alternative to Bisphenol A di-
glycidyl ether (DGEBA), which is widely recognized for its endocrine-disrupting action. Ini-
tially, the authors developed methods for obtaining various imidazolium salts containing a
vinylic function via the alkylation of commercially available N-methyl- or N-phenyl-imidaz-
ole using alkenyl bromide (as shown in Scheme II-8). They then thoroughly investigated
the epoxidation reaction and found that dimethyldioxirane (DMDO) was a more efficient
oxidizing agent than mCPBA, resulting in high yields of epoxides at room temperature in a
shorter amount of time. Additionally, the only by-product produced in the reaction with

DMDO is acetone, which can be easily removed through evaporation.

e mCPBA

1) BrM/\ X
-R X DMDO
NZON —»w\N@)N/R f’*NG)WR

\—/ 2) X°
n=1,2o0r5 R=CHjorPh X" = NTf,", BF4 or PFg
Scheme II-8. Synthesis of epoxy IL. monomers suggested by Livi and Baudoux et al. 10t

While ammonium- and imidazolium-based epoxy-ILs have received the most atten-
tion in the literature, there have been some reports on the synthesis and application of
epoxy pyridinium, piperidinium, pyrrolidonium, and trialzolium salts. For example, Dem-
berelnyamba et al. first reported the synthesis of pyridinium-based IL under the same con-
ditions as the synthesis of 1-glycidyl-3-methylimidazolium tetrafluoroborate (as shown in
Scheme II-5).86 Later, Wang et al. used this reaction to obtain N-glycidylpyridinium chlo-
ride, which they then reacted with a primary amine to produce an ionic amino-alcohol. This
compound was used to synthesize a hybrid with sodium phosphotungstate (NazPW12040),
which demonstrated excellent catalytic activity in the Knoevenagel condensation reac-

tion.102

Tsuda et al. described the synthesis of ILs based on 1-allyl-1-glycidylpiperidinium
(Scheme I1-9a) and explored the potential for modifying these salts through the reactivity
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of the epoxy group (Scheme II-9b).103 The physical properties of the resulting epoxy ILs
were thoroughly investigated, revealing that most of them exhibited a T, within the range
of -55 to -32°C. Only the IL containing the PF¢ anion was solid at room temperature, melting
at 90.5°C. Additionally, the IL with the NTf; anion was the most thermostable, experiencing
only 1% weight loss at 258°C. Notably, only the salts with N(CN); and BF4 anions were sol-

uble in water.
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Scheme II-9. Synthesis of epoxy piperidinium salts a) and the reaction with one of them b)

reported by Tsuda et al.103

Nein et al. reported a noteworthy example of a triazolium-based epoxy salt.10¢ They

proposed synthesising a zwitterionic salt containing an epoxy group (Scheme II-10).
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Scheme II-10. Synthesis of epoxy triazolium salt reported by Nein et al.104

Although the melting point of this salt was reported to be 162°C, it cannot be strictly
considered as an IL. However, Meinel et al. recently synthesized liquid epoxy-containing tri-
azolium salts at room temperature (Scheme II-11).195 The author employed the reaction
between a triazolium salt containing an OH-group and epichlorohydrin to introduce an

epoxy group. The ILs' biological activity against Leishmania parasites was examined, and it
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was discovered that the IL with a long aliphatic chain (n = 8, Scheme II-11) exhibited the

most pronounced effect while demonstrating negligible toxicity on murine macrophage.
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Scheme II-11. Synthesis of epoxy triazolium ILs reported by Meinel et al.105

Vasanthakumar and colleagues have published a series of studies in which they
demonstrated the synthesis of N-glycidyl-N-methyl-2-oxopyrrolidinium ILs with three dif-
ferent anions (as shown in Scheme II-11).106-110 These ILs were then characterized by
measuring their density, speed of sound, viscosity, and refractive index, both individually
and in binary mixtures with various alcohols and acids such as methanol, ethanol, acetic
acid, propanoic acid, and butanoic acid. Furthermore, the authors utilized N-glycidyl-N-me-
thyl-2-oxopyrrolidinium chloride as a liquid phase in gas-liquid chromatography to deter-

mine the activity coefficients at infinite dilution for 30 organic compounds and water.110.111

c® @ ©
e}

N/ Cl /X/O }\]@ o O o o
NaX X = O O OR
CH4CN

Scheme II-12. Synthesis of epoxy oxopyrrolidinium ILs reported by Vasanthakumar et

al.106-111

Various methods exist for obtaining mono-epoxy ILs with different characteristics.
Among these, imidazolium-based epoxides have gained widespread use due to the availa-
bility of starting materials and the superior properties of the resulting compounds. Addi-
tionally, new techniques for synthesizing epoxy imidazolium salts enable the production of

tailored ILs without using toxic or carcinogenic reagents.
1.4. Bifunctional-Epoxy-Functionalized ILs

In 1963, Burness and Bayer synthesized organic salts with two epoxy-groups. They
started by alkylating primary or secondary amines with epichlorohydrin to create tertiary
amines with epoxide groups, as depicted in Scheme II-13. Then, they quaternized the
amines with a mono- or di-functional alkylating agent to produce mono- or di-ammonium

salts, respectively, containing two or even four epoxy groups (Scheme I1-13).

The melting temperatures of the salts were reported by the authors to be between
48 to 242°C. However, some of the salts could not crystallize and were reported as not iso-

lated. It should be noted that due to the early time of the study, analytical techniques were
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limited, and it could not be determined with accuracy whether the non-crystalline com-

pounds were impure or not.
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Scheme II-13. Synthesis of di- and tetra-epoxy imidazolium salts reported by Burness et

al.’>

The initial reference to an imidazolium salt containing two epoxide functions can be
traced back to a publication from the mid-1980s.112 The authors recommended employing
1,3-diglycidylimidazolium chloride to enhance the affinity of textiles to acidic dyestuffs.
However, neither the synthesis of the salts nor its properties were described in the publica-

tion.

It wasn't until 1996 that the synthesis of diepoxy imidazolium salts was documented
in scientific literature.!13 The authors conducted the alkylation of imidazole or one of its
derivatives with epichlorohydrin in the presence of NaClO4or NaBF, to obtain the diepoxy
imidazolium salts shown in Fig. II-3. The melting temperature of 1,3-diglycidylimidazolium
perchloride was reportedly around 85°C, indicating its status as an IL. Notably, salts that
were 4,5-diphenyl-substituted demonstrated self-curing behavior at 100-130°C, although
the properties of the cured materials were not examined. Later, Demberelnyamba et al. de-
scribed a similar approach for synthesizing 1,3-diglycidylimidazolium tetrafluoroborate
(also shown in Fig. II-3) by means of imidazole alkylation with epichlorohydrin and subse-

quent ion metathesis reactions with NH4BF,.86

Figure II-3. The structure of diepoxy imidazolium salts: ref.112 X=Cl, R=R’=H; ref.113 X= Cl04
or BF4, R=R’=H or R=R’=Ph or R= Ph, R’=H; ref.86 X=BF,4, R=R’=H;
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Ten years later, Gin and Noble. investigated a novel synthetic method to obtain the
diepoxidized IL-monomer and react it with an amine hardener.114 Their research revealed
that the methodology employed was unable to achieve high purity synthesis of the mono-

mer, and it was also dependent on the use of hazardous epichlorohydrin.

Afterwards, they proposed a two-step route without using toxic and cancerogenic
epichlorohydrin to overcome this challenge (Scheme II-14). The first step involved alkyla-
tion of imidazole by 4-bromobutene, followed by an anion exchange to obtain di-olefin im-
idazolium. The di-olefin imidazolium was then oxidized using meta-chloroperoxybenzoic

acid (mCPBA) to produce the resulting diepoxy imidazolium IL (EIME).

The synthesized EIME was used in a crosslinking reaction with tris(2-ami-
noethyl)amine (TAEA) at monomer ratios of 3:1 and 3:2 (EIME:TAEA), as well as in the
presence of free IL up to 60 wt% to obtain neat networks or ion-gels, respectively. The re-
action was conducted at 50°C, and the final conversion rate was approximately 70-80% for
neat networks, decreasing to 40% at the maximal content of free IL. The networks were
subjected to CO; sorption testing, and it was observed that the material with the 3:1 mono-
mer ratio had a CO; uptake of 0.14 mmol g1, while the 3:2 ratio led to 1.0 mmol gt CO,
uptake. This difference was attributed to the higher concentration of primary and second-
ary amines in the first network, which can interact with carbon dioxide. lon-gels with free
IL were used to produce gas separation membranes, and it was demonstrated that an in-
crease in the concentration of free IL led to an increase in gas permeability while maintain-

ing selectivity similar to that of previously described membranes.114-116

@) )
Y, o = O
NTF, NTf
PN 1. NaHCOj3, CH5CN 2 2
N7 NH + 2 Br/\/\ il /\/\N’/@\‘N/\/\ M‘, %N@N/\/Q
\—/ 2. LINTf,, HyO v CH5CN @
(EIME)

Scheme II-14. Synthesis of diepoxy IL. monomer suggested by Gin et al.114

The same research team examined the impact of amine's nature on the crosslinking
process of EIME and the characteristics of the obtained network.117 As per their findings,
the substitution of tris(2-aminoethyl)amine with tris[2-(methylamino)ethyl]amine re-
sulted in a slower curing process but a rise in CO; permeability. The same approach used
previously established methods to create three additional diepoxy IL monomers (Fig. I1-4)
117, These monomers were then used to investigate the impact of monomer structure on the
resulting crosslinked material when cured with TAEA. The researchers discovered that
EOIMOE and EIMIME (Fig. II-4) took longer to achieve high epoxide conversion than EIME.

This was attributed to diffusion limitations for the larger molecular weight molecules.
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It was demonstrated that as the molecular weight of the monomer increased, the
glass transition temperature (Tg) of the crosslinked networks produced with TAEA de-
creased: Tg(EIME/TAEA)=9°C, T,(EOIMOE/TAEA)=5°C, Tg(EIMIME /TAEA)=-27°C. The mo-
lecular weights of EIME and EPYE were nearly identical (489 and 492 g mol-, respectively),
yet the Ty of the EPYE/TAEA network was slightly lower (5°C). The authors explained this
phenomenon as an increase in physical interactions resulting from hydrogen bonding and
m-m stacking forces of the imidazolium ring that are absent in the pyrrolidinium system. The
CO2 permeability of the resulting materials depended on the number of amino-groups in the
network, while the chemical structure of the epoxy monomer did not significantly impact
the outcome. Briefly, this study involved the synthesis of three new diepoxy IL monomers,
and the curing of these new monomers with TAEA was assessed to evaluate the effect of
monomer structure on the properties of the crosslinked materials. EOIMOE and EIMIME
required more time to achieve high epoxide conversion than EIME, ascribed to diffusion

limitations for the higher molecular weight molecules.

@Nsz O
%O\/\N\E/N/\/ \/A
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NTf2 NTf2
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Oik_ﬁ\_} °
Q
NTf,
(EPYE)

Figure II-4. The structures of the diepoxy IL. monomers.117

Drockenmuller and Duchet-Rumeau reported a new type of diepoxy IL and investi-
gated its epoxy-amino networks.118 The synthesis involved using glycidol as a starting ma-
terial for Steglich esterification reaction to incorporate alkyne and azide functionalities
(Scheme II-15). The two esters underwent copper-catalyzed alkyne-azide cycloaddition to
form a 1,2,3-triazole containing two epoxy groups. Subsequent alkylation of the triazole
with N-methyl-bis(trifluoromethylsulfon)imide yielded 1,2,3-triazolium-based diepoxy IL
in high yield (Scheme II-15).
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Scheme II-15. Synthesis of diepoxy triazolium-based IL monomer suggested by

Drockenmuller and Duchet-Rumeau.118

To synthesize the epoxy-amino network, poly(propylene glycol) diamine (DPn=33)
was used with the obtained diepoxy IL. The resulting networks exhibited good thermal sta-
bility with T (10wt% loss)= 308°C and Ty =-52°C. The researchers found that the ionic con-
ductivity of the network at 30°C reached a high value of 2 x 107 S cm'! and could be in-
creased to 10-¢ S cm! by adding 10 wt% of LiNTf,.

Livi and Baudoux made a notable contribution to the field of thermosets based on
epoxidized ILs. They developed a robust and effective methodology for obtaining diepox-
idized imidazolium salts. In their work, they first developed methods for obtaining various
imidazolium salts with two vinylic functions. They used alkylation by alkyl halogenides,
Chan-Lam coupling, and Ullman reaction to synthesize several alkenes (Scheme II-16).
Then, the epoxidation reaction was optimized, and various methodologies were proposed
using different reactive chemicals. The researchers found that dimethyldioxirane (DMDO)
was a more efficient oxidizing agent than mCPBA. Using DMDO as the oxidizing agent al-
lowed for high yield and fast epoxidation at room temperature. Additionally, only acetone
is produced as a by-product, which can be easily removed through evaporation. The thermal
properties of the resulting diepoxy ILs were studied, and it was found that the presence of
ether or ester groups resulted in a slight decrease in degradation temperature, which is ex-
pected considering the additional degradation pathways. However, all of the salts that were
studied exhibited excellent thermal stability (up to 400 °C).101 The researchers noticed that
the newly developed IL monomers produced networks with Ty values between -52 and -

30°C.
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Scheme II-16. Synthesis of diepoxy IL. monomers suggested by Livi and Baudoux et al.101.119

Livi and Baudoux et al. have then explored the reaction of the synthesized diepoxy
IL with amines.120 Through the use of model compounds, they demonstrated that the epoxy
IL readily reacts with primary and secondary amines, while the reaction with tertiary
amines is limited depending on the temperature conditions. No reaction between the hy-
droxy groups and the remaining epoxides was observed. This mechanism was applied to
the reaction of diepoxy IL with polyetheramine (Jeffamine D230) to produce epoxy-amino
networks. The researchers discovered that these networks have desirable properties, in-
cluding high thermal stability (>300°C), Tg=55°C, and an ionic conductivity of 4 x 10-4 S m-1
at 70°C. Furthermore, these epoxy-amino materials demonstrated high efficacy against mi-
croorganisms, such as Escherichia coli, opening perspectives in the field of active surface

coatings.121

More recently, our research group proposed various synthetic pathways for molec-
ularly engineering epoxidized ILs and subsequently examined the polymer properties ob-
tained. Several epoxidized-ILs were proposed bearing imidazolium and aromatic moieties.
The Ullmann and Chan-Lam coupling reactions were used to introduce the aromatic rings
into the monomer backbones. Additionally, the thermal stability and T; were investigated
as a function of the nature of n, m or Y in the molecular backbone (Fig. II-5). The presence
of aliphatic spacers (R, kand 1) was also evaluated during the design of the novel monomers.

nm,1=0,1,2
Y = 0, CH,, CO, YMO —> epoxidation by

DMDO or mCPBA

epoxidation by <= O krR—NEN

DMDO or mCPBA n = n =1 Alkylation reaction

NTf, n = 0 : Ullmann or Chan-Lam coupling

CgH4 or CH, = alkylation reaction

Figure II-5. Structure of the diepoxy aromatic imidazolium salts.101

45

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0044/these.pdf
© [G. Perli], [2023], INSA Lyon, tous droits réservés



This molecular design proposed a diepoxy imidazolium salt through a Cham-Lam
coupling, according to the sequence below Scheme II-17. Using allylmagnesium bromide
and 4-bromobenzyl bromide, the authors were able to synthesize aryl bromide with termi-
nal alkene in a yield of 97%. Then, a carbon-nitrogen bond was created through copper-
catalyzed arylation to form the aryl-imidazolium backbone. The resulting product was pu-
rified, and 4-bromo-1-butene was added to aryl-imidazole, yielding imidazolium bromide.
The ionic exchange was carried out in water through an anionic metathesis using LiNTf.
The authors then oxidized the imidazolium-based substrate with an excess of mCPBA (4

equivalents) or DMDO (2.8 equivalents) to obtain the final epoxidized salt.

AN Imidazole (1.2 equiv) _
/@ABF BIMg™ ™2 equiv) /Q/W Cul (4 mol%), CHs0H [ 1\
- > N
Br THF, 0°C, 2 h X 60 °C, 5 h (78%) %

n-BuLi (1.2 equiv) [~ X =Br (97 %)
B(Oi-Pr)3 (1.5 equiv) > x = B(OH), (97 %)

1) bromobutene (2 equiv)

mCPBA (4.0 equiv) CH3CN, 80 °C, 48 h

(0] — ° — 2) LiNTf, (1.1 equiv)
=\ CH3CN, 40 °C =\ 2
Q\M?N\\@//NW  24h (89 %)or %\M?N\\(?//N B H,O, rt, 24 h
S) ~ DMDO i © =
> (2.8 equiv) 2 (92 %, two steps)
NTf Acetone, rt NTf,

12 h (100 %)
Scheme II-17. Synthesis of diepoxy aryl-imidazolium-based IL. monomers. 104

The thermal stabilities of the net epoxidized IL. monomers were excellent, with a
maximal degradation temperature (Tmax) ranging from 390-400°C (Fig. II-6). The authors
noted thata one-carbon aliphatic spacer between imidazolium and phenyl led to lower ther-
mal stability. This confirmed the potential use of aryl-imidazolium combination for design-

ing novel monomers.
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N @ N 0] D\/N GON Q\%N SN
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NTY, NTf2 NTf2
g=-46°C g=-30°C g=-38°C
Tmax = 421-470°C Tmax = 442°C Tmax = 437-490°C
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0 0 =\ 0 — O
NEN NGON o)
N (o} 2 N\ [o) NS N
S) S) 2 N\
NTf2 NTf2 ©)
o) NTf,
Tg = -46°C Tg = -52°C Tg=-31°C
Tmax = 461-503°C Tmax = 399-409°C Tmax = 453°C
Figure II-6. Some examples of diepoxy aryl-imidazolium salts.101.104
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In 2020, a new IL monomer was synthesized by Radchenko & Chabane et al.,, which
had two imidazolium moieties and was used to prepare epoxy thermosets with isophorone
diamine (IPD).126 The authors demonstrated the formation of an inhomogeneous network
characterized by the presence of two alpha transitions, which they attributed to the pres-
ence of unreacted secondary amines acting as chain extenders and displaying better molec-
ular mobility. The resulting networks showed excellent thermal stabilities compared to con-
ventional epoxy-amine networks (DGEBA-IPD), and had a Young's Modulus of 1.63 GPa and
an elongation at break of 28%, instead of 2.6 GPa and 5%, respectively, for DGEBA-IPD net-
works. The authors explained this difference by the lower crosslinking density of the new
networks. Additionally, the use of ILs as an epoxy prepolymer resulted in a hydrophobic
network with contact angle values similar to those of a polytetrafluoroethylene matrix,
which could lead to new and promising perspectives in the preparation of hydrophobic sur-
face coatings for various applications, such as in the automotive, aerospace, or electronic

fields.

Up to this stage, the methods presented for synthesizing diepoxy ILs have provided
a variety of compounds with diverse functionalities. Some of these diepoxy ILs were used
to prepare epoxy-amine networks that demonstrated favorable characteristics for applica-

tions such as solid electrolytes, gas separation membranes, or antibacterial coatings.
1.5. Epoxidized ILs With Multiple Epoxy Groups

Monomers with more than two epoxy groups can be helpful to tailor the character-
istics of epoxy-amine networks.122 Although the synthesis of a tetra-epoxy ammonium salt
was documented in 1963,75 only one research article has reported the synthesis of an IL
with more than two epoxides since then. To obtain tetra-functional epoxy IL monomers,
Wynne et al. have used commercially available 4,4’-methylenebis(N,N-diglycidylaniline) in

a one-step synthesis (Scheme I1-18).123

The tetra-functional epoxy IL monomers synthesized were treated with di-amino
polydimethylsiloxane to form networks that exhibit a remarkable capacity to eradicate as
much as 99.9% of pathogenic bacteria from their surface. The glass transition temperatures
(Tg) of all the resulting poly(IL) networks were in the range of 66 - 85°C, whereas their
storage modulus at 25°C varied from 150 to 230 MPa. According to the study, the networks
containing quaternary ammonium moieties exhibited lower thermal stability, as indicated
by their onset degradation temperatures ranging between 255 - 297°C. These temperatures

were inferior to those observed for networks manufactured from the commercial monomer.
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Scheme II-18. Synthesis of diepoxy IL monomers suggested by Wynne et al.123

Ammonium-based multi-epoxy salts can be found in other instances within patent
literature.12¢ Nishioka et al. detailed the synthesis of 24 distinct salts that contain epoxy-
functionality ranging from 2 to 6, and Fig. II-7 illustrates two examples. Nevertheless, de-
spite the library of molecules that the authors proposed, the use of epichlorohydrin and the
relatively limited thermal stability of quaternary ammonium salts hinder their potential for

industrial application.

AEOK TP

Figure II-7. Examples of the structures of the epoxy salts.124

Despite its greater thermal stability compared to quaternary ammonium salts,20
there is only one example of an imidazolium salt containing more than two epoxy groups
reported in the literature.’?5 The inventor proposed a synthetic route beginning by Friedel-
Crafts alkylation of the imidazolium C-C bond with epichlorohydrin to introduce the first
epoxy group (Scheme II-19). The second and third epoxy groups were introduced similarly
to the previously described methodology through nucleophilic substitution reaction.8é.113
Unfortunately, the properties of the networks derived from the tri-epoxy imidazolium salt

were not described probably due to the specificity and limitation of the patent.

)
c/ﬁo mﬁo NTf,

cl 0 1) 1) A

PN /W AlCl;  NZ>NH © CHCh NN CH3CN NN

N7 NH — . No%o e o)
2) LiNTf,,

H,O acetone

(0] 0) (0]
Scheme II-19. Synthesis of triepoxy IL. monomer from an epichlorohydrin-based route.125

Scrutinizing the literature, it seems clear the necessity of new and more sustainable
methodologies to obtain multi-epoxidized IL monomers that are thermally stable and do

not employ such toxic reagents as epichlorohydrin. The synthetic challenge is to develop
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methodologies for the epoxidation reaction of complex substrates.101.104 For example, the
molecule presented in Scheme II-20 could be synthesized from an allyl bromide via Friedel-
Crafts reaction to obtain the C-substituted imidazole followed by two nucleophilic reaction

and the epoxidation reaction proposed by Livi and Baudoux.101.119

S)
B NTF,
AN X
PN DS T — NN
N” “NH _ ~ O — ﬁo
\—/ solvent see Scheme 3

4

Scheme II-20. A possible way to obtain triepoxy IL monomers.

This strategy of synthesizing epoxidized IL monomers, which is still in its early
stages, presents exciting opportunities for designing novel epoxy monomers and thermo-
sets with functional properties. This research area has demonstrated that it is possible to
substitute DGEBA prepolymer for environmentally friendly monomers, offering a promis-
ing alternative to toxic and carcinogenic compounds like bisphenol A and epichlorohydrin.
While these new monomers based on imidazolium or triazolium cores were initially pro-
duced for designing polymer gel electrolytes, they could also be used in combination with
urea, anhydride, or amine hardeners to develop high-performance epoxy networks. The im-
pact of architecture on the functional properties of these networks requires further inves-
tigation. Thus, developing new synthetic methods is crucial for designing innovative poly-
mer materials and proposing sustainable solutions that meet the requirements of the circu-

lar economy, such as being durable, reusable, and recyclable.

Our research aims to manufacture multifunctional thermoset materials using an ef-
ficient design approach that involves creating molecular brick platforms that afford differ-
ent features to polymers according to their designed structure. We also intend to implement
the design to degrade concept to account for the end-of-life of these multifunctional materi-

als and facilitate their reuse in a closed-loop supply chain.

2. Potential and Limitations of Recycling Thermosets and Composites

2.1. General Aspects & Environmental Regulations

Since the development of the first synthetic polymer, plastics have become an es-
sential material in our lives, with applications ranging from consumer goods to medical and
electronic devices.12” The importance of plastics is ascribed to their outstanding properties,
notably, their high strength, low density, chemical stability, low processing cost, and afford-

ability.128 However, the increasing demand for petroleum-based plastics is associated with
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the pressing issue of air, water, and soil pollution.!2” The concept of circular economy pop-
ularized by the Ellen MacArthur Foundation advocates decreasing waste and pollution and
the development of circular materials.129 Although only 10% of all produced plastics are
recycled worldwide, the recycling and reprocessing of thermoplastic materials can be rela-

tively easily achieved from a technological point of view.130

Thermoset materials are classified among the most challenging materials to repro-
cess or recycle.131132 The defining feature of a thermoset is the presence of covalent inter-
chain crosslinks that afford enhanced mechanical properties and resistance, avoiding chain
sliding compared to thermoplastic analogues.131.132 Consequently, these materials exhibit
high thermal, chemical, and mechanical stability, becoming highly suitable for structural
and protective applications.13! However, a primary consequence of this chemical and ther-

mal stability is difficult to reprocess and recycle.133.134

The main classes of thermosets are epoxies, polyurethane, polyester, phenolic and
alkyds resins.131 These thermosets are often employed as components in composites formu-

lation to reinforce fibers, for instance, generating resistant lightweight materials.135

As environmental regulations are becoming more stringent, the importance of recy-
cling is gaining widespread recognition.3¢ In the coming years, many countries will pass
laws to oversee the disposal of thermosets and carbon-fiber-reinforced polymers (CFRPs).

The objective is to include such waste materials in the category of recyclable polymers.137

The landfill has almost disappeared in some countries, like Germany, Austria, Bel-
gium, and Denmark, and composite materials can no longer be landfilled in Germany and
Netherlands.138139 In France, since January 2022, composites containing more than 30%
plastics cannot be deposited in landfills.138140 These statutes directly impact the waste man-
agement of retired wind turbine blades, typically composed of fiber glass, carbon fiber, and
epoxy resins. The European Technology & Innovation Platform on Wind Energy predicts
that the combined weight of decommissioned wind turbine blades will reach 66 ktons by

2025_138,141
2.2. Conventional Recycling Methodologies for Thermosets and Composites

The development of thermoset and CFRP recycling methodologies has significantly
accelerated in the past decades since European Union has devoted much effort to managing
waste in landfills and producing eolic renewable energy from wind turbines built from ther-
mosets.!#2 Another driver is the recovery of carbon fibers and fillers from fiber-reinforced
composites, considering that carbon-fiber are usually more valuable than the thermoset

matrix.143-145
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The European Union Waste Framework's guidelines suggest that the most effective
recycling method is to reuse the materials in a similar or inferior performance application
without any transformation step.139 Although direct reuse is preferable, this alternative
tends to be limited since the thermoset materials present non-adaptable fixed shapes.
Therefore, direct reuse does not significantly contribute to solving the thermoset waste di-
lemma. Three main strategies have been industrially employed to address this question:
mechanical, thermal, and chemical recycling processing.137 A general scheme of conven-
tional thermoset composite waste management and recycling strategies is represented in

Fig. I1-8.146
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Figure II-8. Schematic overview of conventional thermoset composite waste processing

and recycling routes.133.137,147,148
2.3. Mechanical Recycling

Mechanical recycling consists in reducing- and homogenization-size processing of
solid waste materials and can be applied for thermoset or thermoplastic materials generat-
ing grains with the typical size of 50-100 mm.!33.149 This technique employs hammer mills
or high-speed mills to crush the scrap flakes into thinner grains of several millimeters that
can be thermally reprocessed for the thermoplastics.!33 In the case of CFRP, this technique
is not considered the most adequate since it does not separate the carbon fiber from the
thermoset matrices, providing at the end of the process a thin powder that can be employed

as filler without the orientential properties of the initial fibers.137

51

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0044/these.pdf
© [G. Perli], [2023], INSA Lyon, tous droits réservés



According to Morin et al, if a thermoset composite is filled with 50% of recovered
CFs and combined with virgin CFs, its mechanical properties would not be significantly af-
fected. However, if itis filled with more than 50% of recycled CFs, the mechanical properties

are generally sensibly deteriorated.150

Palmer et al. managed this issue by developing a methodology in which they main-
tained the fibrous structures of the carbon fibers after the grinding process, which were
effectively re-employed as reinforcing fillers in sheet molding compounds.15! The elevated
toughness of CFRP demands extremely resistant machinery and more frequent mainte-
nance. Therefore, the mechanical recycling methodology has been mainly employed for sim-

pler composites based on glass fibers instead of CFRP counterparts.137.152-154
2.4. Thermal Waste Management

Thermal waste management can be divided into incineration and pyrolysis, corre-
sponding to combustion in the presence or absence of oxygen, respectively.149.152155 The in-
cineration results solely in energy recovery, whereas pyrolysis is often employed to recover
and recycle the substrates of composites.1# Indeed, pyrolysis involves the thermal decom-
position of the polymeric matrix in a nearly oxygen-free environment, typically under an

inert atmosphere of nitrogen or argon.156

The final properties of the recovered CFs rely on different parameters, namely, tem-
perature, time, atmosphere composition, and nature of the thermoset matrices. Pickering et
al. controlled the oxygen feeding during the combustion to selectively decompose the ther-

moset matrix and recover the carbon fibers from CFRP composites.152

Contrarily to the incineration process, pyrolysis imposes a limited decomposition
degree meaning that the degradation products will partially preserve the chemical nature
of the matrices.15¢ The working range temperature is within 300-850 °C, and the yielding
byproducts can be used as feedstock for future chemical processing.156 The pyrolysis condi-
tions enable the recovery and partial maintenance of the carbon-fiber properties when em-
ployed to recycle CFRPs.155157 The crystallinity, sizing, and surface composition modifica-
tion are commonly observed during pyrolysis.133152 Additionally, the manufacture of virgin
CFs typically involves an energy expenditure of 183-286 M] kg 1, whereas pyrolysis requires

10 to 50% of that amount.158

The pyrolysis efficiency can be further enhanced in the presence of catalysts. Ciprioti
and co-authors improved the recycling yield of waste electronic equipment waste by em-

ploying fly ash to catalyze the pyrolysis.15® Though pyrolysis is considered as an economi-
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cally and technologically scalable strategy, it is still questionable from a sustainability per-
spective. Thus, continuous research investigates the reduction of pollutant emissions, the

selective decomposition and the better re-employment of thermal energy.133.134
2.5. Chemical Recycling

Solvolysis, also known as chemical degradation, corresponds to the employment of
a solvent to degrade, dissolve or depolymerize polymer networks, usually in the presence
of a catalyst.160.161 Ljke pyrolysis, it allows the recovery of reinforcing fibers or fillers from
composites.156 The advantage is that the degradation products derived from the thermoset's
networks are often reused as molecular building blocks to build subsequent generations of

materials.162

Solvolysis can be divided into three categories: hydrolysis, glycolysis and acid diges-
tion.160.161 The solvent choice and secondary conditions rely on the polymer reactivity and
the targeted degradation reactions. More importantly, this strategy demonstrated suitabil-
ity for various thermoset networks, including epoxy-amine,163 epoxy-anhydride,164 polyes-

ter,162 and polyurethane.165

Recently, several researchers have investigated using supercritical fluids as solvents
since they present advantageous features such as high mass transport coefficients, high dif-

fusivities, and low viscosities that can be adjusted as a function of the pressure.16¢

Okajima and coworkers, for instance, used supercritical methanol at 270 °C and 8
MPa for 90 min to recover carbon fiber from epoxy-amine composites.167 Other authors re-
ported a recycling approach for anhydride-cured epoxy networks using alcohol and a cata-

lyst to induce the degradation through a transesterification reaction.155161,162

More recently, Dang et al. chemically dissolved conventional epoxy resins by em-
ploying a high concentrated nitric acid solution and an ultrasound microwave.1¢8 Such recy-
cling methodologies devised for commercial-based polymers are inconvenient from an in-
dustrial point of view because they operate under elevated pressures and temperatures and

require expensive catalysts or highly hazardous chemicals.155.161,162,169
2.6. Designing Stimuli-Triggered Degradable Networks

While conventional methodologies provide a partial solution to the challenge of
thermoset recyclability, recycling both polymer substrates and additives is essential to
achieve the circular economy objectives.170171 Alternatively, thermoset polymers can be de-
signed in such a way that low energy-requiring external stimuli trigger degradation on de-

mand while maintaining their outstanding performance.155.162
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Incorporating stimuli-triggered cleavable linkages into the polymer has shown a
promising approach outcome.133146 Examples of such linkages include esters,72 ortho-
esters,173 sulfur,174 carbonates,7> acetal, 176177 hemiacetal /hemiketal ester,176.178 olefinic,179
tertiary ether,180 peroxide bonds,!8! vicinal tricarbonyl,!82 phosphorus-containing bonds,183
and as well as groups involved in Diels-Alder mechanism.18* These materials can exhibit
dynamic reactive behavior triggered by various stimuli such as heating, 85 pH,17¢ light, 186 or

targeted reactions.155187

Although they are often considered industrially irrelevant due to their poor mechan-
ical properties and expensive chemistry, these new classes of thermosets are slowly gaining
acceptance in the industrial sector,4¢ and degradable and recyclable thermosets have be-

come a viable option for the polymer market.188

Stimuli-triggered degradation is achieved by introducing labile bonds into the tra-
ditional crosslinked resin. The amount and position of these labile linkages within the pol-
ymer structure can lead to different degradation products.133.155 Fig. II-9 illustrates various
mechanisms that can be employed to afford a more sustainable end-of-life for these ther-
moset materials. These include the complete breakdown of the polymer network into lower
molecular weight organic substances, degradation of the polymer backbone resulting in
monomers or oligomers, and degradation of crosslinking bonds, resulting in linear poly-

mers.189-191
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Figure II-9. Schematic overview of the existing concepts to develop recyclable thermoset

polymers and different degradation pathways.133.141,155,192
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While stimuli-triggered degradation can provide an eco-friendlier end-of-life solu-
tion for newly designed polymers, it frequently leads to permanent destruction of the poly-
mer structure, making complete monomer regeneration challenging.155 Consequently, the
degraded products are generally repurposed for synthesizing new monomers or utilized in

lower-performance applications through a downcycling approach.193.194

The concept is demonstrated in Scheme II-21, which shows that when acetal moie-
ties are reversibly degraded in an acidic environment, it becomes possible, relying on the
conditions, to employ this pathway to regenerate polymer precursors and eventually mon-
omers by a straightforward methodology.176177 However, it is possible to recover structure-
like monomers while maintaining the network properties by exploiting the reversibility of

transesterification and Diels-Alder reactions.19519%

It is worth noting that these reactions take place via different mechanisms: trans-
esterification proceeds through an associative mechanism where the exchange of involved
groups occurs in an intermediate state, while Diels-Alder occurs through a dissociative

mechanism where the dynamic bond dissociates before a new one is formed.184192197
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Scheme II-21. Examples of molecular mechanisms describing the main concepts of recycla-

ble thermosets; a) a degradable acetal linkage; b) an associative transesterification reac-

tion; ¢) and a dissociative Diels-Alder reaction.155.176,184,196
2.7. Thermal Reworkable Networks

Polymers that exhibit a lowered degradation onset temperature ranging from 200°C
up to 300°C are commonly referred to as thermally reworkable thermosets.175185 However,
in this category of materials, the main challenge is to reduce the degradation temperature

without compromising the material properties and their durability.198.199
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Wong et al. presented an early instance of tuning the degradation temperature of
epoxy-based thermosets by introducing thermal reworkable bonds.200.201 The authors re-
ported two sets of reworkable cycloaliphatic diepoxides, each containing thermally cleava-
ble carbamate2% or carbonate linkages.201 The new monomers were cured with cyclic anhy-
dride, which was similar to the process used for commercial cycloaliphatic epoxides.20! In-
terestingly, the carbamate group present in the synthesized diepoxides self-catalyzed the
curing reaction. The cured thermosets showed decomposition temperatures ranging from

200-300 °C, slightly lower than the commercial cycloaliphatic epoxide networks.

Liu et al. presented another example where they customized the degradation tem-
peratures of various resins by incorporating phosphates and sulfite moieties into epoxy res-
ins.183202 The authors demonstrated the ability to adjust the reworking temperature within
180-300 °C. They also observed that the carbon-oxygen bond in regular carbonates was
more stable compared to its phosphodiester and thiodiester counterparts, which could be

valuable information for developing new low temperature reworkable polymers.183.202

Acebo et al. modified epoxy thermosets by using poly(ethyleneimine)-poly(lactide)
multiarm stars to adjust the reworkable temperature. They noted a minor reduction in the
degradation temperature, which still remained high at about 400°C, raising concerns about

the potential sustainability benefits of the proposed strategy.198
2.8. Cleavable Networks: Designing to Degrade

Besides thermal activation, other stimuli have also been widely described to selec-
tively break down polymers, such as the use of nucleophilic species, 188203204 acidic condi-
tions, 176178 or basic environments.187” When exposed to strong acid solutions, thermosets
bearing acid-sensitive linkages such as acetal, 176177 ketal,205 ester,172180 and Schiff base206

exhibit high degradation activity.

An interesting method involves copolymerizing epoxy monomers and lactone pre-
cursors to produce thermosets that can degrade through the thermal pathway and alkaline
hydrolysis of the resulting ester linkages in the networks.207.208 Although alkaline hydrolysis
occurs relatively slowly and results in only a 5% weight loss after two months of samples
immersed in a basic solution, refluxing the samples at about 100°C can enhance the hydrol-

ysis, leading to more than a 25% weight loss after only 24 hours.207.208

Tsujii et al. reported the effective and low-temperature cleavage of double bonds in
epoxy-anhydride copolymers through ozonolysis.1”® The resulting thermosets exhibited
high thermal stability up to 300 °C. They could be completely degraded via the ozonolysis

pathway at temperatures ranging from -73 to 30 °C. The authors described that the reaction
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was more efficient at lower temperatures, which may be attributed to ozone gas's solubility
and stability under these conditions. While this approach resulted in high yields of polymer
degradation and did not require any supplementary separation processes, its applicability
is difficulted by certain restrictions. These include the use of highly reactive ozone gas,

which necessitates particular storage, and the requirement for cryogenic temperatures.179

In 2022, Patton et al. decided to use three novel dialkene acyclic ketal as comono-
mers to create crosslinked networks through radical-mediated thiol-ene photopolymeriza-
tion.209 All the thermoset materials revealed onset degradation temperature about 300 °C,
negative glass transition temperatures between -10 to -30°C, and stress at break values
ranging 1-2 MPa. The authors demonstrated that the degradation rate of these networks
could be precisely tailored. They highlighted that acyclic dimethyl ketal-based networks de-
graded more rapidly, while networks containing acyclic cyclohexyl ketals took longer to de-

grade under the same conditions (pH 4.07, 30 °C).

Zhang et al. proposed an innovative bio-based approach to create degradable hyper-
branched epoxy monomers from 2,5-furandicarboxylic acid (FDCA).210 The resulting net-
works exhibited improved mechanical properties compared to the commonly used DGEBA
polymers. Mainly in terms of tensile strength, flexural strength, storage modulus, and elon-
gation. The researchers extensively analyzed the thermosets and composites using Raman
imaging, AFM, SEM, DMA, dynamic light scattering, and positron annihilation lifetime spec-
troscopy. This deep investigation provided insights into the underlying mechanisms re-
sponsible for superior mechanical performances. They attributed the enhanced mechanical
properties to the synergistic effects of crosslinking density, free volume, intermolecular cav-
ity, hyperbranched topological structure, and toughening mechanisms. The researchers also
proposed that integrating ester-derivative monomers into the thermosets and composites,
can promote their degradation in a solution containing 2 mol L-! of phosphoric acid in eth-
ylene glycol at 90 °C. As a result, this would enable the recovery of FDCA and fibers from the

degraded mixture.210

In a different approach, Zhang and coworkers proposed a three-step process to pre-
pare thermosets from DGEBA containing ammonium and ester cleavable groups in the net-
works (Scheme II-22).211 Firstly, they reacted DGEBA with chloroacetic acid via an epoxy
ring-opening reaction, followed by an esterification reaction, and finally, reacted the result-
ing precursor with tertiary amines to yield networks containing ammonium-chloride
groups. The resulting thermosets exhibited outstanding mechanical properties, with a yield
strength of 80 MPa. These materials demonstrated rapid degradation activity when exposed

to mild alkali conditions similar to seawater conditions, attributable to the hydrolysis of the
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ester groups introduced by the cetyl chloroacetate moiety. Additionally, the networks ex-
hibited a bactericidal rate of 99.34% in one of the tests, which is likely due to the interaction
between the cationic groups and the bacterial membranes. This research is yet another ex-
ample of how we can engineer the molecular structure of the networks by introducing cat-

ionic groups and cleavable linkages to yield emerging properties in thermoset polymers.
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Scheme II-22. Synthetic routes of degradable and antibacterial thermosets crosslinked
with betaine esters. In a) the synthetic route, involving a first ring-opening reaction by the
nucleophilic addition of carboxyl group, b) the curing amines used, and c) the outline of the

resulting networks bearing the ammonium-chloride moieties.211
2.9. Cleavable Networks: Design to Recycle

From the point of view of circular economy, it's better to selectively degrade polymers

and recover their original monomers, molecular building blocks, thermoplastic chains, or
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revalorize products at the end of their lifespans. This is more beneficial than just degrading

thermosets to avoid them ending up in landfills.129.133.170

Garcia et al. recently reported promising findings in developing recyclable poly(hex-
ahydrotriazine) (PHT) thermosets that can be degraded through acid digestion to recover
the bisaniline monomers.22 The PHT networks were synthesized via a one-pot, low-tem-
perature polycondensation of paraformaldehyde and 4,4'-oxydianiline (ODA), which re-
sulted in hemiaminal dynamic covalent networks (HDCNs) that undergo cyclization at high
temperatures to yield poly(hexahydrotriazine)s (PHTs) (Scheme II-23).
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Scheme I1-23. Overview of the chemistry employed to develop recyclable poly(hexahy-
drotriazine) (PHT). In a) the reaction between N,N-dimethyl-p-phenylene diamine and par-
aformaldehyde in a stoichiometric ratio. In b) the outline of the polycondensation of para-

formaldehyde and 4,4'-oxydianiline to yield the recyclable thermoset.?12

PHT and PHTs are classified as thermosets and exhibit remarkable mechanical prop-
erties, including high Young's moduli. Most notably, the digestion reaction of these materi-
als under acidic conditions with a pH less than 2 enabled the recovery of the original bisani-

line monomers.

Jerry Qi and his team outlined the manufacture of epoxy thermosets that can de-
grade over time and for repurposing the resulting degraded products.213 They achieved this
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by developing new types of epoxy networks based on different precursors, such as DGEBA

copolymerized with a di-acid carboxylic and catalyzed by a strong base (Scheme I1-24).
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Scheme II-24. General overview of Jerry Qi group's proposal. In a) schematics showing the
polymerization reaction between epoxy oligomer and sebacic acid catalyzed by TBD. In b)
the outline of the solvolysis of the epoxy networks assisted by zinc acetate at elevated tem-

peratures.213

The new networks had glass-transition temperatures ranging from -28 to 47 °C. The
epoxy networks bearing carboxyl groups could be degraded using transesterification reac-
tion in 2-ethyl-hexanol, catalyzed by a zinc acetylacetonate at temperatures below 170°C.
The rate at which the thermoset dissolves augments with the increase in temperature and
catalyst concentration. They also reported that they were able to recover bis-diols com-
pounds derived from the initial epoxy backbone and dicarboxylic acid esters, which could
be used to make high-value products, including lubricants, plasticizers, and fuel additives.
They were able to harvest biolubricants from the thermoset waste in a feasible and cost-
effective process that could be performed at mild temperatures and ordinary pressure. Ad-

ditionally, the catalyst could be reclaimed and reused.2!3

Johnson's group has significantly contributed to researching and developing de-
gradable, recyclable, and reprocessable thermosets. They initially reported the efficient co-

polymerization of bifunctional silyl ether (BSE)-based olefins with norbornene monomers
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using ring-opening metathesis polymerization (ROMP) (Scheme II-25a-b).188 By introduc-
ing a cleavable BSE-comonomer, they built degradable thermosets with tunable degrada-
tion rates relying on the percentage of BSE-comonomer.188 Then, they investigated the in-
stallation of these cleavable bonds within the strands and between the strands, i.e., as cross-
links of thermosets.203 The location of the cleavable bonds was revealed as a design principle
for achieving controlled thermoset degradation. Surprisingly, the thermosets produced by
incorporating cleavable comonomers as crosslinks between the strands did not exhibit rel-

evant degradation activity.
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Scheme II-25. Schematics of the research conducted by Johnson's group towards develop-
ing novel degradable thermosets. In a) the structure of the degradable comonomers, b) the
curing process followed by the degradation assisted by fluoride anions or acid solution and
c) the development of reprocessable networks via rearrangement catalyzed by octanoic

acid.

In a subsequent report, they explored the strategy developed in previous research
to demonstrate the feasibility of building deconstructable and upcycling thermosets and
composites.204 Similarly to the previous approach, they synthesized poly(dicyclopentadi-
ene) (pDCPD) thermosets by ROMP, and by introducing cleavable monomers, they tuned
the degradability of the thermoset matrix, allowing the full recovery of carbon-fiber rein-

forcements.
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The same authors recently developed a novel approach towards incorporating ex-
changeable bonds into commercial thermosets using bifunctional silyl ether-based comon-
omers (Scheme II-25c). They demonstrated the temperature- and time-dependent stress
relaxation of pDCPD thermosets manufactured with BSE comonomers and enabled bulk
remolding of pDCPD thermosets in the presence of octanoic acid. This work established
acid-catalyzed BSE exchange as a versatile addition to the toolbox of dynamic covalent

chemistry.

3. Cleavable Linkages in Thermosets: Opportunities and Applications

3.1. Removable Adhesives

An adhesive is a substance that is applied to the surface of materials in order to bind
them together and resist separation.214 The materials being bound are referred to as ad-
herends. However, at the end of the lifespan of these materials, recovering the adherends
can be challenging.215216 Thus, there is a need to develop adhesives that are either degrada-
ble or reversible. A degradable thermoset adhesive would be particularly useful for recov-

ering substrates and reusing adherends.217-219

One of the most important applications of degradable adhesives is in the develop-
ment of underfills.220 These composite materials are typically made up of fillers or fibers
that are reinforced with an epoxy polymer. Underfills are used in various industries, includ-
ing automotive and electronics.19° To develop underfills reinforced with degradable epoxy
matrices; researchers have investigated different functional groups, such as ester
bonds,175201 carbonate or carbamate linkages,2°! maleimides containing hemiacetal moie-

ties,21¢ and acetal linkages.22!

Champagne and colleagues have created a thermal degradable underfill adhesive
that is based on epoxy thermoset bearing thermal dynamic dicyclopentadiene (DCPD) moi-
ety (Scheme II-26).222 The synthesis of this monomer was simple and could be easily scaled
up to industrial levels. The novel epoxy monomer was cured using imidazole as a curing
agent and copolymerized with acrylic acid derivative monomers, revealing high T, for all
the newly designed networks. Introducing only 10% of DCPD-based monomer into the net-
works made the resulting materials degradable at temperatures above 160°C. This allowed

the complete recovery of the electronic boards without causing any damage.
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Scheme II-26. One-step synthetic route of a DCPD-based monomer from a diacid derivative.

Li and colleagues have designed a bifunctional-epoxy monomer that includes two

carbonate groups (Scheme II-27).175
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Scheme II-27. Synthesis of a Bisphenol A-based monomer containing carbonate groups.175
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This monomer produced thermosets with T, of around 90°C, and the resulting ma-
terials were fully degradable when exposed to 250 °C for 5 minutes. The authors could re-
cover components of a printed circuit board using a dual-epoxy material containing 80%
weight of silver flakes. When the material was exposed to high temperatures and then
scraped with a wooden spatula and brushed manually, the small sites on the laminated

board were easily cleaned.

The use of urea bonds?23 and DA adduct structures?24 to yield degradable thermosets
was also reported for potential use in adhesives. By incorporating urea bonds and DA ad-
duct structures into the polymer matrix, researchers have been able to create thermosets
that are not only strong and durable but also able to degrade over time into non-toxic by-

products.
3.2. Electronic Packaging: Degrading Thermosets to Recycle Electronics

Thermosets are commonly used as electronic packaging materials because they pro-

vide environmental protection, mechanical stability, and thermal insulation to electronic

63

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0044/these.pdf
© [G. Perli], [2023], INSA Lyon, tous droits réservés



devices.225 However, network crosslinks make repairing, disposing of, recycling, or reusing
electronic components challenging.225226 To address this issue, degradable thermosets have
been developed using phosphorus-containing structures,?2? disulfide bonds,228 and other

functionalities.

For instance, Liu et al. introduced phosphorus-containing epoxy resins that exhibit
rapid thermal degradation at approximately 260 °C combined with outstanding fire re-
sistance and mechanical properties, indicating their potential use as eco-friendly, reworka-

ble electronic packaging resins that are free of halogens.227

In recent research, Chen and collaborators designed aromatic disulfide epoxy mon-
omer to develop vitrimers for packaging electronic devices, namely LED and printed circuit

boards (Scheme I1-28).229
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Scheme II-28. The reactions and precursors that underlie the creation of packaging made

£

from vitrimers containing sulfur in Chen's work. In a) synthesis of the aromatic disulfide
epoxy monomer; b) DGEBA monomer used to copolymerize with the synthetic monomer;

¢) curing amine and d) disulfide metathesis upon heating.

The epoxy networks presented T, of about 115 °C and tensile strength of 71.9 MPa.
Further, it revealed electrical resistivity comparable to the reference epoxy while low values
for dielectric constant were observed. The LED light packed with the dynamic networks
could be healed at 150 °C via disulfide metathesis and presented topology freezing transi-
tion at about 118 °C. The networks presented self-healing behavior and chemical degrada-
bility when exposed to dithiothreitol in dimethylformamide, which allowed the recovery

and recycling of the electronic equipment.
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3.3. Affording a More Sustainable End-Of-Life for Composites and Nano-

composites

Thermoset composites are commonly composed of thermoset polymer resins along
with glass, carbon, or aramid fibers, resulting in materials with exceptional properties, par-
ticularly in terms of mechanical and thermal characteristics.134162,230-232 Waste management
and recycling pose significant challenges due to the chemical nature of networks in these

materials.133

Yu et al. have shown that combining bisphenol A epoxy resin (DGEBA) and fatty ac-
ids is possible to produce degradable thermosets.233 These networks' degradation is
achieved through forming ester groups, which result from transesterification between car-
boxylic acid groups and hydroxyl groups that arise from the opened epoxy groups. The sub-
sequent degradation is facilitated by transesterification in the presence of ethylene glycol,

and the carbon fibers are recovered with a yield of approximately 100%.

Harris investigated a different approach, loading cellulose nanocrystals into epoxy
networks to render the polymer phase degradable and recover the substrate of polymer
nanocomposites.23¢ The authors did not investigate the mechanism; however, their ap-
proach decreased thermal degradation temperature by 40 °C allowing the recovery of com-

posite substrates in a moderate range temperature.

Qi and colleagues explored the nature of ester bonds to design novel epoxy-based
vitrimers.235 They employed carboxylic acids as a reactive additive, and by heating the sam-
ples, they induced the transesterification reaction, producing dynamic networks.164 Later,
the same authors developed anhydride-cured epoxy thermosets containing ester bonds
cleaved through a transesterification reaction catalyzed by 1,5,7-triazabicyclo[4,4,0]dec-5-
ene (TBD).236 They extensively studied the kinetics of the degradation mechanism and pro-
posed a kinetic model that shed light on the degradation of the anhydride-epoxy networks.
Based on these findings, they designed degradable thermosets that could almost entirely
degrade in ethylene glycol in 70 minutes at 170 °C under ambient pressure. By employing
these thermosets, they demonstrated that they could manufacture CFRPs and recover the

carbon-fibers (CFs) in their original state under mild conditions for 1.5 hours.

Yang and colleagues created eco-friendly thermosets and composites by using epox-
idized oil (ESO) treated with norbornene moieties and flax fibers.237 They used ring-opening
metathesis (ROMP) to polymerize the prepolymers and achieved ESO-based thermosets
displaying impressive thermal and mechanical properties (Scheme II-29). The thermoset

matrix could completely break into oligomeric molecules when exposed to NaOH and KOH
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aqueous solutions. This combination of prepolymer precursors and proposed solvolysis

method allowed the recovery of the plant-based fibers.
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Scheme II-29. Synthesis of ESO-based thermoset from epoxidized soybean 0il.237

Developing degradable thermosets without compromising their thermal and chem-
ical stability is challenging. Acetal linkages have emerged as a promising alternative due to

their stability in neutral and alkaline aqueous solutions.

In 1996, researchers at IBM reported the first successful synthesis of diepoxies con-
taining an acetal moiety, which was used to build degradable epoxy thermosets.148238239
Since then, several acetal epoxy thermosets and recyclable CFRPs have been developed by
incorporating cleavable acetal linkages into curing agents and epoxy monomers. Acetal-
based curing agents are currently widely reported for CFRP recycling, both in academia and
industry. For instance, Connora Technologies (Hayward, CA, USA)185240 and Adesso Materi-
als (Wuxi, China)177.241 have developed amine hardeners that contain acetal linkages in their
backbones. The resulting epoxy-amine networks exhibit excellent mechanical properties,
with a tensile modulus and tensile strength ranging from 3-8 GPa and 61-70 MPa, respec-

tively.

Hashimoto and colleagues also used the cleavable acetal linkage to create degrada-
ble epoxy networks and manufacture deconstructable CF composites.176.178242 They ex-

ploited the nucleophilic addition of a phenolic hydroxyl group in vinyl ether compounds to
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form acetal linkages as the only product. Two different phenol derivatives were examined
in this method: bisphenol A (BPA) and cresol novolak-type phenolic resin (CNTR) (Scheme
11-30).
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Scheme I1-30. Novel acetal-based epoxy monomers synthesized from phenolic compounds:
In a) Bisphenol A based monomers and b) cresol novolak-type phenolic resin (CNTR) pre-

Ccursors.

Multifunctional aliphatic amines were employed to cure all the newly developed
monomers, resulting in networks with a T of up to 91°C and a degradation temperature for
5% weight loss (Ta5%) of up to 245°C. The CF composites obtained from the novel mono-
mers were entirely degraded in a hydrochloric acid solution of 0.1 mol L-! at room temper-
ature and ambient pressure for 24 h. The authors also demonstrated that the recovered CFs
had only minor surface changes and nearly the same tensile strength as the virgin CFs. The
researchers also designed networks based on DGEBA by increasing the percentage of cleav-
able acetal-based monomers to ensure heat resistance and toughness while maintaining
their degradability. They showed that degradable networks could be achieved under the
aforementioned conditions by increasing the proportion of newly designed acetal precur-

sors to 20% in mass.176

Another promising strategy consists of introducing imine groups into the epoxy net-
works.146206 Imines, also known as Schiff bases, are formed from the reaction between
amines and aldehydes or ketones.243 Interestingly, imines can be hydrolyzed (Scheme II-
31a), generating the starting materials, or undergo exchange reactions such as transamina-

tion (Scheme II-31b) or imine metathesis (Scheme II-31c).
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Scheme II-31. The dynamic nature of the imine chemistry. In a) the hydrolysis of a generic

imine molecule; b) transamination reaction, and c) the imine metathesis.243

Zhang and colleagues have reported on malleable, mechanically resilient Schiff base
thermosets applied to CFRPs, resulting in efficient closed-loop recycling.24¢ The proposed
synthetic route is simple and involves using an aldehyde and a triamine as precursor and
crosslinker, respectively (Scheme II-32a). Additionally, a second diamine is employed to
adjust the crosslink density, which leads to the fine-tuning of glass transition temperatures,
tensile strength, and tensile modulus. The newly designed network was employed to de-
velop CFRPs with tensile strength of 148-399 MPa and a tensile modulus of 12.2-15.5 GPa.
The imines' dynamic nature yielded malleability composites, including flexible processing
temperature, repairability, reshaping and weldability properties. The networks were de-
graded in mild conditions by immersing the samples in a diethylenetriamine solution

(Scheme II-32b).
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Scheme II-32. Synthesis of polyimine malleable thermosets. In a) the aldehyde precursor,
the triamine precursor, and the three different diamine monomers that yield polymers with
varying thermomechanical properties, and b) an example of transamination reaction re-

lated to the dynamic behaviour of the polyimine thermosets. 244
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The degraded oligomers were easily reused by adding them to the starting material
mixture in the correct proportions. This approach allowed the development of CF compo-
sites and subsequent recovery of the CFs, maintaining their surface chemical structure, me-
chanical properties, woven structure, and long dimensions. Due to the weldability of the
Schiff base thermoset through transamination or metathesis (Scheme II-31a-b), the delam-
inated Schiff base CFRP could be conveniently repaired through heat pressing, and the flex-

ural strength and modulus could recover 85-100%.

More recently, Goh et al. proposed an elegant strategy exploring the reversibility of
aldol reaction to synthesize and then degrade epoxy thermosets and CFRPs.187 The novel
epoxy monomer was prepared from vanillin and raspberry ketone via an L-proline-cata-

lyzed aldol condensation reaction (Scheme II-33).
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Scheme II-33. The synthesis of bio-based epoxy monomer via aldol reaction followed by

functionalization with epichlorohydrin.187

The novel epoxy bio-based monomer was cured with 4-aminophenyl sulfone (DDS)
and exhibited excellent mechanical properties, including tensile strength and flexural
strength of 58 MPa, and 183 MPa, respectively. Additionally, CFRP prepared from the syn-
thesized monomer has shown excellent strength (957 MPa), Young's modulus (77 GPa), and
interlaminar shear strength (49 MPa). Overall, the thermoset matrix and CFRP rapidly de-
graded through retro-aldo reaction by treating the samples with an HCI solution followed

by NaOCI (Scheme II-34).
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Scheme II-34. The thermosets are broken down through a selective degradation mecha-

nism, driven by a rerto-aldol reaction.18”

In addition, CFRP prepared by using synthesized epoxy monomers exhibited excel-
lent tensile strength (957 MPa), Young's modulus (77 GPa), and interlaminar shear strength
(49 MPa). Interestingly, the CFRPs were rapidly degraded only under specific conditions.
The reclaimed CFs retained 87% of their original tensile strength. These results suggest that
novel bio-based monomers could be a viable alternative to DGEBA and BPA epoxy resins in

producing CFRP.

Significant progress has been achieved in recycling thermosets and composites, par-
ticularly on CFRPs. The appropriate recycling method depends on the specific application,
the original composition of composites, and other relevant considerations. However, it ap-
pears evident that developing new monomers capable of producing degradable networks is
a promising approach. This is because such monomers enable the degradation of networks
under mild conditions requiring low energy consumption and minimal equipment. As a re-
sult, the recovered CF, fillers and adherends exhibit excellent performance, similar to their

original properties.

In addition, some future trends require consideration to continue advancing with
degradable thermosets for CFRPs. First, cleavable bonds may lead to long-term instability
due to oxidation or hydrolysis, necessitating focusing on the overall properties of CFRPs
based on degradable thermosets. Introducing hydrophobic moieties into the monomer
structures may be an adequate approach to manufacturing less water-sensitive materials.
Second, using more suitable-cleavable bonds under mild conditions, such as ester, imine,
hemiacetal /hemiketal linkages, and carbonate structures, could be employed to produce
CFRPs. Third, for developing CFRPs for structural applications, obtaining thermoset matri-
ces with higher Ty and enhanced mechanical properties is interesting. In fourth place, while
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pursuing the recycling CFRPs, environmentally friendly reagents and recycling of reagents
must also be considered to increase their industrial application potential and to conform to

the green chemistry and circular economy principles.

4. Exploring the Potential of Photopolymerization: An Overview of Tech-
niques and Applications

Over the past two decades, there has been significant growth in radiation-curing
technologies at academic and industrial levels, as evidenced by the rise in the design and
synthesis of novel photopolymerizable monomers. This progress has been well-reported in
several patents, textbooks and review articles.245-250 These cutting-edge methods employ
light irradiation to initiate photochemical reactions in organic materials, leading to the de-
velopment of novel polymer materials directly applicable to various commercial sec-

tors_251,252

A typical photopolymerizable formulation is composed of three major components
(Fig. 11-10).253.25¢ The first component is a photoinitiator that absorbs light and generates
the active species via a chemical reaction. The second element is a multifunctional reactive
monomer or oligomer that undergoes crosslinking polymerization. The third component,
the reactive diluents, is not always used, and its purpose is to adjust the viscosity of the

formulation, facilitating the reaction's development as a co-solvent and comonomer.
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Figure II-10. The main components of photopolymerizable formulations include a) photo-

polymerizable monomers, b) photoinitiators of type I or II, and c) reactive dilutants.25+

The photoinduced polymerization begins with generating reactive species from a

photoinitiator.255256 Photoinitiators can be classified as either type I or type II, depending
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on their mechanism for initiating polymerization. Type I photoinitiators undergo homolytic
cleavage upon excitation, generating radicals that can initiate the polymerization process.
Type Il photoinitiators require interaction with a second molecule upon irradiation to gen-
erate the initiating species. These reactive species engage in a chain-reaction mechanism to
propagate the active center.253255257 Then, the reactive species interact with monomers to

drive the polymerization process forward.

The active centers can be radicals, cations, or, less often, anions. The key distinguish-
ing factor between photopolymerization and conventional radical polymerization is that

light produces the reactive initiator species.245253,258,259

Research on UV-induced free radical polymerizations began early on due to the
availability of existing free radical photoinitiators.251 However, the cationic UV-curing pro-
cess became popular in the late 1970s with the development of thermally stable cationic

photoinitiators.260.261

The development of UV-curing methods is mainly driven by the economic and envi-
ronmental benefits offered over traditional thermal curing processes.254262 These ad-
vantages include rapid cure, low energy consumption, room-temperature treatment, free-

solvent formulations, and low material costs.263-265

One of the earliest breakthroughs was the development of UV-curing coatings for
several substrates, including polymers,266 metals,267 wire,268 pipes,25! glass-reinforced fi-
bers,269 optical fibers.270 Allowing their application in coatings,?53 adhesives,261 dental mate-

rials,27t printing inks,272 and composites.273

More recently, the commercial development of various powerful lasers has opened
up new possibilities for using laser-induced polymerization.274 This technique shows prom-
ise in photoimaging,27> microelectronics,?’¢ holographic image recording??? and data stor-

age-278
4.1. Cationic Photo- & Thermal-Induced Polymerization

Cationic photopolymerization has gained significant interest due to its advantages,
as evidenced by numerous scientific publications and industrial applications.253 One of the
key benefits of cationic polymerization is the absence of air inhibition, which means that an
inert atmosphere is not required during the curing process.253279 This property clearly dis-
tinguishes cationic polymerization from radical polymerization. After initiation, cationic
polymerization is non-terminating and can continue even after removing the light
source.253.25¢ This process is called the dark reaction step, resulting in further monomer con-
version without light exposure or thermal post-treatment. In contrast, several bimolecular
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terminations can occur in light-induced free-radical reactions, and polymerization rapidly

stops without light.260

In addition, the monomers and reactive oligomers that can be polymerized using
cationic photopolymerization are typically associated with low human toxicity.253 Moreo-
ver, cationic photopolymerization of epoxide monomers exhibits a lower volume shrinkage
than corresponding radical-based systems, resulting in better adhesion , thermal and me-
chanical properties.279280 This makes them attractive alternatives to acrylate and methac-

rylate systems, commonly used in free-radical photopolymerizations.172260

Onium salt photoinitiators are the most commonly photoinitiators used in cationic
polymerization due to their excellent latency and remarkable thermal stability.253.281-283
These salts are beneficial in the presence of highly reactive multifunctional monomers at

ambient temperature.

Onium salt photoinitiators comprise an organic cation and an inorganic an-
ion.245.284.285 The aromatic organic cation absorbs light and plays an essential role in the pho-
tochemistry of the process since this fragment determines the thermal stability, UV absorp-
tion characteristics and quantum yield. The anion's nature will determine the strength of
the acid formed by the photolysis of the initiator.286 Consequently, the anions determine the
reactivity and character of the polymerization propagation, directly impacting the kinetics

and eventual termination of the polymerization reaction.

The process of initiating the polymerization reaction is quite complex when all the
formed reactive species are considered. For iodonium salts, both homolytic and heterolytic
cleavages of Ar-1 bonds are induced by radiation (or thermal energy), yielding reactive cat-
ions, radical cations, and radicals (Scheme II-35).253.286 Nevertheless, cationic polymeriza-
tion does not directly involve these primary species. Instead, alternative chemical reactions
occur between the primary reactive species and organic molecules that can provide a pro-
ton to these initial reactive species. This proton transfer generates strong Brgnsted acids,

the main ones responsible for initiating the cationic polymerization reaction.2s4

The mechanism was inferred by introducing monomers few seconds after photolyz-
ing a diaryliodonium salt in an inert solvent. Despite the delayed addition of the monomers,
the progression of reactive species led to creating Brgnsted acids and consequently initiat-
ing the polymerization process.253.255 In fact, the initially generated species are too reactive
to remain active over the period and initiate polymerization. Rather than the unstable spe-
cies, the initiation was credited to the formation in situ of more stable species, namely the

Brgnsted acid that originates from the anion of the onium salt. A similar mechanistic scheme
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can also represent the photolysis of cationic photoinitiators derived from triaryl sulfonium

salts.287
+ - . Proton
N - hv . _ Arl® MEX, +  Ar Transfer
Arl MtX, —— 5 |Arl  MtX, —_— — 5 HMtX,

Arl &+ Art MtX,

Scheme II-35. Simplified scheme for diaryliodonium salt photodecomposition.2s8

It should be emphasized that the iodonium or triaryl sulfonium salts can undergo
degradation reactions via a photochemical or thermal pathway.253 Likewise, when these
salts are thermally degraded, they produce active species that continue to evolve until they
form strong acids. This method was used in the development of new epoxy networks using

cycloaliphatic epoxidized ILs, which will be discussed further in the following chapters.28?

It is worth mentioning that the strength of the generated acids depends on the inor-
ganic counterion. Typically, cationic polymerization photoinitiators bear BF4, PFs;, AsF¢,
and SbFs to create superacids.?8” Diaryliodonium and triarylsulfonium salts are considered
general photoinitiators due to their ability to initiate cationic polymerization in various

monomers.

Their nucleophilicity and size determine the order of reactivity among the afore-
mentioned anions and are as follows: SbFe¢ > AsFe > PFs > BF4-.287 These two factors signif-
icantly impact the degree of association of the ion pair and, consequently, the propagating

chain end.
4.2. Cationically Photopolymerizable Monomers

The polymerization of unsaturated monomers, including vinyl ethers,258 styrene,25+
N-vinylcarbazole,25¢ cyclic ethers,283 lactones,283 and cyclic acetals,257 as well as the ring-
opening polymerizations of epoxy monomers,260 have been carried out using photoinduced
cationic polymerization. The broad range of monomers that can be polymerized via a cati-

onic mechanism allows the synthesis of an extensive library of polymers (Scheme II-36.).
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Scheme II-36. The main functional groups employed to design photopolymerizable mono-

mers via cationic polymerization.253

Vinyl ether monomers have become an attractive alternative to acrylates due to
their insignificant toxicity, low vapor pressure, and high reactivity.282290291 Further, vinyl
ethers exhibit higher curing rates than epoxide monomers, with reactivity comparable to
acrylates. The reactivity of vinyl ethers is due to the electron-rich nature of their carbon-

carbon double bonds, which can be stabilized by the adjacent oxygen atom (Scheme II-37).

+

+ R +
R + Z0Ry —= RS ——— TN,

Scheme II-37. Resonance stabilization of the carbocation in vinyl ether.291

Moreover, the greater conversion rates of vinyl ether monomers relate to their rel-
atively Tg, which minimizes the rate-retarding effects of matrix vitrification during the gela-
tion process.260.282.292 Conversely, under certain conditions, hydrolysis may compete with
the polymerization of vinyl ether monomers.2?1 This hydrolysis reaction, catalyzed by the
same acid species that catalyzes the polymerization reactions, produces acetaldehyde and
alcohol. In addition to this hydrolysis issue, vinyl ether monomers are not widely used in
industrial UV-cure applications due to their high costs and relatively poor mechanical prop-

erties.
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Epoxides are the most commercially significant class of cationically photocurable
monomers, which undergo ring-opening polymerization through an oxiranium ion interme-

diate in the presence of a photogenerated acid (Scheme II-38).282
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Scheme II-38. Mechanism of the cationic ring-opening polymerization of epoxide mono-

mers.260

Crosslinking can easily occur when using difunctional epoxides as starting materi-
als, resulting in a three-dimensional polymer network.293 Unlike in radical-initiated
polymerizations, the positively charged chain carriers do not interact with each other, so
there are no termination reactions. This means the living polymerization continues to de-
velop without UV exposure, leading to a dark cure effect.253 However, termination can still
occur through a chain transfer process that produces an inactive species or through a reac-

tion of the propagating species with nucleophilic impurities, such as water or anions.282

Cationic polymerization occurs rapidly until gelation, after which it slows down but
continues as monomers diffuse to fixed propagating sites within the swollen gel.260.292 How-
ever, when the T, of the network approaches the temperature at which UV-curing is taking
place, vitrification sets in, and polymerization virtually ceases. As a result, significant
amounts of unreacted polymerizable epoxide groups remain trapped in the glassy UV-cured

coatings.

Chain transfer agents, such as alcohols, can be used to delay the onset of gelation,
which allows the overall polymerization rate to remain high and the overall apparent cure
rate to be accelerated.294 The structure of the alcohols used as chain transfer agents signifi-
cantly affects the photoinitiated cationic polymerization of epoxides. Under high humidity
conditions, the cationic UV-curing of vinyl ethers and some epoxide monomers is inhib-
ited.2% Interestingly, adding only a tiny amount of water to a formulation can enhance rates
and conversion by chain transfer.294 Contrarily, high humidity can lead to the localized con-
centration of water at a coating's surface, resulting in low molecular weight polymers due
to excessive chain transfer. In the case of vinyl ether monomers, the presence of water dur-

ing UV-cure can lead to their hydrolysis.291

Nevertheless, the polymerization rate for many types of difunctional epoxides is

lower compared to acrylate monomers, probably due to a lower propagation rate con-
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stant.262.265.296.297 Only cycloaliphatic epoxides have reached substantial commercial signifi-
cance due to their higher reactivity in cationic photopolymerization and their excellent ad-
hesion, chemical resistance, and mechanical properties.24526029429 Cycloaliphatic epox-
idized monomers exhibit higher reactivity due to the more significant ring strain.148 When
multifunctional epoxy monomers are UV-cured using photoinitiated cationic polymeriza-

tion, the cure rate typically reaches a maximum and decreases rapidly.2%

The monomers’ chemical structures strongly impact the reactivity of epoxy precur-
sors. For example, the most commonly used cycloaliphatic epoxy monomer denoted, 3,4-
epoxycyclohexylmethyl-3,4-epoxycyclohexane carboxylate (ECC) displays lower reactivity
than other cycloaliphatic monomers.2% Indeed, the presence of ester groups influences the
reactivity of epoxy monomers. Under the conditions of cationic photopolymerization, sev-

eral side reactions can take place and hinder the propagation of polymerization (Scheme

I1-39).253
o ﬁ@r o@o

ﬁ?ﬂ@

Scheme II-39. Mechanism of ring-opening polymerization including potential side reac-

x-0
+

tions for ECC monomer by Crivello et al.253

The group led by James Crivello made a significant contribution to understanding
the relationship between the chemical structure of monomers and their reactivity.246.279.296
Initially, they observed that the presence of ester groups could yield parasite side reactions.
In another study, they proposed synthesizing multiple monomer 1,4-Bis(3,4-Epoxycyclo-
hexylmethoxy)alkanes with varied chain lengths between the two cycloaliphatic epoxy

groups (Scheme I1-40).246
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Scheme II-40. The synthetic route proposed for the syntheses of cycloaliphatic epoxy mon-

omers with an aliphatic ether-based spacer.246

Interestingly, they found that the monomers lacking ester groups exhibited higher
reactivity. Furthermore, they observed that increasing the carbon chain length reduced the
reactivity of these photopolymerizable monomers. They argued that an increase of the dis-
tance between the photopolymerizable epoxy groups is not beneficial for the propagation

of the polymerization reaction.

Table II-1. The conversion of epoxy groups using 0.5 mol% of photoinitiator after 800 sec-

onds of UV-light exposure.

Compound Epoxy Conversion (%)
ECC 30
I 50
II 75
11 18
IV 17
\% 16

*The photoinitiator employed in this study was 4-octyloxyphenyl)phenyliodonium

hexafluoroantimonate (10C).

Therefore, the authors synthesized a new series of epoxy monomers containing ben-
zyl ether groups that can be photopolymerized through cationic ring-opening (Fig. II-
11).279 These monomers exhibited faster polymerization rates than their analogous without

the benzyl ether moiety in their backbones.
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Figure II-11. The synthesized photopolymerizable cyclo aliphatic monomers containing
moiety benzyl ether (1-7), and without the benzyl ether moiety (8). The percentage indi-
cates the epoxy rate conversion after 100 seconds of UV irradiation in the presence of 1%
of (4-n-decyloxyphenyl)phenyliodonium hexafluoroantimonate with light intensity 52 ] cm-

2 min—1.279

The authors proposed a mechanism in which a free-radical process occurs in con-
junction with the classical cationic pathway. Under UV irradiation, aryl radicals are formed
from an onium photoinitiator (Scheme I1-41).279 Subsequently, these aryl radicals abstract
labile benzyl hydrogens to produce a relatively stable radical. The onium salt then oxidizes
these benzyl radicals through a nonphotochemical process to form benzyl carbocations.
This reactive carbocation can then initiate the cationic ring-opening polymerization path-
way. The synergistic combination of the two mechanisms makes the benzyl ether-contain-

ing precursors a promising class of epoxy monomers for cationic polymerization.
a) H
-0 = OO0
H
©. . O@)\O/\Q minor ©/H+ O<O/.\O/\©
b) . ¥
o(O/\ O/\© b A —— O(O/\ 0/\© + A+ Ar

Scheme II-41. The additional photopolymerization pathway coupled to the classical cati-
onic mechanism. In a) the two most probable radicals that can be formed, followed by b)

the oxidation of the radical by the iodonium salt to generate the reactive carbocation.279
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More recently, Santos et al. proposed the synthesis of three novel biobased mono-
mers (Scheme 11-42).29° They used nopol as a molecular platform, and via alkylation, nucle-
ophilic aromatic substitution and acetalization, the bicyclic cycloalkene functionalities were
incorporated. Then, the cycloalkene moieties were further epoxidized using dimethyl diox-
irane (DMDO). The three epoxy monomers revealed high reactivity corroborated by the
strained bicyclic structures. They observed an epoxy conversion of about 50% after less
than 1 minute of irradiation in the presence of an iodonium salt. The T; measured were 66,
60 and 12 °C for networks obtained from monomers N1, N2 and N3, respectively. Among
the three starting materials, N2, an aromatic triazine epoxy monomer, demonstrated the

highest thermal stability with an onset degradation temperature of 302 °C, as determined

by TGA.
NaOH, TBAB é\/\ Of é\/\ f
+ C| _ =
\/A CH4CN, 85 °C o Acetone, 4 °C

OH
24 h 24 h

a)

0
cl<__N_ _CI —
W/ Y NaOH, TBAB %N N2 o

0 o)
’ NYN CH4CN, 85 °C Acetone, 4 °C
OH ¢ 24 h 24 h
0]
c)
_ PTOH o) X N3
0 —> O
Toluene Reflux Acetone, 4 °C (0]
12 h 24 h o
(0]

Scheme II-42. The synthetic routes for synthesized bio-based bicyclic cycloaliphatic epox-
ides.Ina) N1, b) N2 and c) N3.

In summary, the use of cycloaliphatic epoxy monomers in cationic photopolymeri-
zation has shown promise, providing benefits compared to conventional free radical
polymerization methods. Various researchers are currently synthesizing new monomers
for advanced applications, with the chemical structures and starting materials relying on
the research purpose. The reader will see later that incorporating IL moieties into the cy-
cloaliphatic monomers is a potential approach to afford emerging properties to thermoset

materials.
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4.3. Ionic Liquids & Light: A Possible Wedding?
4.3.1. Light Absorption and Photostability of ILs

Designing ILs that can eventually photopolymerize requires an understanding of the
photochemical behaviour of the ILs and the effect of ILs on the photochemical reactions oc-
curring in these media.3% Indeed, the importance of the photophysical behaviour of ILs
starts at the very beginning of the polymerization reaction with the absorption and genera-

tion of reactive species.301

The primary point to verify is the light absorption by ILs. Most ILs do not absorb in
low wavelengths of the UV region and are completely transparent in the visible region.302.303
Aliphatic cation-based ILs tend to be colorless and have typical absorption spectra with very
low extinction coefficients in the UV and visible regimes. Contrarily, the imidazolium ILs
exhibit strong absorption between 200 and 300 nm due to the presence of the aromatic
nature of the imidazolium and the consequent  -t* transition.304¢ The maximum absorption
peak usually is at about 210 nm. Above 260 nm a shoulder is very often observed, passing
into a long tail, well beyond 400 nm. Interestingly, the UV absorption spectra of ILs in vapor,
liquid and aqueous phase have shown that the spectra are very similar, suggesting that the

IL structure in vapor state is identical to the IL structures in solution.305

The literature on photochemical reactions involving ILs is very scarce, although a
few examples exist.304306 Considering the chemical nature of the ILs, it is probable that due
to their polar character, ILs will influence the photochemical reactions leading to the pro-
duction of initiating radicals. Type Il systems are expected to exhibit a noticeable impact,

which involves stabilizing charged species and radicals followed by proton transfer.

For instance, the photoreduction of benzophenone (BP) by ILs was investigated.307
The rate constants of hydrogen abstraction from ILs were sensibly lower than those ob-
served in conventional solvents. This is probably because the activation energy for the hy-
drogen abstraction from imidazolium-based ILs is significantly higher than that observed in
conventional solvents. The deprotonation of imidazolium ILs can yield a reduction in the
stabilization of intermolecular interactions. Nevertheless, imidazolium ILs cannot be con-

sidered inert or spectators in photochemical reactions.

Measurements of reduction reaction induced by light in the presence of imidazo-
lium-ILs also corroborate this reasoning. It was observed that methylene blue and anthra-

quinone could deprotonate the imidazolium probably via an electron transfer reaction.308
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In this context, Yang et al. observed the polymerization of aniline using 1-Butyl-3-
methylimidazolium hexafluorophosphate [bmim]PFs as the solvent (Scheme 11-43).399 Ac-
cording to the proposed mechanism, [bmim]* undergoes photoexcitation, forming
[bmim]2+ radical cations. These radical cations then oxidize aniline to its radical cations,
which can combine through a head-to-tail coupling to produce dimers. The dimers are sub-
sequently oxidized to form quinoid units, which can be deprotonated to generate nitrenium
ions. These ions can then react with an aniline monomer to produce trimers. The reaction

can continue, leading to the formation of oligomers and, ultimately, to polyaniline.

4o

NH NH,
2 o4 NH, + + +
2 + 2 BMIM —>2©/ + 2BMIM —> N + 2H + 2BMIM
+ H +
NH, NH, NH
. +
@Q +ZBMIM2+—’©\+Q+ 2BM|M+—»©\© T
N ) )
H H H

+ H
NH NH, N
- — QO
) \ NH
H H

Scheme I1-43. The potential mechanism of photoinduced polymerization of aniline in

[bmim]PFs.309

The photostability of ILs plays a crucial role in their use as reaction media or photo-
polymerizable precursors.306310311 However, a limited amount of scientific literature is
available on this subject. To the best of our knowledge, only a few studies have explored the

photostability of ILs based on imidazolium.

According to Gordon et al, exposure of [bmim]PF¢ to wavelengths of 300 nm or
above does not result in any alterations in the UV spectrum.31® However, when subjected to
254 nm light, new bands emerge, and the sample takes on a colored appearance. The au-

thors did not elucidate the chemical structures of the molecules formed.

Reynolds et al. observed no sign of chemical reactions when imidazolium ILs were
irradiated for 24h using a medium-pressure Hg lamp at room temperature.31! Pagni has de-
scribed photoinduced electron transfer in RTILs. This report, among others, found that the
conducting nature of ILs provided an excellent medium for generating and stabilization of

radical ions.312

Recently, Takahashi and Katoh reported on the photodegradation of two ILs.313
[bmim] NTf; and [bmim]I underwent complete degradation when exposed to 220 and 280

nm pulsed laser. The degradation of these compounds is believed to be one of the primary
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channels of excited [bmim]*, but this action remains stable for only a few nanoseconds when
bmiml is irradiated. The nature of the species produced after one-photon photolysis of var-

ious imidazolium ILs is not yet fully elucidated.

Although some studies have reported high stability of ILs under light exposure, re-
ports suggest the opposite, particularly for ILs derived from imidazolium.314 Hence, addi-
tional investigation is required to study the photostability of these ILs by examining various

parameters such as wavelength, light power, and exposure time.

Indeed, during this doctorate research project, several pieces of evidence suggested
that imidazolium-ILs become more reactive under visible-light exposure. Although there is
insufficient evidence to confirm this, it is believed that light exposure facilitates the depro-
tonation of imidazolium-C2, which leads to the formation of a carbanion and, subsequently,
an N-heterocyclic carbene. Carbenes can act as nucleophiles and electrophiles, thus making
them capable of undergoing dimerization reactions. Notably, while synthesizing one of the
IL monomers, the dimer of an imidazolium-IL was isolated, but this result has not yet been

published.
4.3.2. The Potential of Photopolymerizable Ionic Liquids

This section presents the synthesis and properties of photopolymerized ILs, focus-

ing on strategies for monomer design, material fabrication, and their applications.

The tunable nature of ILs has led to the development of numerous photopolymeriz-
able monomers.315-318 Fig. I1-12 displays a selection of possibilities for photopolymerizable
monomers and crosslinkers.31¢ Importantly, the photoinitiators employed are the same as

those previously presented earlier for conventional photopolymerization.

For the monomers, vinyl and (meth)acrylate derivatives are the most widely used,
encompassing phosphonium,315 imidazolium,31%320 and ammonium32! varieties. These mon-
omers are typically copolymerized with crosslinkers to produce durable and insoluble ma-
terials. Neutral crosslinkers, such as TEGDMA and DVB (Fig. 11-10), are frequently used,
even if they reduce the network's ion content. Alternatively, several IL crosslinkers have

been developed to maintain high-ion content while introducing crosslinks.316322
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Figure II-12. In developing polyelectrolytes using UV-curing processes, the employment of

a) photopolymerizable ILs and b) reactive dilutants to adjust viscosity are essential factors.

Guterman's research group, now based at the Max Planck Institute, significantly con-
tributed to designing novel photopolymerizable ILs. They, for instance, designed and syn-

thesized a phosphonium-based IL for a specific coating application (Scheme I1-44).315

OH R A aas

K/\P/\/\OH o TN /\/\OH 15mo|% DMAP g\\\\

—_—

DMF
60 °C

48 hours
16 hours
OH

Scheme I1-44. The synthetic route proposed by Guterman et al. to accomplish the synthesis

of the phosphonium-based IL. monomer.

This coating could be easily applied within minutes using a roll-to-roll process. They
quantified the charges on the coating surface by conducting an anion exchange using nano-
crystals of [AuzsLig]~ (L = SCH2CH2Ph). Interestingly, the nanocrystals remained intact, pre-
serving their photophysical properties. The researchers have determined the loading of
[AuzsL1s]- and established the complete reversibility of loading and unloading of the intact

nanocrystals in the polyelectrolyte surfaces.

Using a similar phosphonium-based IL, the same authors produced antibacterial
films. They have shown that by introducing the phosphonium moiety by UV-curing proce-
dure, the resulting films exhibited remarkable bactericidal activity and avoided bacterial

growth.317

Remarkably, these poly(ILs) materials have applications beyond coatings. For ex-
ample, they can be utilized to develop gel polymer electrolytes for proton exchange mem-
brane fuel cells. Proton exchange membrane fuel cells are electrochemical devices that can

convert chemical energy into electrical energy.
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Aiming to develop fuel cell membranes, Mecerreyes et al. employed a photopoly-
merizable imidazolium-IL dopped with a non-reactive and common IL (Fig. II-13).323 The
chemical affinity between these two materials resulted in stable, flexible, and transparent
membranes. The researchers analyzed the effect of temperature and the quantity of non-
polymerizable IL on ionic conductivity and fuel cell performance. The results of fuel cell
tests and ionic conductivity experiments indicated that these IL-based membranes have

great potential as proton exchange devices.

a) b)

IO

0 o Q
' i h o 1
F3C—§—O S—OH F3C—§—O J_fﬁ_OH
I
0 0 — 0]
@NJ_FO [N
NN\\V N

Figure II-13. The IL precursors employed by Mecerreyes et al. for developing membranes.
In a) the photopolymerizable imidazolium-IL and b) an additive based on imidazolium-

1L.323

More recently, few studies have been reporting the photopolymerization of IL. mon-
omers preserving the crystalline character of the monomers. In 2007, Firestone and col-
leagues designed and synthesized a photopolymerizable IL with methylimidazolium and ac-

rylol moieties tethered by an eight-carbon chain ([AcrCsmim+*][Cl])( Scheme II-45).324

a)
EtsN
CI/\/\/\/\/OH + C N C|/\/\/\/\/OT(\
0 CH3CN, rt 0
S /\/\/\/\/O
C|/\/\/\/\/OWK\ . \N/\\ CH3CN \N\'(D?,N WW/\
I N socc P ©

b)
P Ol At Ho — o N/EEN/\/\/\/\/O
/A NN TN + _ A
\N\®/’N SR 2h = 0
= O O 21 % Cl
Cl [AcrCgmim*][CI] (wiw) Poly[AcrCgmim*][CI]

Scheme II-45. In a) the synthetic route proposed to obtain acrylate-based IL monomers

and b) their further photopolymerization.

The new monomer was used to develop biomimetic liquid crystalline hydrogels. The
authors observed that the IL. monomers self-assemble in the presence of water and tend to
polymerize when exposed to heating. Without an initiator, UV irradiation triggered photo-

polymerization, forming a hydrogel that could support itself.
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The hydrogel possessed enhanced self-assembly properties compared to its precur-
sor material. They also have shown by small-angle X-ray scattering (SAXS) that the hydro-
gels possessed an ordered lamellar bilayer liquid crystalline structure. The bilayers are sim-
ilar to the structure of a cell wall in that they contain both hydrophobic and hydrophilic
areas. The polymer underwent a reversible swelling of almost 200 times its original volume
when it was exposed to water. This caused a change in its morphology from an ordered to a
highly disordered lamellar structure while still maintaining its multi-bilayer ordering. The
swelling was found to be most significant with water, but other solvents, such as ethanol,

were also observed to induce swelling to a lesser extent.

Timothy Long and coworkers proposed the synthesis of a vinyl-derivative phospho-
nium IL as photopolymerizable monomer for micro stereolithography application.318 This
process has the advantage of requiring low UV light intensity and providing high digital res-
olution. Adjusting the phosphonium monomer concentration and diacrylate crosslinking
comonomer (Scheme II-47), accurate 3D design and excellent polymer properties can be
achieved. Thermal properties and solvent extraction confirmed the formation of a polymer-

ized IL network, with gel fractions exceeding 95%.

a) = =
5 eq LINTf,N
@ ©)
R Acetone, 23 °C R NTf2
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Scheme I1-47. In a) the ionic exchange performed to obtain the phosphonium IL precursor

and b) its further polymerization.
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The resulting crosslinked materials exhibited a unique combination of desirable
properties, including high thermal stability, tunable glass transition temperature, optical
clarity, and ion conductivity. These properties made them ideal for emerging electro-active
membrane technologies since they also demonstrated promising ionic conductivity behav-

ior, 318

Ongoing research is being conducted to discover new photopolymerizable ILs using
acrylate and dimethyl acrylate.325 In recent work, Strehmel and colleagues synthesized
novel methacrylates and dimethacrylates that contained ammonium moiety and various an-
ions bis(trifluoromethylsulfonyl)imide (NTf;), tris(pentafluoroethyl)trifluorophosphate
(FAP), triflate (TFI), and tri-fluoroacetate (TFA). They demonstrated that the type of anion
influenced melting point and photopolymerization kinetics more than the cation counter-
parts. Photo-DSC experiments revealed significant differences in the reaction rate and final
conversion depending on the polymerization techniques, namely, bulk or polymerization in
solution. The chemical structure of the IL was found to be equally important. The results
showed that NTf; or FAP are more preferable than TF]l and TFAc for photoinitiated polymer-
ization due to their faster reaction rates and higher final conversion. Interestingly, when an
IL methacrylate with the same anion as the IL dimethacrylate was present during the pho-
toinitiated polymerization of the latter, the final conversion increased. This could be due to
a lower crosslink density of the network formed, resulting in higher mobility during the

crosslinking process.

Up to this point, it has been noted that there is significant research on the design and
synthesis of novel photopolymerizable ILs. By examining the existing scientific literature, it
is remarkable that acrylates, methacrylates, and vinyl derivatives are the main functionali-
ties used for this purpose. To date, there is no report of epoxidized ILs being photopolymer-

ized by the cationic pathway, which prompted us to focus our research on achieving that.

5. Conclusion of Chapter Il

In recent decades, ILs have gained significant importance in material science, offering a
versatile platform for tailoring and inducing novel properties. Numerous studies have fo-
cused on synthesizing IL-based monomers and developing materials using various
polymerization techniques. However, integrating these IL-based monomers and developing
and characterizing these materials remain relatively underexplored in the existing litera-
ture. Additionally, several works have described the incorporation of cleavable groups into
polymers to enhance sustainability. However, these approaches often rely on harsh and en-
vironmentally hazardous conditions. Furthermore, they face challenges obtaining materials

with excellent properties and effectively valorizing the resulting degraded products. In the
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realm of photopolymerization, the published literature has primarily focused on the free-
radical polymerization of vinyl-derivative monomers, leaving the possibility for developing
novel cationic photopolymerizable monomers. Taking inspiration from these advance-
ments, our work strives to integrate computational chemistry, organic synthesis, material
science, and green chemistry. We aim to create high-performance thermosets and compo-
sites that exhibit enhanced properties and a reduced environmental impact. Through this
interdisciplinary approach, we aim to address the existing knowledge gaps in the literature,
contribute to the progress of materials science, and lay the foundation for the development

of more sustainable thermoset materials.
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1. De la conception de nouveaux monomeres liquides ioniques tri- et té-
tra-époxydés a la fin de vie des thermodurcissables époxy multifonc-
tionnels dégradables

1.1. Résumé

Récemment, la conception et le développement de thermodurcissables époxy mul-
tifonctionnels ont motivé la recherche sur de nouveaux monomeéres époxy dégradables.
Dans cette étude, des monomeres d'imidazolium tri- et tétra-époxydés ont été congus avec
des groupes ester clivables et synthétisés a 1'échelle du multigramme (jusqu'a 100 g), pro-
duisant des liquides ioniques a température ambiante (LIs). Ces monomeéres ont été utilisés
comme éléments constitutifs moléculaires et durcis avec trois amines primaires de réacti-
vités différentes ; conduisant a 1'obtention de six architectures distinctes de réseaux. Dans
I'ensemble, les réseaux époxy-amine obtenus présentent une haute stabilité thermique (>
350 °C), d'excellentes propriétés mécaniques combinées a un comportement de mémoire
de forme, des températures de transition vitreuse (T,) allant de 55 a 120 °C et une dégrada-
bilité compléte dans des conditions douces. De plus, des simulations en dynamique molécu-
laire ont été effectuées dans le but d'étudier les interactions moléculaires lors de la polymé-
risation, basée sur la réaction de polyaddition, puis pour prédire les propriétés thermomé-
caniques et mécaniques des réseaux. Ainsi, ce travail lie la chimie computationnelle, la syn-
thése organique et la science des matériaux pour développer des réseaux performants et
plus respectueux de I'environnement dans le but de répondre aux exigences de 1'économie

circulaire.

Mots-clés : Polymeéres thermodurcissables, Conception moléculaire, Simulations dyna-

miques moléculaires, Conception pour la dégradation
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2. From the Design of Novel Tri- and Tetra-Epoxidized Ionic Liquid Mono-
mers to the End-of-Life of Multifunctional Degradable Epoxy Thermo-
sets

2.1. Abstract

The design and development of multifunctional epoxy thermosets have recently
stimulated continuous research on new degradable epoxy monomers. Herein, tri- and tetra-
epoxidized imidazolium monomers were rationally designed with cleavable ester groups
and synthesized on a multigram scale (up to 100g) yielding room-temperature ionic liquids
(ILs). These monomers were used as molecular building blocks and cured with three pri-
mary amine hardeners having different reactivities, leading to six different network archi-
tectures. Overall, the resulting epoxy-amine networks exhibit high thermal stability (>350
°C), excellent mechanical properties combined with a shape memory behavior, glass transi-
tion temperatures (Tg) from 55 to 120 °C and complete degradability under mild conditions.
In addition, non-polarizable, all-atom molecular dynamics (MD) simulations were applied
in order to investigate the molecular interactions during the polyaddition reaction-based
polymerization and then to predict the thermomechanical and mechanical properties of the
resulting networks. Thus, this work employs computational chemistry, organic synthesis,
and material science to develop high-performance as well as environmentally friendly net-

works to meet the requirements of the circular economy.

Keywords: Thermoset Polymers, Molecular Designing, Molecular Dynamic Simulations, De-

sign for Degradation
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3. Introduction
Designing multifunctional and sustainable polymer materials that can be reusable
and recyclable is needed urgently to meet the requirements of the circular economy.-3 No-
tably, the circular economy does not reduce itself to recycling useless products but also
stimulates maximum usage of each material during its lifecycle.245 Therefore, rationally de-
signing degradable thermosetting polymer that can be re-used or re-incorporated in other
materials at its end-of-life reduces thermoset waste to the minimum since these degraded

materials are maintained in the economy wherever possible.367

Rational molecular design is an attractive strategy to create and introduce molecular
brick subunits into networks facilitating the appearance of aimed functions.z8-10 This mo-
lecular design approach is also essential to ensure that these materials have sustainable
end-of-life, corroborating the concept design to degrade.11-14 Their controlled degradation
produces oligomers or monomers that can be used to build new multifunctional networks

re-feeding a sustainable circle.15-17

Epoxy-amine polyaddition reaction is commonly used to create versatile and tuna-
ble thermosets with easy-to-source and tailor prepolymers.18-21 Moreover, the ability to cus-
tomize both the epoxy prepolymer and the amine hardener used allows the creation of
adaptable networks for specific applications.1?2! Due to their excellent thermal and me-
chanical properties, durability, and flexible nature, there have been several applications for
these networks in industrial settings ranging from adhesives, coatings, electronics, automo-
tive, and aerospace to 3D printing applications.?2-2¢ Currently, bisphenol A diglycidyl ether
(DGEBA) is the most commonly used epoxy prepolymer industrially for thermosetting pol-
ymers.2>26 However, DGEBA precursors and derivatives are reported as estrogen and an-

drogen receptor antagonists and thus represent a risk for humans and the environment.2?

Despite the outstanding features of the conventional thermosetting epoxy resins,
there are two essential aspects that have been largely neglected: recyclability and sustaina-
ble treatment of waste.152829 Unlike thermoplastics, thermosetting polymers are highly
crosslinked networks, which, while providing them exceptional physical and chemical
strength makes them particularly difficult to recycle.17.3031 Consequently, a significant quan-
tity of non-recyclable epoxy waste is accumulated in landfills.3233 To manage this, pyrolysis
and mechanical degradation are commonly employed in industry.34 Although these strate-
gies are potentially scalable, they are extremely energy-consuming as well as causing air

and soil pollution.34
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To address this issue, extensive research has been undertaken employing supercriti-
cal solvents, catalysts, and acids or bases to degrade these thermosetting networks.29.3536
Okajima and coworkers used supercritical methanol at 270 °C under elevated pressures to
recover carbon fiber from epoxy composites.36 Other authors reported a recycling approach
for anhydride-cured epoxy networks by using alcohol with the presence of a catalyst induc-
ing a transesterification reaction.37-39 After soaking and swelling networks in the presence
of a transesterification catalyst, the epoxy network can be decomposed after many hours at
higher temperatures (> 150 °C) and re-polymerized, extruded, injection molded or com-
pression molded through vitrimerization process. Qi and co-authors explored the potential
for 1,5,7-triazabicyclo[4,4,0]dec-5-ene (TBD) as an organic base and ethylene glycol (EG) to
depolymerize anhydride-epoxy materials at ambient pressure and elevated temperatures
(around 180 °C) leading to diester and tetra-alcohol by-products.33 More recently, Liu et al.
chemically dissolved conventional epoxy resins by using a highly concentrated nitric acid
solution and an ultrasound-microwave.2 Such recycling methodologies are inconvenient
from an industrial point of view because they operate under elevated pressures or temper-

atures and require the use of expensive catalysts or highly hazardous chemicals.15163240

For the first time, this study proposes the design of molecularly engineered tri- and
tetra-epoxidized imidazolium IL monomers with esters as cleavable linkages to create mul-
tifunctional degradable networks. Prior to now, very few studies were dedicated to the de-
velopment of efficient synthetic routes for epoxy imidazolium monomers and to the best of
our knowledge, no works reported this approach.442 Gin et al. used an epichlorohydrin-
based route to synthesize diepoxidized imidazolium monomers as precursors of epoxy-
amine membranes for gas separation applications.43 While in contrast, other authors utiliz-
edepoxy monomers based on quaternary ammonium or triazolium cations to build low T,
solid electrolytes with increased ionic conductivity.44-46 In 2017, our research group pre-
sented an efficient synthetic route without using epichlorohydrin and bisphenol A deriva-
tives to synthesize mono- and di-epoxidized ILs.*” From this versatile methodology, we de-
signed different epoxy-amine coatings based on diepoxidized IL monomers.*8 These net-
works exhibited hydrophobic behavior, antibacterial properties, and mechanical perfor-

mances similar to DGEBA-based materials.48

Previous theoretical studies have suggested that the key role in the polymerization
of the epoxy-amine networks was the ability of strong hydrogen bonding to occur between
the amine group and the oxygen in the epoxy group.4® This interaction was hypothesized to
be the trigger for the autocatalytic opening of the epoxy group to allow amine addition to

the carbon, thus causing the polymerization to take place.>? Whereas this is the predominant
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mechanism at room temperature, it should be noted that this is not the only possible reac-
tion at higher temperatures favoring noncatalytic reactions due to the higher kinetic energy
present.5! In this study, we investigated the effect of the chemical nature of IL epoxy mono-
mers on the thermodynamics of the amine addition with the potential increase of interac-
tion between the epoxy monomer and the amine. For these reasons, we have selected three
amine hardeners with 3 different reactivities, namely Jeffamine D230 (D230), 4,4-dia-
minodicyclohexylmethane (PACM) and sulfanilamide (SAA). Thus, non-polarizable MD sim-
ulation was used to investigate the molecular interactions between amine groups and these
novel tri- and tetra-epoxidized IL monomers. In addition, all-atom MD simulations were
performed to predict the thermomechanical and mechanical properties of the resulting net-

works and the results were compared with our experimental data.

This study combines MD simulations, organic synthesis, and material science to de-
velop multifunctional degradable shape-memory epoxy networks. Based on a computa-
tional-assisted approach, we tuned the degradability, thermal stability, and mechanical

properties, providing high-performance environmentally friendly epoxy networks.

4. Experimental section

4.1. Materials
All reagents were purchased from Sigma Aldrich, and were used without further pu-
rification. All solvents including anhydrous solvents were purchased from Carlos Erba and
used as received. Tetrahydrofuran and dichloromethane in anhydrous gradewere obtained

in sealed flasks and used under nitrogen atmosphere.

4.2, Synthesis of tri- and tetra-epoxidized IL monomers

The tetra-epoxidized IL and tri-epoxidized IL. monomers were synthesized on a mul-
tigram scale (up to 100g) in five and four steps, respectively (see Scheme III-1). To accom-
plish the synthesis of the tetra-epoxidized IL monomer, compound 1 was synthesized at a
949% yield by slowly dropping bromoacetyl bromide (1.3 eq., 115 mmol, 10 mL) into a mix-
ture of 3-cyclohexene-1-methanol (11.6 mL, 89 mmol) and pyridine (1.5 eq., 11 mL, 134
mmol) under an inert atmosphere at 0 °C for 2 h. In the presence of potassium carbonate (2
eq., 0.25 g, 1.8 mmol), imidazole (1.2 eq., 0.07 g, 1.0 mmol) and 1 (0.2 g, 0.86 mmol) were
stirred in acetonitrile (4 mL) overnight at 80 °C, resulting in a 62% yield of 2. Compound 2
was purified by column chromatography, employing a gradient of ethyl acetate in n-hexane,
from 0 to 50% (v/v). Subsequently, compound 2 (0.1 g, 0.45 mmol) was dissolved in ace-
tonitrile (1 mL) and 1 (1.2 eq., 0.127 g, 0.55 mmol) was added dropwise. The reactional
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mixture was stirred overnight at room temperature and subsequently precipitated into di-
ethyl ether. The ion exchange was carried out by solubilizing compound 3 (0.19 g, 0.68
mmol) in water (4 mL) at 80 °C and adding an aqueous solution of bis(trifluoromethane)sul-
fonimide lithium salt (2 eq., 0.395 g, 1.36 mmol). The reactional mixture was left to stir at
room temperature for 12 h. From the aqueous phase, product 4 was extracted five times
with 35 mL of dichloromethane yielding 4 in 96%. Product 5 was synthesized by the classi-
cal Prilezhaev reaction with mCPBA (6 eq., 0.525 g, 2.3 mmol), in acetonitrile at 40 °C for 72
h. The crude material was solubilized in a small quantity of dichloromethane and precipi-
tated into a mixture of diethyl ether and petroleum ether (50:50) (v/v). Tetra-epoxidized IL
monomer was obtained as a transparent, colorless, and viscous oil, with purity confirmed
by 1H, 13C, 19F and 2D NMR techniques, IR, and HRMS (ESI*) which showed its corresponding
ion peak 437.19188 for calcd. C21H20N204 [M]*: 437.19184. To synthesize the tri-epoxidized
IL monomer a straightforward methodology was also employed. Compound 6 was synthe-
sized through a nucleophilic substitution in tetrahydrofuran (100 mL) using 4-bromo-1-bu-
tene (1.2 eq., 6.35 mL, 62.5 mmol), sodium hydride dispersion at 60% in mineral oil (2 eq.,
4.17 g, 104 mmol) and imidazole (3.54 g, 52 mmol) under an inert atmosphere. This reaction
was quenched with methanol at 0 °C and it was purified by column chromatography using
a gradient of methanol in chloroform from 0 to 4%. Then, previously synthesized ester 1
(1 eq. 0.2 g, 0.86 mmol) was added dropwise to 6 (0.1 g, 0.86 mmol) in acetonitrile yielding
product 7 at a yield of 99%. Afterwards, the anion exchange was carried out solubilizing 7
(0.24 g, 0.68 mmol) in water (13 mL) at 80 °C and by adding a solution of bis(trifluoro-
methane)sulfonimide lithium salt (2 eq., 0.395 g, 1.36 mmol) to result in a yellowish viscous
oil. Finally, compound 8 (0.3 g, 0.56 mmol) was epoxidized by mCPBA (6 eq., 0.76 g, 3.3
mmol) at 40 °C in acetonitrile (40 mL) to give molecule 9. Tri-epoxidized IL. monomer was
obtained as transparent and colorless oil, and the efficiency of the synthesis was confirmed
by tH, 13C, 19F and 2D NMR techniques, IR, and HRMS (ESI+) that revealed its corresponding
ion molecular peak 323.1600 for calcd. C16H23N20s [M]*: 323.1601.
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Scheme III-1. Synthetic route used to obtain the IL. monomers.

4.3. Epoxy Network Preparation
The IL monomers were polymerized with selected nitrogen nucleophiles i.e. an ali-
phatic, cyclic or aromatic primary amine. These amines are Jeffamine-D230 (D230), 4,4-Di-
aminodicyclohexylmethane (PACM), and 4-Aminobenzenesulfonamide (SAA), shown in Fig.
III-1 and are known to have varied reactivities due to their diverse steric hindrance and

electronic effects.

a H N || NHZ
ekt L™ J@F
X

x~25
D230 PACM

Figure III-1. Chemical structures of the three hardeners a) D230, b) PACM, and c) SAA.

The corresponding hardeners were mixed homogenously with the tri- and tetra-
epoxidized IL. monomers 5 or 9 in a stoichiometric ratio, i.e., epoxy to amino hydrogen equal
to 1 in order to prepare the epoxy-amine networks. D230 and SAA were thoroughly mixed
with both monomers in a single-step process. PACM was heated to 40 °C for 30 minutes to
ensure complete melting and was subsequently mixed with the monomers. Following this,
the epoxy-amine mixtures were poured into silicone molds, and the corresponding curing

protocol was used according to Table III-1.

Table III-1. Curing protocols determined for the curing of the epoxy-amine networks.
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D230 PACM SAA

Triepoxy 9 6h 80 °C 4h 80 °C
or 6h 160 °C 4h 160 °C
24h 175 °C
Tetraepoxy 2h 180 °C 2h 180 °C
5
4.4, Characterization methods

Nuclear Magnetic Resonance (NMR) Techniques. 1H, 13C, 19F and two-dimensional
NMR spectra were recorded on a Bruker Avance I1I 400 MHz spectrometer. The chemical
shifts are expressed in ppm relative to internal tetramethylsilane for 'H and 13C nuclei, and
coupling constants are indicated in Hz. The abbreviations for signal coupling are assigned
as follows singlet (s), doublet (d), doublet of doublets (dd), triplets (t), quartets (g), quintet
(qt), multiplet (m), and broad signal (b). Additional two-dimensional NMR experiments
(COSY, HSQC, HMBC) were employed to accurately assign the signals to the different pro-

tons and carbon atoms.

High Resolution Mass Spectra (HRMS). High-resolution mass spectra were acquired
using a Micromass-Waters Q-TOF Ultima Global mass spectrometer through the Elec-
trospray lonization (ESI) technique. The samples were prepared in methanol or acetonitrile
and injected directly into the mass spectrometer. Before each analysis, the spectrometer

was externally calibrated with phosphoric acid in the range of 98 to 1300 m/z.

Fourier Transform Infrared Spectroscopy (FT-IR). The FT-IR spectra were recorded
using a Nicolet Magna 550 spectrometer under the attenuated total reflection (ATR) mode.
The spectra were acquired over 32 scans with a spectral resolution of 4 cm-! from 4000 to

500 cm! at room temperature.

Thermogravimetric Analyses (TGA). The thermal stability of IL. monomers and the
resulting networks were investigated through TGA using a Q500 Thermogravimetric Ana-
lyzer (TA Instruments). The samples were heated from 30 °C to 800 °C at arate of 10 °C min-
Lunder a nitrogen atmosphere. The thermograms are expressed in terms of the percentage
of remaining mass as a function of temperature, allowing the determination of onset (TJ)

and maximum (T}4X) degradation temperature.

Differential Scanning Calorimetry (DSC). The IL monomers in the presence of the
hardeners, as well as alone, in addition to the resulting networks were analyzed by DSC.
This analysis was carried out using a Q10 Calorimeter (TA Instruments) employing the dy-

namic mode with a heating rate of 10 °C min-! from -70 °C to 250 °C under nitrogen flow.
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The DSC technique was employed to determine the glass transition temperatures (Tg) of the

six resulting networks.

Dynamic Mechanical Analysis (DMA). The thermo-mechanical properties of the
epoxy-amine materials were investigated by DMA. An ARES G2 Rheometer (TA Instru-
ments) equipped with a torsional fixture module was initially employed to determine the
linear viscoelastic region of each material. Then, rectangular-shaped samples with dimen-
sions of 30 x 4 x 1.5 mm3 were analyzed with a heating rate of 3 °C min-! from -100 up to
250 °C at the frequency of 0.5 Hz. Storage Modulus G' was acquired and expressed in a log-
arithm scale to emphasize the molecular transitions. The loss factors tan § were measured

for the same interval and reported on a linear scale.

Transmission Electron Microscopy (TEM). The morphology of the networks was as-
sessed using a Phillips CM 120 microscope operated at 120 kV. The samples were prepared
by slashing ultrathin sections using an ultramicrotome equipped with a diamond knife. The
samples were obtained as thin layers using an ultramicrotome equipped with a diamond
knife. The ultrathin polymer layers were set on the TEM grids (Carbon Film-Copper, 300
mesh, EMS) and analyzed. The sample morphologies were investigated at micro- and nano-
scales. The images were acquired using the Olympus imaging system equipped with a Can-
tega G2 camera 2048 x 2048 pixels, 14 bits). The images were processed, and the scale bars

were included on the iTEM software.

Surface Energy Test. The contact angle and surface energies of the resulting epoxy-
amine networks were measured through the sessile drop technique using a Digidrop-GBX
Goniometer. Water and diiodomethane were used as liquid probes, and the dispersive and
non-dispersive components of the surface energy were determined by using Owens-

Wendt's theory.52

Shape Memory (SM). The samples were placed in the oven at their corresponding
deformation temperatures (Tq4) for 45 minutes. Once the thermal equilibrium was reached,
the samples were bent using a U-shaped mold. Then, the samples were cooled down to room
temperature, retaining the U-shape by an external force for 5 minutes. Subsequently, the
external force was removed, and the fixed bending angles were measured (6y). The samples
were re-heated up to 100°C, the initial shapes were gradually recovered, and at the end of
this cycle, the recovered angles were registered (6,-). The SM parameters were measured by
determining shape fixity (Rs) and shape recovery ratio (R,) through equations 1 and 2, re-

spectively.
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Chemical Degradation Methodology. A chemical recycling methodology was devel-
oped by employing trihexyltetradecylphosphonium cation and bis(2,4,4-trimethylpen-
tyl)phosphinate anion (IL104) as catalyst and ethylene glycol (EG) as solvent. Rectangular
samples (15 x4 x 1.5 mm3, 100 mg) were placed into closed glass vials. A hot plate magnetic
stirrer coupled to a module Labortechnik Variomag 40ST was employed to heat the systems
to 200 °C for 4.5 hours. Six different IL104:EG ratios were evaluated (100:0, 20:80, 10:90,
5:95,1:99 and 0:100 in wt%). In constant intervals, the evolution of the degradation process
was visually monitored. At the end of the process, the degradation activities were deter-
mined for the different conditions, and the degradation products were systematically char-

acterized by NMR spectroscopy and HRMS.

At the end of the recycling procedure (4.5 h), the residual mass was weighed, and
the degradation activity was determined using Equation 3, where m; and my are the initial

and final mass, respectively. All the experiments were carried out in triplicate.

Rf ="t 100% 3)

mj
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4.5. Simulation Methods
Investigation of Molecular Interactions

Non-polarizable Molecular Dynamics (MD) was applied using the LAMMPS software
package to give a large-scale picture of the interactions between amine groups and epoxy
groups.53 The systems were constructed using the 3 amines studied experimentally, D230,
PACM and SAA, with tri- and tetra-epoxidized cations, and bis(trifluoromethane)sul-
fonimide (NTf;) anions. In addition to the tri- and tetra-epoxidized imidazolium cations, an
uncharged version with imidazole was also studied, as well as imidazolium substituted with
a butyl chain. The set of epoxy molecules being studied is shown in Chart 1. For the imidaz-
olium group on the epoxy monomer and for NTf, parameters from the CL&P forcefield were
used.>* In the ester, epoxy, non-charged epoxy imidazolium and alkyl chain components of
the epoxy monomer, as well as the D230, PACM and SAA, parameters were obtained using
QM calculations to determine the partial atomic charges as well as the bond lengths and
angles with non-bonding Lennard-Jones parameters taken from the OPLS-AA forcefield.55
Charges were found using the Charges from Electrostatic Potentials using a Grid-based
(CHELPG) method, and equilibrium angles and bond lengths were found through optimiza-
tions using the B97-D3 functional with Dunning’s cc-pVDZ basis set, as had been used for
the IL parameters in the CL&P model. In the case of D230, a length of x = 1 was applied to
reduce computational costs of repeated ether groups not participating in interactions of in-
terest.56-58 Systems were run using 300 of each epoxy imidazolium, NTf; and the amine to
simulate the experimental conditions. An equilibration run of 2 ns in NpT was carried out
to attain an equilibrium system state, then used as initial configuration for a 10 ns produc-

tion run which was used for analysis.

The probability of interaction can provide insight to the likelihood of amine groups
and epoxy groups to be in a position for polymerization to occur. Radial distribution func-
tions (RDFs) were used to determine the probability of the amine to be present at a given
distance from an epoxy group. The distance was measured from the center of mass of the
epoxy group to the nitrogen of the amine. RDFs were also taken for the spatial correlations
between the amine group and the NTf; anion to determine the interaction between these
two components and ascertain if this was significantly reducing the probability of the amine
interacting with the epoxy groups. In this instance the oxygen was used as the reference
atoms in NTf,, with the nitrogen of the amine again used for the amine. The integral of each
of these RDFs up to the first minima, defined as the end of the first solvation shell was used
to determine the coordination number of each chosen site. In addition to RDF analysis, spa-

tial distribution functions (SDFs) were also calculated to determine the region of the epoxy
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with which the amine is interacting, with angular resolution. These diagrams were used to
understand how this may differ for each amine studied, with the lone epoxy group on one
side of the tri-epoxidized imidazolium and the diepoxy groups on the same side of the im-
idazolium ring in the tri- and tetra- epoxidized imidazolium cations, respectively. RDFs and
SDFs were calculated using the TRAVIS5? software package with the hydrogen bond accep-
tor (the epoxy or the NTf; anion) as the reference component and the hydrogen bond donor

(the amine group) as the observed component.
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Chart III-1. Epoxy molecules studied using MD simulations with D230, PACM and SAA, with
a) and b) being the charged imidazolium NTf; epoxy, ¢) and d) being the uncharged imidaz-
ole epoxy and e) and f) being the alkyl chain substituted epoxy molecules. a), b) and c) are

tetra-epoxidized molecules and b), d) and f) are tri-epoxidized molecules.
Predicting the Network Properties

All-atom molecular dynamics (MD) simulations of were performed using the
DREIDING force field.6® The initial structures were generated using the AVOGADRO soft-
ware program.6! The number of ions/monomers for each system was reported in Table III-
S1. The ions/monomers were randomly placed in a cubic simulation cell with periodic
boundary conditions (PBCs) using the PACKMOL software program.62 The initial cubic sam-
ples were generated at low density (200 A in each principal direction) to avoid atomic over-
laps during the packing the ions/molecules. The simulation procedure reported in the liter-
ature was followed to polymerize the liquid precursor mixtures and predict the thermo-
mechanical properties of the resulting polymers.63 More information about the simulation

methodology has been provided in the supporting information.
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5. Results and Discussion

5.1. Design and Synthesis of Degradable Multifunctional Networks

The six networks developed and characterized in this work meet the properties of
epoxy thermosetting materialsé465 with high chemical and thermal stability simultaneously.
These features are mainly provided through the crosslinks present in the networks. These
properties are also closely linked to the challenge of recycling these materials.81664 Indeed,
tri- and tetra-epoxidized monomers 5 and 9 were designed not only to tailor high-perfor-
mance thermosets but also to be degradable or reprocessable. This rational design is aligned
with the principles of Green Chemistry: specifically, the 4th principle of ‘Designing Safer
Chemicals’ and the 10t principle of ‘Designing for Degradation’.211 To achieve these goals,
the IL monomers bear ester bonds that were strategically installed to tune the degradability

under mild conditions regenerating imidazolium-type ILs (Fig. I1I-2).
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Figure III-2. General scheme. (1) Understanding structure-property relationships and me-
chanical property predictions. (2) Molecular tailoring and organic synthesis. (3) Develop-
ment of new multifunctional materials and their characterization. (4) Chemical recycling

and proposed mechanism of degradation.

5.2. Polymerization of the Epoxy-Amine Systems: Investigation of Molecu-

lar Interactions and Reactivity Study (DSC)

Non-polarizable Molecular Dynamics (MD) was applied to have a large-scale picture
of the intermolecular interactions between the amine hardeners and the IL monomers and
compared to the differential scanning calorimetry (DSC) results to further understand the
chemical reactivities of these systems (Fig. III-3). Moreover, the extent of interaction be-
tween the epoxy groups with other epoxy groups from neighboring monomers was also
performed. This analysis is essential because the presence of two exothermic peaks (see
Fig. III-3) can be ascribed to a bimodal behavior corresponding to two different reaction

mechanisms or a two-step mechanism.41.66.67
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Figure III-3. DSC thermograms of the corresponding reactional mixture for a) triepoxy and

b) tetraepoxy. The curves corresponding to the exothermic peak of polymerization (exo up).

These simulations and the radial distribution functions (RDFs) indicate that there
are notable spatial correlations between the amine groups of the three possible amines and
the epoxy groups of the tri- and tetra-epoxidized cations, as well as, to an even greater ex-
tent, with other epoxy groups, which together account for a majority of the epoxy groups
interactions. The strength of the interaction was shown by the coordination number of the
2 types of examined groups, with a higher coordination number indicating a higher proba-
bility of these groups interacting. In the case of the D230 amine, in its interactions with the
tetra-epoxidized ionic liquid (IL) monomer, wherein there is a diepoxy ester group on both
sides of the imidazolium cation, the coordination number of the first interaction was found
to be 0.68, whilst it was slightly larger for both the diepoxy and monoepoxy sides of the tri-
epoxidized imidazolium, wherein its coordination number was found to be 0.72. This slight
variation implies a stronger interaction between the individual epoxy groups of the tri-
epoxidized than the tetra-epoxidized imidazolium cation due to a reduced total number of
epoxy groups concentrating the interaction to those present. These results are confirmed
by the reactivity study performed by DSC, showing two exothermic peaks around 80-85 °C
and 180-200 °C in both cases. However, the DSC curves also show a slight but enhanced

reactivity for the tri-epoxidized IL monomer.

In the case of PACM, the increased steric bulk emphasized the stronger association
between the amine group and the tri-epoxidized imidazolium group compared to its tetra-
epoxidized cation counterpart. This is seen in the coordination number of 0.88 in the di-
epoxy group of tri-epoxidized IL cation in comparison to 0.58 for the tetra-epoxidized cat-
ion, as shown in Fig. I1I-4. The monoepoxy group of the tri-epoxidized imidazolium salt was

found to be even more highly coordinating than the diepoxy, with a coordination number of
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1.02, further indicating the preference of PACM to interact with non-sterically hindered
epoxy groups. Overall, it is evident that the steric hindrance of the epoxy environment plays
a more significant role in PACM than in D230, where the coordination number remained
relatively similar between the tri- and tetra-epoxidized cations. These observations are fur-
ther confirmed by the results that show a single exothermic peak for the tri-epoxidized IL-
PACM system compared to the presence of two exothermic peaks for the tetra-epoxidized

IL-PACM mixture.

However, both systems containing PACM and D230 amines, epoxy groups are shown
to prefer local environments with other epoxy groups instead of with amines. This is shown
by the coordination number of epoxy groups in the tetra-epoxidized IL. monomer being 3.24
and 2.40 for D230 and PACM, respectively. High epoxy-epoxy interactions are also shown
in the diepoxy and monoepoxy groups of the tri-epoxidized IL. monomer, although to a
lesser extent, with, for example, the largest coordination number of the monoepoxy groups
in the tri-epoxidized IL monomer and D230 system being with itself at 1.29. This indicated
that although there is notable interaction between the amine and the epoxy, epoxy groups
prefer similar groups, likely therefore creating strong epoxy-epoxy domains linking these

cations together.
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Figure III-4. Coordination number of tetra-epoxidized imidazolium a) and tri-epoxidized
imidazolium b) epoxy groups with themselves and amines to determine strengths of inter-

molecular interactions.

These results agree with the DSC curves that show a bimodal behavior.685° Indeed,
a competition reaction can occur between the primary and secondary amine-epoxy addi-

tion. Also, a homopolymerization pathway can take place at higher temperatures.414868

In the case of the SAA amine, an increase in maximum coordination number between
the epoxy groups and the amine groups was shown in comparison to other amine harden-
ers. It was also possible to provide further analysis due to the amine groups' asymmetry.
Between the two different amine groups, the amine bonded to the phenyl-derived ring was
found to have a higher coordination number compared to the amine attached to the sulfon-
amide group, with the epoxy groups present in the tetra-epoxidized IL monomer. This was
shown through a coordination number of 0.99 for the SAA amine with the epoxy group in
the tetra-epoxidized IL cation, compared to a coordination number of 0.32 for the sulfona-
mide amine. As with PACM and D230, the tri-epoxidized IL monomer was found to have a
higher coordination number than the tetra-epoxidized IL monomer, with the monoepoxy

group on this cation having the highest coordination number with amines of any of the
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epoxy groups analyzed corroborating the DSC results. The monoepoxy group was found to
have a coordination number of 1.39 with the phenyl amine group of the SAA and 0.56 with
the sulfonamide amine group, with all phenyl epoxy-amine coordination numbers being no-
tably higher than any amine-epoxy interactions in PACM or D230 systems. The significant
difference in coordination numbers between the two amine groups indicates that, while in
PACM and D230 the two amines present are equally likely to interact with the epoxy group
due to their symmetry, the SAA has a clear directionality to which amine is more likely to

undergo polymerization.

To understand the directionality of the interactions inferred through the coordina-
tion numbers previously shown, spatial distribution functions (SDFs) were utilized. As
shown in Fig. III-5, the range of interactions between the epoxy group and the amine group
of D230, as well as its epoxy groups for neighboring tri-epoxidized IL cations are broadly

distributed.

Figure III-5. Spatial distribution functions (SDFs) for epoxy groups in tri-epoxidized imid-
azolium D230 systems with amine groups of D230 (top) and other epoxy groups of tri-epox-
idized imidazolium (bottom). Isovalues used were 10, and the center of mass of the epoxy
ring as the reference point and the nitrogen of the amine (top) and center of mass of inter-

molecular epoxy groups (bottom) being the observed points.

Interactions between amine groups and epoxy groups are shown to be very close-
ranged, with the average distance between the nitrogen of D230 and the center of mass of

the epoxy group of the diepoxy group on tri-epoxidized IL monomer being 3.68 A.
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The epoxy-amine interaction is also shown to be highly directional, with a majority
of density of the amine being adjacent to the oxygen of the epoxy, showing this interaction
is due to hydrogen bonding between the hydrogen bond donating amine and the receiving
epoxy oxygen. In contrast, the epoxy-epoxy interaction was found to be relatively long-
ranged, with the average interaction distance being 4.72 A between two adjacent epoxy
groups (from the diepoxy) in the tri-epoxidized IL. monomer/ D230 system. The direction-
ality of the epoxy-epoxy interaction is seen to be evenly distributed around the oxygens and
the carbons, focused largely on the side facing away from the epoxy group on the same mol-
ecule. A notable gap above the oxygen of the epoxy is also seen, with this being the region
in which the amine-epoxy contacts are located. This indicates that instead of it being a
strong electrostatic interaction as is seen in amine-epoxy, the interaction between 2 epoxy
groups on neighboring tri-epoxidized IL molecules is in the form of dispersion interactions,
which would allow for domains of epoxy groups to form. Although in both PACM and D230,
there is a distinct preference for epoxy-epoxy interactions, as shown by the coordination
number analysis, there is a heavily directional interaction between the amine and the epoxy
groups due to hydrogen bonding which likely allows for polymerization reactions to occur.
Although epoxy-epoxy interactions are preferred from a molecular point of view, DSCs show
that the polymerization kinetics of the epoxy-amine reaction is favored by temperature dur-
ing the curing process. In fact, the homopolymerization reaction of tri- and tetra-epoxidized

monomers occurs only at higher temperatures (260 and 290 °C), as shown by DSC curves.

To determine the effect of the ionic component as well as of the imidazolium ring on
the epoxy interactions, the imidazolium ring was substituted with uncharged imidazole as
well as with an alkyl chain and simulated in the same conditions as the original systems.
RDF results from these systems indicated that, as expected, the coordination number in-
creased without a charged component in almost all instances, due to the NTf; anion being
taken away allowing for other interactions to increase (Fig. III-6). Significantly, the epoxy-
epoxy interactions are seen to account for a majority of the increase in epoxy interactions,
with the epoxy-amine interactions only increasing slightly when the charge is removed. This
is seen in particular in the PACM tetra-epoxidized system, wherein the difference in coordi-
nation number between the systems with imidazolium cation and with the neutral imidaz-
olium is 0.04 for epoxy-amine interactions and 1.69 for epoxy-epoxy interactions, as shown
in Fig. III-5. This result also translates to the tri-epoxidized monomer systems, whereas for
the PACM system the diepoxy-amine and the monoepoxy-amine interactions increased by
only 0.02 and 0.21, respectively, whilst the diepoxy-diepoxy, diepoxy-monoepoxy and the

monoepoxy-monoepoxy increased by 0.41, 0.74 and 0.39, respectively. This trend was also
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observed in the D230 and SAA amine systems, with a higher coordination number found for

epoxy-epoxy interactions and only a slight increase in epoxy-amine interactions.
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Figure III-6. Differences between coordination numbers (ACN) of the uncharged imidazole
epoxy and the alkyl-chain epoxy with the charged cation imidazolium epoxy in the tri-epox-
idized monomer a) and the tetra-epoxidized monomer b), with all epoxy monomers shown

in Chart 1.

When comparing the epoxy imidazolium cations with the neutral alkyl imidazolium
monomers, similar trends are observed to those of the imidazolium cation comparisons to
neutral imidazole, with a majority of the increase in coordination number being attributed
to epoxy-epoxy interactions. The exception to this is the SAA systems, wherein epoxy-epoxy
interactions decrease in the alkyl chain epoxy monomer in comparison to the imidazolium
cation epoxy monomer. To compensate for the epoxy-epoxy decrease, epoxy-amine inter-
actions increase: the epoxy-epoxy coordination number decrease by 0.57 in the tetra-epox-
idized monomer, while the epoxy-phenyl amine and epoxy-sulfonamide amine coordination

numbers increase by 0.66 and 0.27 respectively.

The likely reason for this is the smaller size and highly ionic nature of SAA, enhanc-
ing its ability to interact with amines when the imidazolium ring is not present, to increase
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steric hindrance and provide an addition site for ionic interactions. The comparison of IL
systems to those wherein the IL backbone is removed indicate that, for the PACM and D230
containing systems, the NTf; anion and imidazolium cations portions of the system do not
significantly reduce the epoxy-amine interactions necessary for polymerization to occur, in-
stead only reducing the epoxy-epoxy interactions. In contrast, the SAA systems saw a slight
decrease in epoxy-amine interactions in comparison to the (non-imidazole containing) alkyl
epoxy monomer. This however was found to be due to the decrease of steric bulk and overall
removal of the imidazole ring instead of the removal of the charge. Therefore, the anion and
cation charge present in these monomer mixtures do not adversely affect the epoxy-amine

interactions and thus are unlikely to decrease reactivity.
5.3. Network Tailoring and Thermal Stability

The synthetic IL. monomers are colorless oils and behave as Newtonian liquids at
room temperature, which facilitates their homogenization with amine hardeners, i.e. D230,
PACM and SAA, without using solvents (Fig. III-S18). More importantly, both tri- and tetra-
epoxidized IL. monomers have shown excellent thermal stability investigated in both static
and isothermal modes. Only 2 and 5% mass losses at 200 °C were obtained after two hours
for tetra- and tri-epoxidized ILs, respectively (Fig. III-S19). The higher thermal stability of
the tetra-epoxy monomer was also confirmed by the T)'*X being 59 °C higher than tri-epoxy

TYAX (Fig. I11-7).

These results are unexpected due to ester groups typically being more reactive than
alkyl chains. However, as MD results revealed, an energetically favorable intramolecular hy-
drogen bond has the potential to form in the tri-epoxidized imidazolium cation. This finding
has been further investigated by quantum mechanics (QM) and will be the study topic of a
future work. Briefly, the monoepoxy group can interact through a hydrogen bond with the
hydrogen at position C-2 of the imidazolium cation, activating this C-H bond. This interac-
tion turns the H even more acidic, and its deprotonation generates an imidazole-2-ylidene
carbene that can initiate a degradation reaction pathway. This particular hydrogen bond is
less likely for the tetra-epoxidized imidazolium cation due to the increased bulkiness of this

molecule.

This hypothesis is corroborated by the fact that after the polymerization with the
amine hardeners, the six epoxy-amine networks have identical T3 and T}X. Overall the
resulting networks exhibited excellent thermal stability, with the first weight loss starting
only above 250 °C, independent of the monomer-hardener combination. It is also possible

to observe that the degradation pathways take place at two different temperatures, which
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could suggest two main degradation mechanisms corresponding to the competition be-
tween the amine-epoxy addition reaction and the homopolymerization reaction. Remarka-
bly, the six systems presented thermal stabilities comparable to DGEBA-based networks
and confirmed previous works investigating the thermal stability of polyionic net-
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Figure III-7. TGA thermograms of neat epoxy monomers and the corresponding epoxy-
amine networks based on a) tri-epoxidized and b) tetra-epoxidized monomers (heating

rate: 10 °C min-! under nitrogen gas).
5.4. Investigation of the Network Morphology

The design of epoxy-monomer bearing ionic groups has the potential of eliciting
properties that would only be obtained using heterogeneous composite formulations. Pre-
viously, the interaction simulations revealed more favorable thermodynamic interactions
between the epoxy groups of the monomers than between the monomers and amine hard-
eners. Indeed, sparse homogeneity and phase separation are typical drawbacks, and over-

coming these issues is essential in developing high-performance networks.66.70

Herein, transmission electron microscopy (TEM) was employed to investigate the
morphologies of networks (Fig. III-8). Overall, no phase separation was observed for any of
the six systems. However, in the PACM-based samples, darker spots were detected, presum-
ably due to the higher reactivity between PACM and both monomers. In fact, PACM reacted
with tri- and tetra-epoxidized IL monomers during the mixing process at room temperature.
The beginning of the crosslinking reactions was shown to release thermal energy locally
and further catalyze the formation of non-uniform networks. It is worth noticing that when
PACM is employed as a curing agent the exothermic peaks appear at lower temperatures

corroborating this hypothesis.
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Figure III-8. TEM images for a) tri-D230, b) tri-PACM, c) tri-SAA, d) tetra-D230, e) tetra-
PACM and f) tetra-SAA. The square sections magnify specific regions and highlight the na-

nometric structural morphology of the networks.

Our previous studies revealed similar cluster formation when an epoxidized IL. monomer
and a cyclo-aliphatic amine were used. In this work, an amine analogous to PACM was em-
ployed, and an identical aggregation pattern was observed by TEM.#! More importantly, the
TEM investigation at the nanoscale confirmed the high homogeneity of the six resulting net-

works (see highlighted squares in Fig. I11I-8).

5.5. Theoretical and Experimental Investigation of Networks' Preliminary

Physicochemical Properties.

The mechanical strength and impact performance are fundamentally related to mo-
lecular packing in polymers.6¢ Consequently, densities should be predicted precisely and
employed as a first criterion to validate the model.” For these reasons, the density of the
cured networks was experimentally and theoretically determined by using the water dis-
placement method and calculated by NPT simulations, respectively. The cell densities can
provide insights into polymers' packing modes and structures. Consequently, densities
should be predicted precisely and employed as a first criterion to validate the model.”
Herein, the densities and reduced volumes were investigated as a function of temperature
(Fig. I1I-9a and III-9b). As indicated in Table III-2, the experimental densities of the differ-

ent networks were found to be very close to the simulation results. The slight differences
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may be due to the degree of cross-linking (DOC) of the modeled networks estimated to 80%.
Indeed, depending on the selected DOC, the equilibrium density will change. However, the
average predicted equilibrium density of the cured networks is in satisfactory agreement

with the measured one.
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Figure III-9. Variation of a) density and b) reduced volume as function of temperature. The-

oretical values predicted by simulation.

Following this, the T, of the corresponding networks were predicted by MD simula-
tions from the density and reduced volumes (Table III-2). In the case of networks prepared
from tri-epoxidized IL. monomers, the Ty were determined to be 88 °C and 111 °C for D230

and PACM amine hardeners, respectively.

The hardeners, including aromatic moieties, can impart higher molecular packing compared
to the linear and cyclo-aliphatic amines. This decrease of volume at the molecular level is
due to stronger non-covalent interactions, namely 7-m stacking. While, for the tetra-epox-
idized IL, the incorporation of an extra epoxide function was shown to lead to an increased
Tg to be 104 and 122 °C for the corresponding networks. These results are consistent with
the chemical structure of the IL. monomers, in particular with the symmetry of the monomer
architecture. The difference observed for the glass transitions obtained by the experimental
and the theoretical approach can be explained by the fact that the computational routine
developed in this work only takes into consideration the reactions between the epoxy-IL

monomers and the amine hardeners.

146

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0044/these.pdf
© [G. Perli], [2023], INSA Lyon, tous droits réservés




Table III-2. Theoretical and experimental densities and Tj.

Theoretical Prediction Experimental Data
Density (g.cm-
)1 T (°C) Density (g.cm3)1  Tg (°C)2
D230 1.197 88.7+15.6 1.250 56
E PACM 1.201 110.6 £13.9 1.231 73
SAA 1.332 92.8+9.4 1.338 111
D230 1.181 122.1+7.5 1.231 68
g PACM 1.177 1154+ 6.6 1.213 117
SAA 1.316 103.8+8.4 1.322 85

1 The densities were estimated at 300K. 2The glass-transitions temperatures were determined by differential
scanning calorimetry; heating rate of 10 °C min-! from - 70 °C to 250 °C under nitrogen flow.

The non-polarizable MD data suggested a stronger interaction between the epoxy
moieties of neighboring monomers which could be associated with a higher local concen-
tration of monomers corroborating the homopolymerization observed by DSC. Notably, the
higher reactivity of PACM towards the IL monomers overcomes the homopolymerization
pathway, and consequently the resulting networks present T, coherent to the values pre-

dicted by MD simulations.

5.6. Thermo-Mechanical Properties of the Networks and Shape Memory Be-

havior

The thermo-mechanical properties of the six resulting networks were also investi-
gated by dynamic mechanical analysis (DMA). All the networks exhibited storage modulus
G' in the order of magnitude of GPa and MPa for the glassy and rubbery plateaus, respec-
tively. On average, the networks tailored from the tetra-epoxidized IL monomer presented
higher G' values than those based on tri-epoxidized IL monomer (Fig. I1I-10). Importantly,
the incorporation of imidazolium IL in the monomer backbone allowed the ratio Gg:G: tun-
ing. This is a striking due to the ratio being strongly correlated to SM performance. Our pre-
vious report on designing hybrid networks showed that the integration of an IL-monomer
into a classical epoxy network can increase the Gg:G, ratio from 31 to 351, improving the SM

performance as a function of IL. monomer proportion.”2
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Figure III-10. Loss factor, tan § for networks based on a) tri- and b) tetra-epoxidized IL
monomers, and storage modulus, G’ for networks based on c) tri- and d) tetra-epoxidized

IL monomers. Data determined by DMA at 1 Hz.

The onset alpha transition temperatures (T,,) and deformation temperatures (T;)
were found from the G' curves. The T,,s values were determined using the beginning of G'
curves drop while T;s values were obtained from the temperature at which G' becomes con-
stant. The determination of T; was necessary for this research to set up the SM experiment

(Fig. 111-10).

The alpha transition temperatures (T,) were determined from the tan & plots. Cor-
roborating the MD simulations, the higher T, were found for the tetra-epoxy based net-
works. The chemical nature of the hardeners played a key role in the maximum amplitude
and area under the tan 6 curves. The tan § curve profiles indicate the total energy that the
materials absorb. In recent work by our group, it was noticed that the introduction of IL-
monomers into a classical epoxy-network significantly increased the amplitude of tan Omax.72
Herein, the employment of D230 yielded greater amplitudes of tan 6max, which is associated
with greater molecular mobility, meaning that the material can better absorb and dissipate
energy. Remarkably, the six networks studied presented mechanical behavior comparable
to DGEBA-based polymers (see Fig. I11-10), and the DMA study provided crucial principles
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for the molecular designing of polymer aiming to tailor mechanical properties (Table III-

3).

Table III-3. Relevant thermomechanical parameters obtained from DMA.

T (°C) Ta (°C) Tar (°C) Gg(GPa) Gr(MPa)  Ratio Ge:Gr

D230 28 73 76 1.2 1.6 750
E PACM 50 115 130 0.7 2.1 785
SAA 53 98 112 1.1 2.6 269
cs D230 38 75 80 20 4.5 242
E PACM 53 157 118 2 8 250
= SAA 59 100 179 1.7 7.5 142

In order to design shape-memory networks, several parameters can be tailored, in-
cluding curing extent, monomer-hardener ratio, number of phases, and the nature of mon-
omers and hardeners.304L73 Although the curing degree allows the development of SM net-
works, the change of the materials' properties is often observed.”4 Similarly, adjusting the
monomer-hardener ratio or developing co-networks may negatively impact their thermal-
and mechanical properties.’4 In the current work, the IL. monomers were designed with
three and four epoxy functionalities and an imidazolium moiety. By this approach, the cross-
linking degree and the polymer chain mobility were tailored, affording SM behavior to the

networks in water at 100 °C.

The SM performance of the resulting networks was evaluated by the shape fixity (Ry)
and shape recovery ratio (R:).74 R defines the ability of materials to keep a temporary shape
after removing the application of an external force.” Its value is expressed in equation 1,
corresponding to 100% when the materials completely keep the shape induced by the ex-
ternal force.”* R, measures the recovery ratio when the polymer is re-heated to the defor-
mation temperature and anomalously, R; is 1 when the polymer fully recovers its initial

shape (Fig. I1I-11a and I1I-11b).

Scrutinizing the experimental results, it is possible to observe that the SM perfor-
mances in water at 100 °C expressed by Rrand R; rely on the hardener and monomer struc-
tures. Regarding the hardener nature, the SM behavior seems to be associated with their
molecular flexibility. The SM performances were shown to improve from the aliphatic to the
aromatic amine. This behavior trend can be predicted by the coefficient of volumetric ther-
mal expansion (CVTE) that evaluates the flexibility of the polymers in terms of the response
to heating. Indeed, the evolution of the reduced volume as a function of temperature pre-

sented in Fig. III-11 coherently describes the trend in SM performance.
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The shape recovery was also investigated through a dynamical analysis evaluating
the evolution of the recovered shape as a function of time (Fig. III-11c and III-11d, and
videos on Appendix I). The networks based on tri-epoxidized IL. monomer exhibited a sig-
moidal profile with a greater recovery rate at about 20 s. Interestingly, the networks built

from tetra-epoxidized IL exhibited a smoother linear recovery tendency.
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Figure III-11. Characterization of shape-memory behavior in water at 100 °C. a) Fold-de-
ploy experiment illustrating SM behavior of tri-epoxidized IL-D230 network. b) Fixity and
recovery angles. Evolution of recovery angle as function of time for networks based on c)

tri- and d) tetra-epoxy.
5.7. IL-based Green Methodology and Degradation Studies

Recycling thermosetting materials is a substantial challenge due to the high chemi-
cal- and thermal-stabilities intrinsic to polymers containing crosslinking.156* Compared to
most existing epoxy prepolymers, tri- and tetra-epoxidized IL. monomers were systemati-
cally designed with cleavable ester bonds to be depolymerized under mild conditions217
addressing the principle design to degrade. Polymer degradation or depolymerization is of-
ten carried out under strong acid or basic conditions, inducing laborious and costly post-
treatments of residues.2940 Recent works have investigated more mild strategies to recycle
or chemically dissolve thermosetting materials.3375 Kuang et al. investigated several cata-

lysts to degrade anhydride-epoxy thermosets in the presence of alcohols.33 Further, Warner
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et al. used ethylene glycol (EG) and imidazolium IL mixtures to chemically dissolve com-

mercial epoxy resins and disassemble carbon fiber reinforced epoxy composites.”

This current research focuses on developing networks that can be degraded by a
straightforward and economically viable method. Herein, an electrophilic phosphonium IL
was employed to catalyze a solvent-assisted transesterification mediated by EG. First, the
crosslinked networks had their dimensions and weight measured to evaluate the evolution
of degradation. Then, the samples were placed into vial flasks in different proportions of
IL:EG. The chemical dissolution phenomena manifested by (1) an initial solution color
change, evolving to (2) the sample swelling and (3) the increase of viscosity of the solutions.
Initially, the gain mass due to the swelling phenomenon was monitored to further under-
stand the kinetics of solvent penetration into the crosslinked matrices. However, in practice,
the swelling and dissolution phenomena occur almost concomitantly, hindering the accu-

rate of monitoring the mass increase as a function of time.

Following from this, the chemical dissolution was investigated in six different con-
ditions with, a conventional network corresponding to the DGEBA cured with PACM used
as control. From this, the resulting networks based on tri- and tetra-epoxidized IL mono-
mers elicited high chemical dissolution (90-100%), whereas the DGEBA-based specimens
did not undergo notable degradation under the same conditions (0.5-3%) (Fig. I1I-12a-b).
This behavior is dependent on the molecular structure of DGEBA and PACM, which do not
cointain cleavable groups. Moreover, DGEBA thermosets did not swell, meaning that EG and
IL molecules cannot penetrate the covalently cross-linked matrices. This primarily swelling
phenomenon is crucial due to it creating free space between the chains, increasing the sur-

face contact area and further allowing the degradation reactions.

Moreover, the CVTE determination was found to be a valuable tool in inferring the
polymer swelling behavior and consequently potential degradability of thermosets. The
CVTE predictions at 200 °C allow for the estimation of the space creation in the networks
which are able to host the solvent and catalyst molecules. Consequently, this contact at the

molecular level with the cleavable ester groups favors the degradation reactions.
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Figure III-12. Study of network degradability under mild conditions. a) DGEBA-PACM sam-
ple shows that conventional epoxy networks do not degrade under any of the employed
conditions. b) degraded solutions for networks based on tri-epoxidized IL and D230 illus-
trating the full degradability of the designed networks. c) degradation conversion under five
different conditions. Structure elucidation of the degradation products for networks tai-
lored from d) tri- and e) tetra-epoxidized IL monomers with D230 as amine hardener. The
additional MS spectra for the other four degraded networks are presented in the supporting

information.

The degradation activity increased with the IL proportion, which corroborates its
role as a transesterification catalyst by activating the ester carbonyls.’¢ Conversely, the
chemical dissolution in neat IL proved to be unfavorable (Fig. IlI-12c). The thermoset deg-
radation results from the compromise between the solvent (and catalyst) diffusion into the
networks and the rate of the transesterification reactions. The employment of the highly
viscous phosphonium IL deters the first step, and the absence of nucleophilic groups, like
hydroxyl, does not allow the trans-esterification reaction to proceed. Integrating these ob-
servations, the use of neat EG showed degradation activity over 50% but still less than other
conditions for which the IL was used. The significant degradation activity in the presence of
neat EG suggests that the imidazolium fragments may self-catalyze the network degrada-
tion, which could be referred to as a chain-shattering degradation. Moreover, the increased
degradation activities for the SAA-based networks reveal that the structure-degradation
properties also rely on the hardeners. The incorporation of the hydrolysable sulfonamide
group into the networks yields additional degradation pathways allowing the full degrada-

tion of these networks.

152

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0044/these.pdf
© [G. Perli], [2023], INSA Lyon, tous droits réservés



Moreover, over 4.5 h, the degradation degree using 1 and 20 wt.% of IL104 in EG
showed comparable values, which makes this procedure more economically viable and a

suitable alternative to replace pyrolysis and mechanical degradation industrially.2877

To further investigate the degradation mechanisms and elucidate the structures of
the degradation products, tH NMR, and HRMS were performed. At the end of 4.5 h, the re-
sulting reactional mixtures were dried under vacuum at 150 °C in order to remove the EG
solvent. Then, several deuterated solvents were investigated for their ability to solubilize
the degradation products; including ACN-d3, CDCl3, DMF-d7, DMSO-ds, and MeOD-d4. DMSO-

de¢ and MeOD-d4 proved to be the most effective.

Comparing the H NMR spectra of degradation products with their corresponding
precursors (ie. tri- or tetra-epoxy monomers), allowed for hydrogen peaks assignment, in
particular for those resulting from imidazolium derivatives (Fig. I-S30). This NMR charac-
terization is a preliminary confirmation that the imidazolium-ILs are regenerated which is
further supported by the HRMS analysis. More important than confirming the regeneration
of the imidazolium-ILs is the structural identification of the degradation products. The deg-
radation of networks tailored from tri- and tetra-epoxidized IL monomers with D230,
yielded precursors with mass-to-charge ratios of 213.0868 and 213.0870, respectively. The
determination of their exact mass coupled with the NMR analysis allowed to determine the
chemical structures of the degradation products (Fig. III-12d and III-12e). Similarly, the
structural identification was carried out for the degradation products derived from net-
works built with PACM, and SAA (Fig.I-S33-S36). When the tri-epoxidized IL. monomer was
employed as a molecular building-block, the same degradation product was generated for
the networks designed with PACM and SAA. Interestingly, the same degradation product
was observed for the three networks tailored from the tetra-epoxidized IL monomer (Fig.
I-S32, I-S34 and I-S36). The investigation of the chemical structures of the degradation
products further confirms the selective mechanism by cleaving at the ester bonds regener-
ating two IL-derivatives. These results confirm that incorporation of ester groups to be a
promising molecular design approach that yields faster degradation under mild conditions
and maintains excellent chemical and physical properties. The degradation products can
then be isolated by precipitation and potentially used for developing vitrimers, to tune me-
chanical properties of polymers or different applications, including gas capture,’8 lubri-
cants,”® dispersing,8® and compatibilizing agents.8! We are currently investigating the vitri-
merization and re-insertion of these IL derivatives into thermosets and analyzing their me-

chanical performances to continue developing sustainable polymer technologies to extend
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the lifecycle of these polymer materials as a leans of addressing the compelling needs of the

circular economy.

6. Conclusion of Chapter III

Herein, we rationally designed a series of next-generation epoxy monomers through
two computationally-assisted methodologies followed by synthesis. The epoxidized ILs
were synthesized bearing three and four epoxy groups, and three amines were employed as
hardeners, leading to six multifunctional poly(IL) networks. Systematically installing cleav-
able ester bonds and an imidazolium backbone core, the physicochemical and degradable
properties of the networks were tailored. The resulting networks demonstrated increased
thermal stability (> 300 °C), high homogeneity, shape-memory behavior, and mechanical
properties comparable to DGEBA resins, making them promising candidates to replace Bi-
sphenol A-derived polymers. More importantly, the novel materials demonstrated high deg-
radation activity under mild conditions. The network degradation was shown to be over
50% in neat ethylene glycol suggesting a self-catalysis mechanism in which the imidazolium
fragments participate in chain shattering. Practically complete degradation of networks is
achieved when an electrophilic phosphonium IL is employed as a catalyst. It is noted that
few additional studies could further enrich this current research, such as fully understand-
ing the mechanism of the final degradation products and re-employing the regenerated IL-
derivatives to create second-generation materials; both investigations will be topics for fu-
ture studies. Indeed, our findings lay the foundation for rationally designing multifunctional
degradable epoxy networks based on ILs, enabling the future advancement of high-perfor-
mance materials to meet the expectations of a circular economy.
Supporting Information
The general methodology for characterization and purification, the detailed procedure for
the synthesis of the tri- and tetra- epoxidized ionic liquid and its intermediates, the NMR
spectra, the molecular dynamics simulations outputs, and the mass spectra of the degrada-

tion products.
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1. Conception pour le démontage des composites et des thermodurcis-
sables en utilisant des monomeéres liquides ioniques clivables comme
éléments constitutifs moléculaires

1.1. Résumé

Avec la forte demande des industries aéronautique et automobile et I'augmentation
du nombre de pales de turbines d'éoliennes, I'obtention de polymeéres et de composites plus
durables est une nécessité. En effet, pour s’inscrire dans une économie circulaire, les poly-
meres qui renforcent les fibres, et les fibres elles-mémes doivent pouvoir étre recyclables
et réutilisables Dans cette étude, nous avons congu et synthétisé un monomere liquide io-
nique d'imidazolium tétraépoxydé (Tetra-IL) contenant des groupes ester clivables. Ce mo-
nomere a été incorporé dans des réseaux époxy-amine conventionnels pour ajuster les pro-
priétés physiques et améliorer la fin de vie des réseaux. L'introduction de seulement 10 %
de comonomeres a base d'IL a réduit de 85 % le temps de gélification. Ce résultat est pro-
metteur et ouvre des perspectives d'utilisation de ce type de monomeére dans le domaine
des revétements a cuisson rapide. Tous les réseaux concus dans ce travail présentaient une
haute stabilité thermique (>350 °C), des Tg élevées comprises entre 180 et 230 °C combi-
nées a un comportement hydrophobe. L'augmentation de la quantité de monomeére IL dans
les réseaux a amélioré I'homogénéité des thermodurcissables et la mouillabilité des résines
époxy avec les fibres de carbone (CF). Plus important encore, I'utilisation du Tetra-IL a per-
mis le développement de réseaux dégradables dans des conditions douces en un laps de
temps court (4,5 heures), tout en permettant la récupération des CF. Les tests préliminaires
d'adhérence ont montré que le Tetra-IL induisait une augmentation de la ductilité des ré-
seaux. Le comportement dégradable a permis de récupérer les adhérents dans leurs états
d'origine a la fin de la durée de vie des composites. En résumé, cette étude a mis en évidence
le fort potentiel des comonomeres a base d'IL comme brique moléculaire dans des thermo-
durcissables époxy conventionnels. Cette stratégie est prometteuse pour ajuster les pro-
priétés physiques et améliorer la durabilité et la dégradabilité des polymeres thermodur-

cissables et des composites haute performance.

Mots-clés: Thermodurcissables Dégradables, Ingénierie Moléculaire, Composites Du-

rables, Monomeéres Liquides Ioniques.
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2. Design for Disassembly of Composites and Thermoset by Using Cleava-
ble Ionic Liquid Monomers as Molecular Building Blocks

2.1. Abstract

Aircraft, automotive industries and the increasing numbers of wind turbine blade
lead to a huge amount of carbon fiber reinforced polymers requiring to be recycled and/or
reused in a closed loop supply chain or circularity of materials. Herein, we have designed
and synthesized a tetra-epoxidized imidazolium ionic liquid (Tetra-IL) monomer containing
ester-cleavable groups. This monomer was incorporated as a molecular brick platform into
conventional epoxy-amine networks in order to tailor the physical properties as well as the
end-of-life of the resulting networks. Thus, the introduction of only 10% of IL-based comon-
omers significantly reduced the gel time by 85% opening perspectives in the field of fast-
cure epoxy resins. Overall, all the networks designed in this work presented high thermal
stability (> 350 °C), higher Ty included between 180 to 230 °C combined with hydrophobic
behavior. Increasing the amount of IL. monomer in the networks improved the homogeneity
of thermosets and wettability of the epoxy resins with the carbon fibers (CF). Most im-
portantly, the use of Tetra-IL led to the development of degradable networks under mild
conditions within a brief timeframe (4.5 hours) and allowing to recover the carbon fibers.
The preliminary adhesion tests showed that Tetra-IL induced an increase of the ductility of
the networks characterized by an improvement of the strain at break. Moreover, this de-
gradable behavior enabled the adherend's recovery to the original state at the end of the
composites' lifespans. In summary, this study highlighted the great potential of IL-based
comonomers as molecular brick into conventional epoxy thermosets as a promising strat-
egy to tailor the physical properties versus sustainability/degradability for the develop-

ment of high-performance thermosets and composites.

Keywords: Degradable Thermosets, Molecular Egineering, Sustainable Composites, Ionic

Liquid Monomers.
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3. Introduction
Carbon fiber reinforced polymers (CFRPs) are a class of composites where the solid
phase, carbon fibers (CFs), are dispersed in a polymer matrix, which acts as the continuous
phase.1-3 Relying on the polymer resin, the CF properties, and how they are combined in the
composite architecture can result in several desirable properties such as suitable rigidity,
high strength, lightweight, high thermal stability, and chemical resistance.l3 As a result,
these materials have become widely adopted in various high-end industries, such as sports

equipment, medical devices, construction and infrastructure, automobiles, and aerospace.34

Over the past decade, the demand for CFRPs has experienced substantial growth,
with global consumption reaching 123,710 tons valued at approximately US$18,800 million
in 2022. This trend is expected to continue, with a projected compound annual growth rate
of 12% during the forecast period of 2023-2032.5 This growing demand for CFRPs stresses
the urgency of recycling carbon fibers to reduce the amount of discarded materials that have
been typically incinerated or landfilled.6.” Although these methods are cost-effective and can
be easily scaled in an industrial setting, they do not align with the principles of a circular

economy because no materials are recovered at the end of their lifespans.89

As environmental regulations are becoming more stringent, the importance of recy-
cling and upcycling is gaining widespread recognition. In the coming years, many countries
will pass laws to oversee the disposal of CFRP waste and include it in the category of recy-
clable materials.6 The landfill has almost disappeared in some countries, like Germany, Aus-
tria, Belgium, and Denmark, and composite materials can no longer be landfilled in Germany
and Netherlands. 1011 [n France, since January 2022, composites containing more than 30%
plastics cannot be deposited in landfills.1012 These statutes directly impact the waste man-
agement of retired wind turbine blades, typically composed of fiber glass, carbon fiber, and
epoxy resins. The European Technology & Innovation Platform on Wind Energy predicts
that the combined weight of decommissioned wind turbine blades will reach 66 ktons by

2025.1013

Considering the context, the interest in efficient and low-cost recycling methods to
produce valuable products and recover CF and adherends, i.e, composite substrates, has
significantly augmented.6 However, the recycling of CFRP continues to pose a challenge as
most polymer matrices utilized are crosslinked thermosets.314¢ While these crosslinks pro-
vide exceptional mechanical and thermal properties, they also make it extremely difficult to
reclaim the carbon fibers without fully degrading the polymer matrix, hindering the ease of

processing.15-17
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Currently, the most common CF recycling methods are mechanical grinding, pyrol-
ysis, and solvolysis.61819 The mechanical process consists in grinding the scrap composite
material and reducing it into a thin powder.1820 This particulate product is high in resin
content, making it suitable only for use as fillers or energy sources, presenting thus low
added value.!8 The pyrolytic methods comprise ordinary pyrolysis, fluidized bed reactors,
and microwave-assisted techniques.2! The pyrolytic processes involve heating the compo-
site materials to elevated temperatures under aerobic or vapor conditions to degrade the
thermoset resins to recover the carbon fibers or fillers.2223 Although the pyrolysis processes
are relatively easily implemented, they are highly energy-demanding and can affect the me-
chanical properties of CFs.24 This is due to the high temperatures and severe conditions that
cause oxidation reactions on the surface of the fibers, resulting in the production of carbon

oxides that negatively impact their mechanical strength.2s

Solvolytic processing can be categorized into high- and low-temperature meth-
0ds.519 The high-temperature and high-pressure methods, which mainly employ supercriti-
cal technology, are associated with high energy consumption and require complex indus-
trial infrastructure.2¢é The low-temperature (T < 200 °C) solvolytic method generally in-
volves the use of concentrated acid or basic solutions at boiling or refluxing temperatures.1?
These extreme conditions pose potential hazards to health and safety, particularly when

carried out on a large scale in industries.??

Developing degradable thermosets and adhesives as a basis for readily recycle
CFRPs seems to be the crucial aspect of solving the recycling issues of CFRPs.2829 This is
because designing new thermosets that retain their properties but can degrade under
milder conditions helps to maintain the integrity of the reclaimed CFs and adherends, and
allows, in some cases, re-valorize the recovered resin-derivatives.1427.30 These recently de-
veloped thermosets present a certain amount of cleavable bonds in the crosslinked net-

works that can be selectively cleaved under specific conditions.31.32

Furthermore, using adhesives for joining composite parts can result in lighter and
more cost-effective material assemblies.3334 The multiphase composites can be built from a
combination of different materials, namely, metals,3> plastics,3¢ glass37 and carbon fibers38
using welding,3° hot melt bonding,*° or thermoset adhesives.*! One of the most significant
challenges associated with using thermoset adhesives is their lack of recyclability and the
difficulty of recovering adherends.333839 Therefore, developing recyclable or degradable ad-

hesives has stimulated continuous research in academia and industry.*2
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In our recent research, we have reported the design and synthesis of next-genera-
tion epoxy monomers bearing ionic liquid (IL) moieties and cleavable groups to build mul-
tifunctional and degradable thermosets.32 In this contribution, we discuss the use of an
epoxidized IL. monomer as a strategic molecular building block to selectively trigger the net-
work degradability and facilitate the recovery of carbon fibers through transesterification-

assisted solvolysis under gentle conditions and in a short time.

4. Materials and Characterization Methods
4.1. Materials.

Sigma Aldrich supplied all the reagents were employed as received, including the
monomer 4,4'-Methylenebis(N,N - diglycidylaniline) with epoxide equivalent weight (EEW)
of 105.63 g.mol! and the hardener 3-(Aminomethyl)-3,5,5-trimethylcyclohexan-1-amine
with an amine hydrogen equivalent weight (AHEW) of 42.58 g-mol-! both hereafter re-
ferred to Tetra-N and IPDA, respectively. The solvents, including those anhydrous, were ac-
quired from Carlos Erba and used in their original state. Tetrahydrofuran and dichloro-
methane in their anhydrous form were purchased in sealed flasks and were employed un-
der Argon atmosphere. The non-sized high resistance carbon-fibers were obtained from
Mitsubishi chemical carbon fibers and composites (Irvine, USA) under the commercial name

Grafil® 34-700.
4.2. Synthesis of Tetra-Epoxidized IL Monomer (Tetra-IL)

Tetra-epoxidized IL was synthesized at multigram scale (up to 200 grams) through
an optimized-modified methodology.32 The new synthetic route requires only four reaction
steps and does not involve column chromatography purification (see Scheme IV-1). In fact,
the intermediate compounds are purified through either liquid-liquid extraction or precip-
itation methods to facilitate large-scale synthesis. To design the tetra-epoxidized IL mono-
mer, compound 1 was firstly prepared with a yield of 94%. This synthesis was achieved by
slowly adding bromoacetyl bromide (1.3 eq., 115 mmol, 10 mL) to a mixture of 3-cyclohex-
ene-1-methanol (11.6 mL, 89 mmol) and pyridine (1.5 eq., 11 mL, 134 mmol) under an inert
atmosphere at 0 °C for 2 h. Next, compound 1 (21 g, 93.45 mmol) was combined with imid-
azole (1.2 eq., 7.35 g, 105 mmol) and potassium carbonate (2 eq., 26.25 g, 189 mmol) in
acetonitrile (420 mL). The reaction mixture was stirred at 150 °C for 12 h, then concen-
trated under reduced pressure, and precipitated in diethyl ether. Diethyl ether was re-
moved, and the product was re-dissolved in dichloromethane and reprecipitated in diethyl
ether. The diethyl ether supernatant was removed, and the product was re-solubilized in

dichloromethane and then precipitated once more in diethyl ether, yielding compound 2 as
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a brownish solid in a yield of 80%. Product 2 (9.5 g, 34 mmol) was thoroughly dried for 24
h and completely solubilized in 200 mL of deionized water at 80 °C. Then, a saturated solu-
tion of bis(trifluoromethane) sulfonimide lithium salt (2 eq., 0.395 g, 1.36 mmol) was com-
bined with the solution of product 2, and left to stir at room temperature overnight. After
the ionic exchange reaction was completed, the resulting product was precipitated and re-
covered by extracting the aqueous solution using dichloromethane, yielding compound 3
(96%). Tetra-IL was obtained by epoxidizing compound 3 (30 g, 41.84 mmol) with mCPBA
(6 eq., 0.525 g, 2.3 mmol) in acetonitrile at 40 °C for 72 h. The crude material was dissolved
in a small amount of dichloromethane and then precipitated into a mixture of diethyl ether
and petroleum ether (50:50)(v/v). The resulting product was obtained as a transparent,
colorless, and viscous oil at room temperature. The product purity was confirmed by NMR
techniques (see Fig. I1I-S1-S5) and HRMS (ESI+), which detected a molecular ion peak of
437.19188, corresponding to the calculated molecular weight of Cz1H29N204 [M]*:

437.19184. For additional information, please check the supporting information material.

\ Br/\fO \ 1

/7 ~NH
B o B \= o _ 0
> >/ O&N :(:)' N\)\\O
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Scheme IV-1. Synthetic route used to obtain the Tetra-IL monomer.
4.3. Design and Curing of the Thermoset Networks.

The epoxy prepolymers, namely Tetra-N, Tetra IL and the IPDA were homogenously
mixed in a stoichiometric ratio, i.e., epoxy to amino hydrogen in a 1:1 ratio (see structures
in Fig. IV-1). Then, the epoxy-amine mixtures were poured into silicone molds, and cured
under optimized conditions: 2h at 80 °C, and 5h at 160 °C. Five epoxy networks were cre-
ated: Tetra-N, Tetra-N Tetra-IL10, Tetra-N Tetra-IL20, Tetra-N Tetra-IL50, and Tetra-IL.
These blends were built by adjusting the proportion of Tetra-IL and Tetra-N epoxy mono-
mers, without using solvents. The mole fraction of Tetra-IL was increased gradually from 0,

10, 20, 50, to 100% to produce the aforementioned networks.
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Figure IV-1. The chemical structures of the networks' components. a) Tetra-epoxidized
ionic liquid (Tetra-IL), b) 4,4'-Methylenebis(N,N-diglycidylaniline) (Tetra-N), and c) 3-
(Aminomethyl)-3,5,5-trimethylcyclohexan-1-amine (IPDA).

4.4. Composite Manufacture

The CF rovings were stretched by connecting their ends on a metallic support. The
epoxy-amine blends were homogeneously mixed and applied on the CF rovings using a
brush. The resin was perfectly distributed saturating the fibers without creating drips or
runs, and precured at 80 °C for 1 h. After applying a second layer of resin, the CFs were cured

in an oven at 80°C for 2 hours followed by an additional 5 hours at 160°C.
4.5. Characterization Methods

Nuclear Magnetic Resonance (NMR) Analyses were carried out using a Bruker Avance
I[II 400 MHz spectrometer to record the H, 13C, 1F and two-dimensional NMR spectra.
Chemical shifts for 1H and 13C nuclei were expressed in ppm and calculated regarding inter-
nal tetramethylsilane reference, while coupling constants were measured in Hz. The abbre-
viations for signal coupling were designated as singlet (s), doublet (d), doublet of doublets

(dd), triplets (t), quartets (q), quintet (gt), multiplet (m), and broad signal (b).

High Resolution Mass Spectra (HRMS) were perfomed using the electrospray ioniza-
tion (ESI) technique with a Micromass-Waters Q-TOF Ultima Global mass spectrometer. The
samples were prepared in methanol or acetonitrile and immediately introduced to the mass
spectrometer. Before each analysis, calibration was performed on the mass spectrometer

using phosphoric acid with a range of 98 to 1300 m/z.

Fourier Transform Infrared Spectroscopy (FT-IR) was carried out using a Nicolet
Magna 550 spectrometer in attenuated total reflection (ATR) mode to acquire FT-IR spectra.
The spectra were obtained at room temperature over the range of 4000 to 500 cm-!, with a

resolution of 4 cm-1, and via 32 scans.

Differential Scanning Calorimetry (DSC) was carried out using a Q10 Calorimeter (TA
Instruments) with a heating rate of 10 °C min-! under nitrogen flow, the IL. monomers were

analyzed in the presence of the hardeners, as well as the resulting networks. This analysis
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was performed in the dynamic mode from -70 °C to 250 °C to determine the polymerization

temperature and the glass transition temperatures (Tg) of the five resulting networks.

Chemiorheology Assays were conducted on an ARES G2 Rheometer (TA Instruments)
to identify the gel point of the curing system and track the evolution of the curing process,
thereby providing additional information on the kinetics of gelation. The gelation time was
identified based on the point at which G' and G" crossed over each other. The epoxy mono-
mers and hardeners were blended at room temperature in a disposable 40 mm parallel-
plate cup geometry (see Fig. IV-S6) immediately before the beginning of the experiment.
Tetra-IL, Tetra-N and IPDA were combined in adequate proportion, as previously stated in
the section Design and Curing of the Thermoset Networks. Isothermal time sweep tests were
carried out at 50°C. A strain of 5% and a frequency of 1 rad/s were used for all measure-

ments.

Thermogravimetric Analyses (TGA) were conducted on a Q500 Thermogravimetric
Analyzer (TA Instruments) under nitrogen atmosphere. The samples were heated at a rate
of 10 °C min-1, from 30 °C to 800 °C. The results were displayed as a percentage of remaining
mass as function of temperature, which enabled the identification of T5% and T50% corre-

sponding to degradation temperatures of 5 and 50wt%, respectively.

Dynamic Mechanical Analyses (DMA) were conducted on an ARES G2 Rheometer (TA
Instruments) equipped with a torsional fixture module. Then, rectangular-shaped samples
measuring 30 x 4 x 1.5 mm3 were analyzed using a heating rate of 3 °C min-1, from -100 up
to 250 °C, at a frequency of 0.5 Hz. The storage modulus G' was obtained and represented
on a logarithmic scale to highlight the molecular transitions. The loss factors tan 6 were also

measured for the same range and reported on a linear scale.

Scanning Electron Microscopy (SEM) Analyses were carried out on a Tescan Vega 3
scanning electron microscope (TESCAN Ltd.) operating at an accelerating voltage of 10 kV,
and a working distance of about 10 mm. The samples were fixed with carbon-tape and then
sputter-coated with a 5 nm layer of gold using Bal-Tec SCD 005 under the operating param-
eters of 30 mA and 90 s. The images were processed, and the scale bars were added on
Image] software. The surface networks, matrix-carbon fiber interfaces, and reclaimed car-

bon fibers were evaluated for their respective morphologies.

Optical Contact Angle Measurement. The optical contact angles with water were
measured through the sessile drop technique using an OCA 25 Goniometer at 25 °C. The

images were captured using a high-performance camera using a 6.5-fold zoom lens.
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Solvolysis Methodology and CF recovery. The transesterification-assisted methodol-
ogy was developed using 1-(4-sulfobutyl)-3-methylimidazolium hydrogen sulfate (acid IL)
and ethylene glycol (EG), as the catalyst and reactive solvent, respectively. To carry out the
experiment on the thermoset networks, rectangular samples measuring 15 x 4 x 1.5 mm3
and weighing 100 mg were placed into closed glass vials (Fig. IV-6b). The vials were then
heated to 190 °C for 4.5 hours using a hot plate magnetic stirrer coupled to a module Labor-
technik Variomag 40ST. Four different proportions of IL were teste in ethylene glycol, 1, 3,
5 and 10 in wt.%. During the process, the degradation progress was observed visually at
regular intervals. After the procedure, the degradation activities were evaluated for the dif-
ferent conditions, and the degradation products were systematically analyzed using HRMS.
The remaining mass was weighed, and the degradation activity was calculated using Equa-
tion 1, where m; and m represent the initial and final masses, respectively. All experiments
were performed in triplicate.
m; —

o 1009
s S % 1)

R =

f m,

Similarly, the thermoset portion of the composites underwent degradation for five

hours at 190 °C utilizing a blend of 5% IL in EG. After the polymer matrices had undergone
degradation, the carbon fibers were rinsed with acetone and subsequently dried overnight

at 80 °C in a vacuum oven.

Lap Shear Test. The different epoxy amine formulations containing varying amounts
of Tetra-IL (0, 10, 20, 50, and 100%) were used to bond two aluminum specimens, each
measuring 16x25x100 mm. The samples were polished, cleaned with acetone, dried and
placed in a machinated mould, as shown in Fig. IV-S7. A layer of resin measuring 0.1x25x13
mm and weighting 100 mg was applied and cured according to the curing protocol outlined
in the Design and Curing of the Thermoset Networks section. The specimens were then sub-
jected to a tensile test using an Instron machine with an extensometer at room temperature
and a cross-head speed of 1 mm/min. After the test, the aluminium plaques were separated

and immersed in a beaker containing ethanolamine, which was heated to 150 °C for 1 hour.

5. Results and Discussion
5.1. Design of Degradable Epoxy Networks and Fiber-Reinforced Epoxy

Composites

The epoxy thermosets and composites tailored in this work present the main ad-

vantages of these crosslinked materials, such as excellent mechanical properties and high
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thermal and chemical stabilities.154344 Although these crosslinks afford remarkable fea-
tures, they turn these materials unrecyclable.1845-47 To address this issue, an IL comonomer
bearing cleavable ester groups was strategically installed into the networks affording the

programable deconstruction of composites and adhesives (Fig. IV-2).

The Lifecycle for Fiber-Reinforced Composite

@ Efficient Design @ Recovery and Upcycling

recovered carbonfiber  carbon fiber morphology

@Q

(degraded matrix & IL for upcycling

g

L . ¢ )| cleavable group

cleavable IL monomer

2 \leanuning
\\(“

‘I@Y

@ Triggered Degradation

polymer matrix of composttes

Figure IV-2. Route for efficient design, processing, disassembly and recycling thermosets
and composites. 1) Molecular design and synthesis of epoxidized IL. monomer bearing a
cleavable ester group. 2) Selective triggered degradation of the thermoset matrix through
transesterification reaction. 3) Recovering of carbon fibers or composite components and

potential valorization of degraded IL derivatives.
5.2. Reactivity Study and Thermomechanical Property Investigation

To evaluate the curing process of epoxy-amine systems containing Tetra-IL, DSC and
chemio-rheology were performed (Fig. IV-3a-b) 48-50 The evolution of the viscosity of dif-
ferent Tetra-N/Tetra-IL networks was studied under dynamic and isothermal conditions
while the gel time was calculated from the crossover between G' and G" curves 51 Due to the
high reactivity and rapidly increase of viscosity, the measurements were conducted at 50°C
rather than 80°C, which correspond to the first temperature ramp of the curing protocol

(see Table IV-1).
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Table IV-1. Gel time observed for the different epoxy systems.x

T N Tetra-N Tetra-N Tetra-N T L
etra- . etra-
Tetra- 1 otra-IL20  Tetra-IL50
IL10
Gel Time 140 42 26 26 25
(min)

x Experiment carried out under 50°C, strain of 5% and a frequency of 1 rad/s.

Using Tetra-IL as molecular brick platform led to a significant reduction of the gel
time, from 140 min to 25 minutes. It can be clearly seen that quantities of 10 and 20% are
sufficient to significantly reduce the gel time of epoxy systems. Thus, Tetra-IL plays a dual
role in the formation of the epoxy-amine network, i.e. as a catalyst and as comonomer of the
epoxy-amine polymerization. According to the literature, several authors including Livi et
al, Maka et al. have highlighted that imidazolium and phosphonium ILs (no epoxidized) com-
bined with nucleophilic counter anions could be used as hardeners triggering and acceler-

ating the polymerization in epoxy systems.5253

This study shows for the first time that employing an epoxidized IL monomer can
lead to a catalytic effect of the epoxy-amine reaction. The curing behavior of the epoxy sys-
tems was also investigated by DSC (Fig. IV-3b) where the exothermic peak temperatures
indicated the ability of the Tetra-IL to induce and participate in the polymerization of the
epoxy-amine networks. Given the aforementioned literature,53-58 and the chemical nature
of Tetra-IL, we proposed that the activation of the epoxy groups occurs through a dipole ion

coordinating interaction or a hydrogen bond with the imidazolium moiety (Fig. IV-3b).

In fact, the incorporation of 10 and 20% of Tetra-IL into epoxy-amine network re-
duced the exothermic peak temperatures from 135 °C to 110°C and 100 °C, respectively. For
Tetra-N Tetra-IL10 network, only one single exothermic peak was observed compared to
Tetra-N containing 20, 50% of Tetra-IL having two exothermic peak temperatures at 80 °C
and 180-200°C. These results can be explained by the bimodal character i.e., a two-step
mechanism as previously suggested by our previous works on the design of epoxy thermo-

sets derived from different imidazolium IL monomers. 5960

The a-relaxation temperatures (T.) were determined by dynamical mechanical

analysis (DMA) and summarized in Table IV-2.
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Table IV-2. Main relaxation temperature (T.) related to the glass transition temperature

(Te).

Network Tq (°C)

Tetra-N 190
Tetra-N Tetra-IL10 227
Tetra-N Tetra-IL20 206
Tetra-N Tetra-IL50 177

Tetra-IL 101

In all cases, the addition of Tetra-IL also affected the a-relaxation temperatures,
showing an interesting tendency. For only 10% of Tetra-IL, a significant increase of the T,
was observed from 190 °C to 230 °C which can be explained by the catalytic effect of this
amount inducing the crosslinking of the network from 110°C instead of 130°C. As the per-
centage of IL comonomer increases to 20 and 50%, a reduction of the T, was observed to
206 and 180 °C, respectively. These results can be firstly explained by the increase in the
proportion of Tetra-IL knowing that the epoxy network prepared from 100% of Tetra-IL
has only a T of 100°C. Secondly, as previously discussed, we have demonstrated a two-step
mechanism of the epoxy-amine reaction for 20 and 50% of Tetra-IL compared to Tetra-N

and Tetra-N Tetra-IL10.
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Figure IV-3. Examination of the kinetics of the curing reaction and the thermomechanical
properties. a) Determination of the gel time at 50 °C. b) DSC thermograms of the corre-
sponding epoxy-amine mixture, highlighting the exothermic peaks of polymerization (exo
up). €) Tan 6 highlighting the alpha transition temperatures and d) Storage modulus for the

five yielding thermosets.

As the gel time is significantly reduced at 25 min, all of the amine functions do not
have time to be completely consumed during the first curing step (80 °C) requiring thus the

second curing step at elevated temperature (160 °C).

Importantly, tailoring T« can be beneficial for creating ductile materials for well-
suited composite development. 6162 In addition, a noticeable decrease in the storage modu-
lus at the rubbery plateau was obtained. This result is associated with the shape memory
behavior, making it highly beneficial for designing materials with shape memory and shape
fixity, as we have shown in our recent research.313259 In summary, the use of Tetra-IL as
molecular brick platform into epoxy networks opens future perspectives in the field of air-

craft or automotive applications requiring high T, formulations.
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Thermogravimetric analysis (TGA) was performed to determine the impact of the
Tetra-IL comonomers on the thermal stability of the epoxy-amine networks. The evolution
of the weight loss in a function of the temperature is summarized in Table IV-3 and Fig. IV-

4.,

Table IV-3. Temperatures corresponding to 5 and 50% of mass loss.

Tso (°C) Ts00% (°C)

Tetra-N 332 385
Tetra-N Tetra-IL10 286 369
Tetra-N Tetra-1L20 292 345
Tetra-N Tetra-IL50 266 380

Tetra-IL 265 373

The resulting networks exhibited excellent thermal stabilities (> 350°C). Neverthe-
less, some differences can be observed during the incorporation of IL-based monomer, i.e.
Tetra-IL. In fact, two degradation temperatures at 265 and 400 °C are evidenced for the
epoxy-amine network using only Tetra-IL as epoxy prepolymers which can be explained by
the presence of the ester bonds well-known to be more sensitive to the temperature. On the
contrary, Tetra-N presents only one degradation temperature around 380 °C. Thus, the
combination of the two monomers, i.e. Tetra-N and Tetra-IL allows to reduce this phenom-
enon leading to a delay of the decomposition temperatures for the networks containing 10,
20 and 50% of Tetra-IL. Finally, the thermal stability of the epoxy networks is similar to the

DGEBA-derivative materials.6364
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Figure IV-4. Study of thermal stability of resulting networks. a) thermogravimetric analysis

thermograms and b) derivative weight loss (heating rate: 10 °C min-! under nitrogen gas).

178

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0044/these.pdf
© [G. Perli], [2023], INSA Lyon, tous droits réservés



5.3. Transesterification-Assisted Solvolysis

Several studies have outlined methods for breaking down thermosetting materials
using harsh conditions such as strong acids, bases, and high energy. However, these meth-
ods tend to be costly and require extensive follow-up treatment, making them unlikely to
be used on an industrial scale.17.19.2647 Kuang and coworkers investigated various organic
catalysts for breaking down thermosets made of epoxy-anhydride in the presence of differ-
ent alcohols.6> Additionally, Warner and his team used a combination of ethylene glycol and

imidazolium ILs to degrade and up-recycle commercial epoxy resins.éé

In this study, we proposed the introduction of Tetra-IL as a cleavable building block
for tailoring the degradation of thermoset networks. To accomplish this goal, we designed
a solvent-assisted transesterification reaction using ethylene glycol and an acid IL as the
solvent and catalyst, respectively (Fig. IV-5a). Our outcomes demonstrate the feasibility of
this approach for recycling carbon fiber-reinforced epoxy and developing degradable epoxy

adhesives.
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Figure IV-5. Sustainable and effective solvolysis methodology to degrade thermosets using
mild conditions. a) Networks degradation takes place through a transesterification reaction.
b) The networks exclusively based on the commercial products (top) did not reveal signifi-
cant degradability compared to the samples built from Tetra-IL (down). ¢) The solvolysis
activity does not rely only on the Tetra-IL percentage but also on the amount of acid IL used.

d) The degradation process occurs in a targeted manner.
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The process of solvolysis involves three stages: a change in the color of the solution,
swelling of the samples, and gradual dissolution of the specimens. When the networks were
constructed solely from the commercial monomer Tetra-N, no color change or significant
degradation was observed, even when the concentration of acid IL was increased up to 10%
(see Fig. IV-5b and 1V-S8) This is because the commercial epoxy monomer does not con-
tain any cleavable bond that can be targeted and broken under mild conditions. In contrast,
the other systems confirmed the catalytic role of the acid IL, as increasing its concentration
greatly increased the amount of degraded material (Fig. IV-5c). Additionally, the highest
level of degradation was observed when the concentration of Tetra-IL in the network was

highest.

The introduction of 10% Tetra-IL comonomer in the network with 10% of acid IL
lead to a degradation activity of 83.7%. Notably, when 50% Tetra-IL was installed into the
networks, it resulted in 95% degradation of the thermosets while maintaining excellent

thermal and mechanical properties, such as a T5% superior to 250 °C and a T, of 177 °C.

To further understand the degradation mechanism and improve the design of de-
gradable thermosets, we attempted to analyze the structures of the degradation products.
While determining the exact structures of these compounds is difficult due to the complex-
ity of the degraded solutions, the selectivity of the degradation pathway can be confirmed
by the products formed by the solvent-assisted transesterification reaction. For example,
the main degradation product obtained from Tetra-N Tetra-IL50 had a mass-to-charge ratio
0f 290.820, corresponding to the cation derived from the cleavage of ester bonds, as shown

in Fig. IV-5d.

5.4. Composite Manufacture, Surface Properties, Morphological Structure,

and CF Compatibility

The study of the surface morphology of the composites revealed that the network
homogeneity and carbon-fiber wettability enhanced with the introduction of IL. comono-
mer. The IL comonomer appears to play a dual role of sizing and catalyst of the epoxy-amine
polymerization by decreasing the gel time. Thus, the presence of the IL moiety impacts the
intermolecular interactions between the epoxy-amine matrix and the CFs leading to an im-
provement of the adhesion. Secondly, its catalyst effect improves the polymerization pro-

cess leading to more homogenous polymer structures, as observed in Fig. IV-6a.

The surface tension of untreated carbon fibers is not similar to that of epoxy resin.

Carbon fibers typically have a surface tension of around 30-40 mN/m, while epoxy resins
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usually have a surface tension in the range of 50-60 mN/m.67.68 As a result, achieving suffi-
cient wetting of the carbon fibers by epoxy materials can be difficult. The ion-pair formation
constant measures the binding energy between the ions in ILs, and their magnitudes relate
to the constant of the adsorption of ILs. It is well established that the pair imidazolium-NTf;
presents a high ion-pair association, leading to more elevated adsorption of ILs onto the CF
structures.t? Additionally, the intermolecular interactions between the IL-moiety and the
CF surface are further enhanced by the m —  stacking interactions between the imidazo-
lium ring system and the CF surface, as well as the non-polar NTF; ion.®?-72 Fig. IV-6b
demonstrates the correlation between the percentage of IL comonomer and the improve-
ment of the wettability on carbon fiber. As the percentage of IL comonomer increases, the

wettability of the carbon fiber also enhances.

Tetra-N Tetra-N Tetra-IL10 Tetra-N Tetra-IL20 Tetra-N Tetra-IL50

T Thermoset Matrix

Interface with CF

Figure IV-6. Morphology investigation through high-resolution scanning electron micros-
copy. The influence of the IL. monomer percentage on a) the morphological structures of the
polymer matrix and b) on the carbon fiber wettability by the thermoset resins. The white

scale bars correspond to 10 pm.

This study also examined the water contact angles revealing an interesting behavior
(see Fig. IV-S9). The addition of 10% and 20% of Tetra-IL had a negligible effect on the
hydrophobicity. However, when the percentage of Tetra-IL in the networks reached 50%, a
strong hydrophobic behavior was obtained with water angle of 123 °C. This result can be
explained by the presence of hydrophobic NTf, counterion. However, for 100% of Tetra-IL,
a significant decrease of the water contact angle was obtained which can be explained by

the rising of the polar ester groups.
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5.5. Composite Deconstruction

Recent studies have investigated the decomposition of composites made of
CFs/epoxy resin under milder temperatures and conditions.2é Jiang and colleagues exam-
ined the degradation and repurposing of carbon fiber composites that use DGEBA and 4,40-
diaminodiphenylmethane networks with Ty of about 80 °C. This investigation was con-
ducted using a 2.6 mol of H3PO, in tetrahydrofuran.’3 Other authors such as Xu et al. have
investigated the disassembly of the epoxy-amine matrix in the presence of hydrogen perox-
ide and dimethylformamide mixtures. By optimizing the ratio of DMF to H,0,, they achieved

an efficiency of 99% when temperatures were above 90 °C.28

Herein, fiber-reinforced epoxy composites were prepared and their disassembly
were studied in order to confirm the sustainability of our strategy. Thus, we have demon-
strated that the integration of Tetra-IL comonomer into the network led to a significant dis-

assembly of the composites at the following optimized conditions: 190°C for 4.5 hours by

1)

using 10% of acid IL catalyst (see Fig. IV-7).

TRIRT R

Before After

Figure IV-7. Composite samples before and after the solvolysis treatment employing 10%
of acid IL in ethylene glycol, for 4.5 hours at 190 °C. Samples built from a) 0, b) 10, c) 20, d)
50 and 100% mole of Tetra-IL.

Remarkably, increasing the proportion of Tetra-IL. comonomer in the composite,
yields a more significant degradation of the thermoset component, ensuring the full recov-
ery of the CFs. Our previous experiments have provided evidence to support these results,
indicating that using 20% of Tetra-IL can lead to the degradation of 85% of the thermoset
matrix. This is also demonstrated by the comparison of composites before and after ther-

moset solvolysis in Fig. IV-7.

To further validate the efficiency of this approach, SEM analyses was performed to
observe the potential residual amount of epoxy resin on the carbon fibers surfaces (Fig. IV-
8). The SEM micrographs highlighted that the presence of Tetra-IL have a significant impact

on the dissolution of the epoxy networks. For 20% of Tetra-IL, only a small residual amount
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of epoxy-amine resin is observed on the surface of the CFs. By using 50% of Tetra-IL comon-
omer under the same solvolysis conditions, clean and resin-free carbon fiber surface were
obtained. In contrast to previous findings, these outcomes show promise as the recovery of
the CFs was achieved without using volatile and toxic organic solvents, high temperatures

and long periods of time.

Figure 1V-8. Morphology investigation through high-resolution scanning electron micros-
copy of recycled carbon fibers. In a) the raw carbon-fibers used as comparative control, and
the networks built from b) 0, c¢) 10, d) 20, e) 50 and f) 100% of tetra-IL. The white scale

bars correspond to 10 pm.

This novel approach presents promising possibilities for advancing degradable net-
works with high T4 (180-230°C) for use in structural composite applications. Few parame-
ters can be further optimized, like temperature, time conditions, and choice of ILs bearing
Brgnsted or Lewis acid sites, which are established as catalysts for transesterification reac-

tions.6574

The significance of this statement lies in the fact that, although further experimen-
tation is required to fully characterize the mechanical properties of CFs, the use of mild con-
ditions ensures the absence of undesirable reactions preventing the deterioration of CFs.
Thus, this study serves as a basis for future research that aims to expand upon the

knowledge on efficient recycling of CFs.
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5.6. Degradable Epoxy Thermoset Adhesives

The investigation into the development of degradable epoxy adhesives was
prompted by the tailored thermoset properties that can be afforded relying on Tetra-IL
monomer percentage. These properties include improved interfacial compatibility, faster
gel time, tailored hydrophobicity, and the ability to trigger network degradation under mild
conditions. Incorporating cleavable ester bonds into thermoset networks can address the
significant challenge of creating permanent degradable adhesives. Additionally, the extent
of intermolecular interactions is directly proportional to the adhesion capability, which can
be significantly enhanced by the presence of imidazolium-moiety, providing H-bonds, = —

7 stacking, and ionic bonds.”s

With regard to these aspects, an adhesion test was conceived, as shown in Fig. IV-
9a. The lap shear test (ASTM) was selected to evaluate the capability of the resins to with-
stand stresses applied in a plane, which is one of the most common stresses that a bonded

joint can face during service, particularly for adhesives intended for structural bonding.3476

a
@ Resin application @ Lap-sheartest @ Bond line broken . @ Original state
Force = W ——
N _— j\ e
Controlled bond line thickness Residual resin Clean surfaces
b c
Tetra-N — Tetra-N ‘
Tetra-N Tetra-N
Tetra-IL10 o Tetra-IL10 -
Tetra-N » Tetra-N
Tetra-IL20 Tetra-IL20 -
Tetra-N L, Tetra-N
Tetra-IL50 Tetra-IL50 -
0 05 1 15 2 25 000 010 020 030 040 050  0.60
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Figure IV-9. Removable epoxy thermosetting adhesives. In a) a general outline describing
the sample preparation, the lap-shear testing, and the degradation of the residual epoxy ad-

hesive. b) stress at break measured in MPa and c) the displacement measured in %.

The specimens’ stress at break observed in this study falls within the range of 1 to 5
MPa obtained for conventional epoxy-amine adhesives (Fig. IV-9b). However, our results
showed a significant decrease in bond strength with an increase in the percentage of IL

comonomer in the network. Upon examining our results and previous reports on adhesives,
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it appears that the reduction in adhesive performance stems from the decrease in the cross-
link density. Although Tetra-IL presents four epoxy groups similar to Tetra-N, the IL-based
monomer is comparatively longer, which directly affects the crosslink density and, as a re-
sult, the adhesion properties. On the other hand, this monomer offers more ductile epoxy
thermosets, which can be advantageous for applications requiring a certain degree of flexi-
bility. This tendency is demonstrated in Fig. IV-9¢, where we can observe an increase in the

strain at the break in function of the amount of Tetra-IL.

Ethanolamine was chosen as the agent for degrading the epoxy adhesives on the
aluminum plates, based on previous research indicating that ester groups readily undergo
amidation with small amine compounds.”’7-79 Thus, it was found that the incorporation of
only 10% of the Tetra-IL was sufficient to achieve full degradability of the epoxy-amine net-
works (Fig. IV-S10). This means that subjecting the IL-based thermosets to a temperature

of 190 °C for 2 hours resulted in their complete elimination from the aluminum substrates.

Overall, itis evident that further optimization and experimental exploration are nec-
essary to establish and define IL-based monomers as adhesive thermoset precursors. How-
ever, it is worth mentioning that this is the first time an epoxidized IL has been utilized for
this particular application. Despite the need for further optimization, IL-based comonomers
can be advantageous for fine-tuning ionic and electric conductivity and the coefficient of
thermal expansion in adhesives, which are parameters already investigated in our previous

work.31

Notably, employing ethanolamine as a solvent in the absence of catalysts may be a
promising method to recover carbon fibers instead of using ethylene glycol/acid IL mix-
tures. The degraded imidazolium derivatives can catalyze the degradation of networks
through self-catalysis. This is because the imidazolium derivatives can interact with the car-
bonyl groups, activating them for nucleophilic attack and facilitating the network degrada-

tion.32
5.7. Using Tetra-IL to Tailor Physical Properties of Epoxy-Amine Networks.

It is widely recognized that the optimal characteristics of materials are contingent
upon the envisioned application. To ensure that the material possesses the desired proper-
ties for a targeted application, a better understanding of the polymer architecture-morphol-
ogy-physical properties relationships is required. This enables the material to be designed
to meet the specific application's requirements. The use of Tetra-IL as a building block was

designed for two primary purposes:
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1. To tailor various polymer characteristics and gain insights into designing thermo-
sets and composites based on IL. monomers;
2. To enable the selective degradation pathway of the polymer matrices under mild

conditions and to recover the CFs and the composite substrates.

Fig. IV-10 demonstrates how Tetra-IL content significantly impacts several aspects,

including thermal stability, mechanical properties, gel time, and recycling possibilities.

Thermal Stability

Hydrophobicity Gel Time
Adhesive _J Mechanical
Removability '~ Properties
Adhesion Degradation
Strength Activity

Carbon Fiber Recovery
—-—(0—-10--20-50-100
Figure IV-10. Set of material properties individually normalized for each characteristic.
Five different compositions were investigated in this study with 0, 10, 20, 50 and 100% of
Tetra-IL.

Given the synthetic route of Tetra-IL and its desirable properties, particularly re-
garding the end-of-life of the composites, it appears more reasonable to consider using 10
to 20% of Tetra-IL for the development of high-performance thermosets for structural ap-
plications such as aerospace, and automotive. This approach offers a promising strategy for
facilitating the transition towards a circular society, where materials and resources are kept

in use for as long as possible.

6. Conclusion of Chapter IV
In this work, we designed and synthesized a tetra-epoxidized IL bearing an imidaz-
olium-NTf, moiety and cleavable ester bonds at a multigram scale (up to 100 g). The syn-
thetic methodology was optimized to ensure it is straightforward and does not involve haz-
ardous chemicals like epichlorohydrin and bisphenol A derivatives. Consequently, the syn-

thesis can be potentially transferred to an industrial scale. Here, Tetra-IL was employed as
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a cleavable building block, and we have demonstrated that the incorporation of only 10%
into the epoxy network was sufficient to tailor the gel time, thermal stability, hydrophobi-
city, mechanical performances, and degradability. The thermoset networks produced ex-
hibit great mechanical performances and excellent thermal stabilities (> 350°C), which are
similar to conventional DGEBA-based materials. One other advantage of using Tetra-IL re-
sulted in improved carbon fiber surface wettability with the epoxy matrice and enhanced
homogeneity of the morphological network, potentially facilitating the development of de-
fect-free materials. In addition, the thermosets turned nearly completely degradable with
an increase in Tetra-IL proportion to 10%, while 50% percent was found to be the most
effective for CF recovery. Although further experiments are required for adhesive proper-
ties, preliminary results indicated that using Tetra-IL led to a good compromise between
stiffness and strain at rate providing ductility to networks. Moreover, it enabled the adhe-
sives to be degradable under mild conditions and in a short period, thus allowing for the
recovery of adherends. It is worth mentioning that there are a few aspects for additional
exploration that could enhance the scope of this research. These include using regenerated
IL derivatives and recovered CFs to develop second-generation epoxy networks, which will
be pursued in future studies. Ultimately, our findings pave the way for the efficient design
of degradable epoxy thermosets utilizing ILs, thereby facilitating the development of high-

performance thermosets and composites in line with the circular economy's expectations.
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1. Liquidesioniques époxydés cycloaliphatiques activés comme nouveaux
monomeres pour le développement de thermodurcissables multifonc-
tionnels dégradables

1.1. Résumé

Le développement de thermodurcissables époxy multifonctionnels, qui répondent aux
exigences du développement durable en créant de nouvelles architectures
macromoléculaires, est un vrai défi. Un liquide ionique bis-imidazolium cycloaliphatique
époxydé a température ambiante (CEIL) a été synthétisé avec succes a 1'échelle du
multigramme. Ce monomere a été utilisé comme brique moléculaire pour former différents
réseaux. En s'appuyant sur plusieurs simulations informatiques, trois réseaux époxy ont
été développés par polymérisation cationique en utilisant le CEIL et
I'Epoxycyclohexylméthyl-3',4"-époxycyclohexane carboxylate (ECC) en présence d'un
amorceur thermoacide. Les réseaux a base de CEIL ont présenté des stabilités thermiques
plus élevées (> 450°C), de bonnes performances mécaniques et un comportement de
mémoire de forme. L'incorporation de cette brique moléculaire ionique dans l'architecture
des réseaux, a 50% ou 100%, a permis d’obtenir une dégradabilité complete des polymeéres
thermodurcissables dans des conditions douces et de répondre au concept design to

degrade.

Mots-clés : conception moléculaire, monomeére liquide ionique, simulations dynamiques

moléculaires, comportement de mémoire de forme et conception pour la dégradation.
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2. Activated Cycloaliphatic Epoxidized Ionic Liquids as New Versatile
Monomers for the Construction of Multifunctional Degradable Thermo-
sets

2.1. Abstract

Creating new macromolecular architectures for multifunctional epoxy thermosets that sat-
isfy sustainable development demands poses a significant challenge. Herein, a bis-imidazo-
lium cycloaliphatic epoxidized ionic liquid (CEIL) was successfully synthesized at a multi-
gram scale and used as a molecular brick platform to build various thermosets. Thus, three
epoxy networks were developed by cationic polymerization using CEIL and 3,4-Epoxycy-
clohexylmethyl-3',4"-epoxycyclohexane carboxylate (ECC) in the presence of a thermoacid
initiator. The CEIL-based networks presented higher thermal stabilities (> 450°C), and great
mechanical performances combined with a promising shape memory behavior. Most im-
portantly, incorporating CEIL monomer into the networks (50 or 100%) addresses the con-
cept design to degrade inducing degradability under mild conditions (up to 99.4% of p-CEIL
dissolution in 4.5 h).

Keywords: Molecular Designing, lonic Liquid Monomer, Molecular Dynamic Simulations,

Shape Memory Behavior, Design for Degradation
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3. Introduction
Designing smart and multifunctional-dedicated epoxy thermosets that meet the re-
quirements of the circular economy, i.e. to be durable, reusable, and recyclable, is an urgent
need.!-* Scientists must thus propose through a 'Functional Materials by Design' approach
the development of molecular brick platforms to integrate the polymer matrices and afford

the networks the target functions.*9

Simultaneously, the end-of-life of these thermoset materials should be considered
through the concept of design to degrade.19-12 The controlled degradation or depolymeriza-
tion of these networks yields oligomers or monomers that can be potentially used to be re-

polymerized or re-incorporated into thermosetting matrices.1413-15

Due to their outstanding properties, such as excellent insulation, tunable mechani-
cal performances, and high chemical and thermal resistance, thermoset epoxy resins (TERs)
are widely used and represent one of the most important thermosetting polymers.1617
Among the commercially available TERs, diglycidyl ether bisphenol A (DGEBA) is the most
commonly used for automotive, aircraft, coating and electronic applications.18-20 Despite its
advantages, one of the starting precursors of DGEBA, namely bisphenol A is reported as an
estrogen and androgen receptor antagonist and represents a risk for humans and the envi-

ronment.21-25

In this context, cycloaliphatic epoxy resins emerge as an attractive alternative to
DGEBA-derived polymers, exhibiting several advantages such as UV resistance,?2 higher hy-
drophobicity,?> and electrical resistivity.26 Moreover, cycloaliphatic epoxies are usually
more reactive than DGEBA monomers due to their higher ring strain and nucleophilicity,28
which enables the development of epoxy networks without employing hardeners.2930 The
polymerization of cycloaliphatic epoxies can occur by thermal- or UV-initiation, allowing
their application through non-conventional processing methods, specifically 3D and 4D

printing technologies.31-33

Unlike thermoplastics, thermosetting polymers present high crosslinking degrees,
providing exceptional physical and chemical resistance and making them particularly hard

to recycle through conventional methodologies.1234

The significant amount of epoxy material waste that is landfilled or pyrolyzed
stresses the need to develop recyclable or degradable epoxy thermosets.35-37 To address the
challenge of recycling thermosetting materials, considerable research has been undertaken,
including developing re-processable crosslinked polymers38-4¢ and using depolymerizing

and degradation methods.134546
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Chalker and co-authors have been developing dynamic and reprocessable polymers
based on the chemistry of inverse vulcanization that explores the reversible nature of S-S
bonds. In recent work, they elucidated the mechanism involved in the S-S bond exchange,
revealing that the S-S metathesis can take place rapidly at room temperature in the presence
of nucleophiles.** Alike, Hasell et al. built a range of crosslinked sulfur polymers with in-
creased tensile elongation and toughness. Interestingly, the resulting crosslinked sulfur pol-
ymers revealed selective solubility in polar solvents, which can be fully re-crosslinked after
evaporating the solvent due to the high sulfur contents in the polymer networks. Although
the authors improved the mechanical properties, efficient thermal recycling features typical

of inverse vulcanized materials were preserved.42

Okajima and coworkers, pursuing to depolymerize carbon fiber epoxy composites,
have employed supercritical acetone at 350 °C under 14 MPa.*s In another study, Qi and co-
authors proposed a method to depolymerize anhydride-epoxy networks employing an or-
ganic catalyst. They achieved 95% of chemical dissolution at 170 °C under ambient pressure
and claimed the use of the decomposed epoxy oligomers to build new TERs.#” Further, Liu
et al. fully dissolved TERs employing a nitric acid solution associated with ultrasound-mi-
crowave. These authors applied the degradation products to dip coat a melamine foam that
exhibited excellent water/oil separation performance.!3 Such recycling methodologies pre-
sent several drawbacks like operating under elevated pressures,*5 the need for expensive

catalysts,1447 and the use of highly hazardous chemical products.4648

The molecular design of cycloaliphatic epoxidized ionic liquids (ILs) is a potential
answer to create new and degradable multifunctional-dedicated TERs. The numerous cat-
ion-anion combinations*® and the unique properties of ILs,50 such as high thermal stability,5!
recyclability,® tailored viscosity,52 and high ionic conductivity,535* make them promising

precursors for the development of a library of new generation TERs.

Thus far, very few studies have exploited this opportunity.55-60 Gin et al. have devel-
oped an epichlorohydrin-based route to synthesize diepoxidized imidazolium monomers
that were polymerized with amine hardeners to result in membranes for gas separation.>s
Employing a similar route, an epoxidized IL was synthesized and incorporated into carbon
fiber composites to tune cryogenic tanks' hydrogen permeability and mechanical proper-
ties.58 Other authors have also exploited epoxidized ILs based on ammonium or triazolium
to build low Ty materials with enhanced ionic conductivity.61.62 More recently, our group
reported for the first time a more sustainable strategy to synthesize ILs bearing oxirane

moieties without using highly toxic reagents like epichlorohydrin or bisphenol A deriva-

201

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0044/these.pdf
© [G. Perli], [2023], INSA Lyon, tous droits réservés



tives.5! In successive work, we designed different epoxy-amine coatings based on diepox-
idized IL monomers. These films exhibited hydrophobic and antibacterial behavior and
thermomechanical properties comparable to DGEBA-based materials.63 These first works
were mainly dedicated to developing synthetic procedures to obtain different IL monomers,
including few contributions in which the networks were built and characterized. Herein, we
endeavor to continue evolving this research, now employing a computational-assisted ap-
proach to develop a novel cycloaliphatic epoxidized IL. monomer that, when polymerized,

results in multifunctional networks that degrade under mild conditions to regenerate ILs.

Overall, developing next-generation TERs with adaptative properties, excellent
thermal stability, outstanding mechanical performance, and full degradability under mild
conditions is a compelling circular economy demand.116465 [t is worth noting that the circu-
lar economy does not limit itself to recycling materials but encourages maximum use of each
material during its lifecycle. Therefore, rationally designing polymers that, once degraded,
generate ILs that can be re-incorporated into the materials conveys reducing thermoset
waste to a minimum since these materials are kept in the economy wherever possible.
These novel materials will hopefully, in the future, interrupt the conventional, linear econ-

omy model, which is established on a take-make-consume-throw-away pattern.

4. Materials and Methods
4.1. Materials

All chemical reagents, including 3,4-Epoxycyclohexylmethyl-3',4'-epoxycyclohex-
ane carboxylate (ECC) were purchased from Sigma Aldrich, and used without further puri-
fication. All the solvents, including anhydrous ones were purchased from Carlos Erba and
used as received. The thermal initiator, diaryliodonium hexafluoroantimonate, denoted Syl-

anto-7MS (S7MS) was kindly provided by Synthos S.A.
4.2. Synthesis of Cycloaliphatic Epoxidized Ionic Liquid (CEIL)

The cycloaliphatic epoxidized IL-based monomer was synthesized in a six-step
route, according to a methodology developed by our research group. The synthetic route
starts with a cycloaliphatic alcohol 1 reacting with p-bromobenzyl bromide, by a conven-
tional nucleophilic substitution. Then, the bromide intermediate 2 was converted to a bo-
ronic acid derivative 3 that reacted by a Chan-Lam coupling with imidazole to yield 4. Com-
pound 4 was reacted with 1,4-dibromo butane to originate a bis-imidazolium bromide salt
5. Aiming to increase the hydrophobic character and the thermal stability behavior of the
[L-based monomer, an anionic metathesis step with LiNTf; was carried out to provide 6.

Finally, the alkenes' oxidation was performed in the presence of mCPBA (2.2 eq.) at 0 °C to
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obtain a room temperature CEIL (Scheme V-1). All synthesis details are provided in Ap-

pendix III.
° 1) n-BuLi, THF,
1)NaH THF, 0 °C 78 °¢. 1h (HO),B
2) 4 -bromobenzylbromide 2) B(0i-Pr);
0°C to reflux, 22 h -78 °C to rt, overnight
3% 3) HCI/H,0, 0°C 5%
Imidazole
Cul, Air
MeOH
1,4-dibromobutane \ Reflux, 5 h
L@\ /\N'(/\)‘N /@J CH3CN reflux, 21 h \
98%
87%
LiNTf,
H,0

90 °C to rt,

overnight r@ @\\
or<:> O\o m-CPBA d o o \
s, e 2©/l cH,Cl, ﬁ@Nsz i, /@J
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6 CEIL
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Scheme V-1. Synthetic route of Cycloaliphatic Epoxidized lonic Liquid monomer (CEIL)
4.3. Epoxy Network Preparation

To prepare epoxy networks at different weight ratios (100:0, 50:50, 0:100), two cy-
cloaliphatic epoxy monomers were employed, namely, CEIL and ECC (Scheme V-1 and Fig.
V-1a). The epoxy monomers were combined in the corresponding percentage and com-
pletely homogenized with the thermal initiator in the proportion of 2% by weight at room
temperature (Fig. V-1b). Then, the blends were placed into the silicon template and cured

according to the protocol, 6 h at 80 °C, and 6 h at 170 °C with a post-curing of 2h at 180 °C.

o T

Figure V-1. Structures of a) 3,4-Epoxycyclohexylmethyl-3',4'-epoxycyclohexane carbox-
ylate (ECC) and b) Sylanto 7MS (S7MS).
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4.4, Characterization Methods

Thermogravimetric Analyses (TGA) of the resulting networks were performed on a
Q500 thermogravimetric analyzer (TA instruments). The samples were heated from 30 to

800 °C at 10 °C min-! under nitrogen flow.

Differential Scanning Calorimetry measurements (DSC) of cycloaliphatic epoxy un-
cured blends (3-5 mg) and fully-cured networks were performed on a Q10 (TA instruments)
from -70 to 250 °C under nitrogen flow. The samples were sealed in hermetic aluminium
pans and kept for 3 min at 250 °C to erase the thermal history before being heated or cooled

at 10 °C min-1 under a nitrogen flow of 50 mL min-1.

Transmission Electron Microscopy (TEM) was performed at the Technical Center of
Microstructures (University of Lyon) using a Phillips CM 120 microscope operating at 80 kV
to characterize the dispersion of thermoplastic phases in the epoxy networks. 60 nm thick
ultrathin sections of samples were obtained using an ultramicrotome equipped with a dia-

mond knife and were then set on copper grids.

Dynamic Mechanical Analysis (DMA) was performed on rectangular samples with di-
mensions 15 mm and 5 mm and a thickness of 1 mm using an ARES-G2 rheometer with tor-
sional fixture (TA Instruments). The material response was measured with a heating rate of
3 °C min-1. Storage modulus G'and Loss Modulus G” were measured for temperature ramps
from — 100 °C up to 250 °C. All tests were performed within the linear viscoelastic region of

each material at a frequency of 1 Hz.

Shape-memory behavior of the epoxy networks was investigated by the fold-deploy
experiment. The samples were placed in the oven at their corresponding deformation tem-
peratures (T4r= T« + 30 K) for 30 minutes. Once the specimens were equilibrated at their Tq¢
and bent using an U-shaped template (Fig. V-S13). Then, the samples were cooled down to
room temperature, keeping the U-shape by an external force for 5 minutes. The force was
then removed, and the fixed bending angles were measured (6¢). When the samples were
re-heated up to their Tq;, the initial shapes were gradually recovered, and at the end of this
cycle, the recovered angles were registered (0,). Next, the shape memory properties were
quantified by determining Shape Fixity (Rf) and Shape Memory Recovery (R;) using Equa-

tions 1 and 2, respectively.

180 — 0¢
R, = 18r0 -100% (2)
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Tensile tests were carried out using an MTS 2/M at 24 + 1 °C at a crosshead speed of
1 mm min-! in a controlled humidity room. The ASTM D695 standard test was employed,
and Young's moduli were obtained from the slope of the stress-strain curve in the linear
domain (response inferior to 0.05). The strains at break and toughness were also deter-
mined from the maximum stress value and the area under the stress-strain curve, respec-

tively. The experimental values were compared to the theoretical results.
4.5. Chemical Recycling Methodology

The same chemical recycling methodology was applied to the three different TERs.
Rectangular samples (15 x 4 x 1.5 mm3, 100 mg) were weighed and placed into glass vials
containing a mixture of phosphonium IL (IL104) and ethylene glycol (EG) (4 mL). A hot plate
magnetic stirrer coupled to a module Labortechnik Variomag 40ST was employed to heat
the systems to 200 °C under stirring for 4.5 h. Four differentI.104:EG ratios were evaluated
(100:0, 20:80, 5:95 and 0:100 in wt%). Every hour the flasks were removed from the oil
bath for a few seconds to observe the evolution of the degradation process. At the end of the
recycling procedure (4.5 h), the residual mass was weighted, and the degradation activity
was determined using Equation 3, where m; and mr are the initial and final mass, respec-

tively. All the experiments were carried out in triplicate.

m; —m
———100% 3)

m;

R¢

4.6. Simulation Methods

All-atom molecular dynamics (MD) simulations were performed using the
DREIDING force field.66 The initial structures were generated using the AVOGADRO soft-
ware.” The number of ions/monomers for each system was reported in Table V-S1. The
ions/monomers were randomly placed in a cubic simulation cell with periodic boundary
conditions (PBCs) using the PACKMOL software.¢8 The initial cubic samples were generated
at low density (200 A in each principal direction) to avoid atomic overlaps while packing
the ions/molecules. The simulation procedure reported in the literature was followed to
polymerize the liquid precursor mixtures and predict the thermo-mechanical properties of
the resulting polymers. More information about the simulation methodology has been pro-

vided in the Supporting Information.

5. Results and Discussion

5.1. Development of Networks and Preliminary Thermal Characterizations

It is well established that epoxy thermosetting materials present high chemical and

solvent resistance.16 For these reasons, their end-of-life is a major issue due to the crosslinks
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of the thermoset matrices that hinder their reprocessability by traditional methodologies.20
Hence, rationally designing degradable networks and developing suitable recycling meth-

ods become crucial to address the circular economy's needs.

The polymerization of the epoxy-prepolymers was initially investigated by differen-
tial scanning calorimetry (DSC) in the presence of S7MS. This experiment corroborates that
the thermal activation of the initiator allows the catalysis of the epoxy curing reaction since
the polymerization temperature decreased by at least 50 °C when the initiator was em-

ployed in 2 wt.% (Fig. V-2).

= ECC+CEIL = ECC + CEIL + 2phr of STMS
= ECC —— ECC + 2phr of STMS
= CEIL = CEIL + 2phr of STMS

1.0 = T¥¥=138°C
s = THAX=1q21°C
: TMAX = 142 °C
g . ex
-~ MAX — L
> TMAX = 88 °C
o X =70°C
w G
= THAX = g2 °C
£05
T U9

0.0 44

T L]
0 50 100 150 200
Temperature / °C

Figure V-2. DSC of the corresponding reactional mixture in the absence (dotted line) and
presence (solid line) of photoinitiator Sylanto 7MS. The curves correspond to the exother-
mic peak of polymerization (exo up).

The curing process occurs through a cationic ring-opening pathway mediated by a
thermal initiator. Briefly, S7MS thermally degrades, generating a proton that activates the
cycloaliphatic epoxy moieties. These activated species suffer a nucleophilic attack from an-
other epoxy monomer further developing the networks. (Scheme V-2) This preliminary
finding enables the development of more straightforward curing protocols by using initia-
tors to trigger and accelerate the polymerization reaction and to provide homogenous net-

works.
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Scheme V-2. Mechanism of cationic polymerization of CEIL triggered by the initiator, S7MS.

The incorporation of ILs in the polymer matrix significantly increases the thermal
stability of the developed materials. Polymer degradation is a multi-variable phenome-
non,%%7% and under nitrogen atmosphere, the more likely mechanism for the thermal decom-
position is the random scission of covalent bonds.¢® The thermal energy absorption pro-
motes the increase of bond vibrations, and when the molecular vibration reaches its elastic
limit by absorbing thermal energy, the bonds break, resulting in decomposition.t® The in-
corporation of IL-moieties in the polymer chain allows the release of thermal energy
through an extended mechanism decay because the combination of the cations and anions
freedom modes are also potential pathways for energy decay.185L71 This reasoning is evi-
dent in Fig. V-3a, since p-CEIL exhibited thermal stability significantly higher than the non-
ionic network (p-ECC). Furthermore, integrating CEIL into the bi-component network (p-
ECC-CEIL) increased the thermal stability by several degrees compared to p-ECC. Thus, the
employment of two monomers resulted in two mass loss steps; (1) a first region due to the
degradation of ECC, and (2) a second mass loss at higher temperatures ascribed to the pres-

ence of CEIL (Fig. V-3a).
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Figure V-3. In a) TGA highlighting the temperature of 50% weight loss and b) DSC thermo-
grams for the networks p-ECC-CEIL, p-ECC, and p-CEIL (heating rate: 10 °C min-! under ni-
trogen gas). Networks prepared by adding 2 wt% of S7MS.

The embodying of CEIL into the networks also affected the T, ranges, significantly
lowering their values (Fig. V-3b). The CEIL monomer possesses a longer aliphatic chain
which ensures greater positional and rotational mobility, increasing the flexibility of p-ECC-
CEIL and p-CEIL networks. To this end, the coefficient of volumetric thermal expansion
(CVTE) is a convenient metric for evaluating the polymers' flexibility regarding heating re-
sponse. MD simulation results revealed that the p-ECC system obtained the lowest CVTE,
both above and below the T, (Table V-S2). Adding CEIL in the polymer system by 50 wt%
(p-ECC-CEIL) increased the CVTEs by 70 and 50% below and above the T, respectively. The
pure CEIL polymer showed the maximum CVTEs, which were 110 and 127% higher than
those obtained for the p-ECC-CEIL below and above the T, respectively.

Similar to the previous TGA results, the DSC thermogram further confirmed the high
homogeneity of the p-ECC-CEIL networks expected The bi-component network (p-ECC-
CEIL) exhibited T4 of 108 °C very close to 111 °C which corresponds to the average of the T,
of p-CEIL (52 °C) and p-ECC (170 °C).

5.2. Morphological Investigation of Networks

Transmission electron microscopy (TEM) and molecular dynamics (MD) simulation
were employed to explore the network morphology. The TEM images revealed no phase
separation for any of the developed networks. However, in p-ECC specimens, small clusters
presumably originated from the initiator aggregation were observed (Fig. V-4). S7TMS is
sparingly soluble in ECC prepolymer. By considering it, it seems natural the phenomenon of

thermos-initiator aggregation. Given the low vapor pressure and unique solvent properties
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of ILs,#%72 using an IL-derived monomer appears suitable for creating bi-component net-
works and solving the solubility issue. Additionally, ILs exhibit remarkable thermal proper-
ties such as high heat capacity and thermal conductivity, resulting in great heat transfer
properties. Introducing CEIL might enhance the mixtures' thermal energy conduction, fur-

ther assisting homogenous curing.”3-76

a b c

Figure V-4. TEM images for a) p-ECC-CEIL, b) p-ECC, and c) p-CEIL. The square sections
magnify specific regions to highlight the nanometric structural pattern of the networks. Net-
works prepared by adding 2 wt% of S7MS.

This reasoning is corroborated by Fig. V-4a and V-4c, in which we can see that no
phase separation or nano-aggregation phenomena were observed when CEIL was employed
to build the new homogenous TERs. These results are in total coherence with the theoretical
investigation that did not predict any complete phase separation, as evidenced in the snap-

shots reported in Fig. V-S14.

5.3. Thermomechanical and Shape Memory Behavior of the Epoxy Net-
works

The thermo-mechanical properties of the TERs were obtained by dynamic mechan-

ical analysis (DMA). The a-relaxation temperatures (Ts) were found by determining the

maximum values of Tan §. In addition, the epoxy networks' crosslinking densities, denoted

as, ve (mol m-3), were estimated using the elasticity theory (Equation V-4), where R is the

ideal gas constant (R = 8.314 ] K'1mol?), T¢r= Ta + 50 K, and G. corresponds to the storage

modulus in the rubbery state (Table V-1).77.78
Ve T 3RT,

4)
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Table V-1. Transition temperatures and crosslinking density.

T« (°C) Ve (mol.m-3)
p-ECC-CEIL 130 0.58
p-ECC 185 1.85
p-CEIL 62 0.12

The incorporation of CEIL monomer led to a significant reduction of the crosslinking
density from 1.93 to 0.60 mol m-3. The CEIL monomer presents a longer aliphatic chain re-
sulting in networks with crosslinks more widely spaced compared to p-ECC. This reasoning
is also corroborated by the lower T, and CVTEs values for TERs based on CEIL. The simula-
tion results indicate that the average distance between the reactive atomic sites of CEIL did
not change when the CEIL composition decreased from 100 to 50 wt.%, which was around
22.7 A. This means that the addition of ECC to the polymer system did not affect the intrinsic
flexibility of CEIL. The change in the T« can then be attributed to the decreased proportion

of CEIL in the polymer matrix.

a 1o b
10%4 e —— p-ECC-CEIL
0.8 —— p-ECC
s —— p-CEIL
& 10°4 P
@ G, 0.6 4 128 °C
3 10%; ‘E
Eo - 0.4
> 107 187 °C
©
H 0.2 4
n Gr
106
0.0 3 -
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.50 0 50 100 150 200 -50 0 50 100 150 200 250
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Figure V-5. In a) Storage modulus (G'), and b) loss factor (Tan §) as a function of tempera-

ture at 1 Hz and heating rate of 3 °C min-1. Networks prepared by adding 2 wt% of S7MS.

Equally important, the storage modulus for the glassy (G,) and rubbery (G;) states
were also determined, being these parameters crucial for the development of SM polymers
(Figure V-5).79 Tailoring the Gg: G, ratio allows the design of high-efficiency SM materials
since the recovery behavior is enhanced with the Gg: Gr ratio increase.”® Remarkably, the
CEIL-based polymers presented higher values of Gg: G: conferring to these materials more
suitable SM properties (Table V-2). The three epoxy networks possess comparable magni-
tudes of G,. Nonetheless, the increment of CEIL content progressively decreased the storage

modulus at the rubbery state (G;). This structure-property relationship can be explained by

210

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0044/these.pdf
© [G. Perli], [2023], INSA Lyon, tous droits réservés



the fact that Gg strongly depends on the molecular density of the materials, which is roughly
the same for the three systems (Table V-S2).

Table V-2. Storage modulus measured by torsional fixture at room temperature.

Gg/ MPa Gr/MPa  Ratio Gg:Gr

p-ECC-CEIL 861.4 6.5 132.5
p-ECC 722.2 23.5 30.7
p-CEIL 421.5 1.2 351.25

Further, the SM behavior of obtained materials was evaluated and quantified by the
shape fixity (R¢) and shape recovery ratios (R:). Rrdescribes the ability of a polymer to keep
atemporary shape after applying an external force. Its value is 100% when the material fully
keeps the shape induced by the external stimulus.”980 As regards R, this parameter weights
the percentage of recovery when the polymer is heated up to the T:. R corresponds to 100%
when the material can entirely recover its initial shape.?9.80

Several parameters can be adjusted, including curing extent, monomer-hardener ra-
tio, and blend formulations to afford shape memory behaviour to thermosets.1579-81 Re-
cently, we demonstrated that exploring the synergistic use of polyetherimide (PEI) and a
commercial phosphonium IL is a suitable approach to induce shape memory behavior in
DGEBA-based materials.82 The ternary hybrid materials presented shape-memory perfor-
mance dependent on the PEI content that impacts the intrinsic entropy of materials, mini-
mizing the internal stresses during the macroscopic deformations.

In this current contribution, we investigated the possibility of introducing shape
memory behavior to epoxy thermosets by molecularly designing a novel CEIL. The Rrand R,
were determined only for p-ECC-CEIL and p-CEIL TERs since SM behavior could not be
demonstrated for p-ECC. Like other purely epoxy-based networks, p-ECC presents a high
crosslinking density and elevated brittleness.2” During the heating and bending cycles, sev-
eral p-ECC specimens were broken, probably due to its highly crosslinked structure (Table
V-1), resulting in high constraints on the polymer chains.1683 Thus, even heating up to tem-
peratures higher than its T4 was not enough to create the chain mobility necessary to bend
the p-ECC samples. Notably, the incorporation of CEIL was suitable not only to tailor Ty, me-
chanical modulus, and Young modulus but also to introduce shape memory response into
the new networks. By preparing a bi-component network, the crosslinking density was ad-
justed, generating higher molecular mobility confirmed by DMA and MD simulation.

The fold-deploy experiment is summarized in Fig. V-6, evidencing the correspond-
ing fixed (0¢) and recovered angles (08,). Notwithstanding, p-ECC-CEIL presented SM behav-

ior and the performance of p-CEIL was comparatively better in terms of R;. While p-CEIL
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conferred an R¢ of 99%, the p-ECC-CEIL led to R¢ of 61%. Regarding the recovery response,
both networks revealed results comparable, with recovery ratios (R;) of approximately

99%.
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Figure V-6. Fold-deploy experiment for a) p-ECC-CEIL and b) p-CEIL. Networks prepared
by adding 2 wt% of S7MS.

All the epoxy materials presented Young’s Moduli comparable to DGEBA TERs.8485
The increment of CEIL lowered the tensile stiffness but was compensated by a significant
increase in ductility and toughness properties. Increasing toughness is desirable since this
property ponders strength and ductility.8687 Considering the elevated brittleness of epoxy
material,87.88 we proved that by introducing CEIL, we can tune the toughness building net-
work more capable of absorbing energy and plastically deforming without fracturing (Table
V-3). This behavior probably derives from the lower crosslinking densities of CEIL-based
networks and the presence of the IL moieties.
Table V-3. Young Modulus, strains at the break and toughness for the three networks pre-

pared by adding 2 wt. % of S7MS.

Young Modulus Strain at Break Toughness Ur
GPa % KJjm-3
p-ECC-CEIL 2.84 £ 0.05 0.98 £ 0.02 61.8+0.2
p-ECC 3.71 £ 0.06 0.58 +0.01 40.8+0.1
p-CEIL 0.28 £0.03 7.37 £ 0.09 277.2+0.1
5.4. Sustainable Treatment and Chemical Recycling

In order to transition to a circular economy, a molecular ionic brick (CEIL) was stra-
tegically incorporated into the network structure. This brick possesses potential cleavable
C-N and ether bonds, enabling the materials to degrade under mild conditions. As a result,
IL molecules are regenerated, allowing them to either undergo re-curing with polymer res-
ins or be utilized again for various IL applications. In practice, IL recovery reduces thermoset
waste to a minimum, since when these networks reach their end of life, they are maintained
within the economy into a new material or for another application.6465 These can be produc-

tively reused repeatedly, thereby creating further value. 3116465

213

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0044/these.pdf
© [G. Perli], [2023], INSA Lyon, tous droits réservés



Considering their tailored viscosity, excellent thermal stability, potential reactivity
and recyclability, several works have investigated ILs as solvents or catalysts to degrade
polymer materials.89-92 Aiming to assist the degradation of the resulting networks, an elec-
trophilic phosphonium IL (IL104) was employed as a more environmentally friendly cata-

lyst alternative (Fig. V-S16).

Initially, the samples were measured, weighed, and placed into the vial flasks in de-
termined proportions of IL104:EG (100:0, 20:80, 5:95 and 0:100 in wt%). The degradation
phenomenon was visually monitored and followed by an initial color change of solutions
evolving to the sample swelling. Subsequently, the physicochemical degradation manifested

through the apparent increase of the solution viscosity yielding homogenous oils (Fig. V-
7a).

a b
-ECC p-ECC-CEIL p-CEIL 100 4
2 Ethylene glycol
5 wt% IL104
20 wt% IL104
X 75 1L104
c )
S g
o
0 T 1
a g
: 5 ‘ o
20wt%IL104 20 wt% IL104 20wt%IL104 8
\ : 254
E 04

p-ECC-CEIL p-ECC p-CEIL

Figure V-7. In a) the polymerized networks and their aspect after the degradation process
and b) the percentage of degradation for the three networks in four different conditions.
Networks prepared by adding 2 wt% of S7MS.

These degraded solutions were filtered, washed and dried to provide the non-de-
graded residual mass, that were measured to further determine the degradation activity ac-
cording to Equation 3. The solvolysis of the three networks was investigated in four differ-
ent media, and p-ECC did not reveal any relevant degradation degree in none of the condi-
tions. The different mechanisms involved in the degradation pathways were investigated
for a better understanding. According to our observation, the samples are swollen by the
solvent creating free space and increasing the contact surface area inside the polymer net-

works. Then, the degradation reactions start to take place.

The theoretical investigation predicted low values of CVTE for the p-ECC at temper-
atures below and above the T,. This analysis suggests negligible polymer expansion and flex-

ibility in this range of temperature. Since the primary step does not befall, the degradation
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phenomenon does not go further for p-ECC specimens. Remarkably, the incorporation of
50% in wt. of CEIL enhanced the polymer degradability by at least 80% in the presence of 5
and 20 wt% of IL104 in EG. Under the same conditions, the fully CEIL-based networks
demonstrated degradation rates close to 100% (Fig. V-7b).

This result is in agreement with the increase of the CVTE values and ties in with the
presence of cleavable bonds in the CEIL structure. The degradation activity in net EG was
minor, which corroborates the role of the IL104 as a catalyst, while the chemical dissolution
in neat IL104 seems similarly unfavorable. Indeed, thermoset dissolution derives from the
compromise between solvent (and catalyst) diffusion into polymers and the rate of degra-
dation reactions. Employing the highly viscous [L.104 definitely does not favor the first stage.
Interestingly, the TER degradations in 5 wt% of [L104 in EG provided comparable values to
the medium containing 20 wt.% of IL104. The possibility of employing catalytic amounts of
[L104 makes this procedure more economically viable and a potential method to replace

landfilling and pyrolysis in industries.”0.93

To further understand the degradation mechanism and the structures of the result-
ing products, tH NMR and HRMS experiments were performed (Fig. V-S17a). The solutions
resulting from the degradation reactions were dried under vacuum at 150 °C to eliminate
excess EG. Then, different deuterated solvents were investigated to solubilize the samples,
including CDClz, DMSO-d¢, DMF-d;, ACN-d3, and MeOD-d4, which proved to be the most ap-

propriate.

The degradation of p-ECC did not yield a homogenous solution, and its tH NMR spec-
trum did not show any elucidating information. Otherwise, the 1H NMR analysis of the solu-
tions derived from p-ECC-CEIL and p-CEIL indicates that the cycloaliphatic moieties of CEIL
remain intact during the degradation process. The imidazolium and the aromatic segments
were preserved, although the peaks corresponding to these moieties present low intensity
and multiple chemical shifts. The inferior peak amplitudes arise from the low concentration
of matter and elevated acidity of the hydrogen on position C-2 of the imidazolium ring. The
HRMS investigation further supports the 1H NMR results, evidencing the presence of multi-
species single positively charged (Fig. V-S17b). More important than confirming the
maintenance of the imidazolium segments is the possibility of predicting the molecular for-
mula by accurately determining the exact mass. By this analysis, it was possible to provide
the molecular structure of the ion with the mass-to-charge ratio of 313.2267 and approxi-

mately predict the molecular structure of secondary ions.
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The most striking result from this experiment is that we engineered next-generation
TERs, and their degradation under mild conditions recovered IL species that can be easily
extracted from the degraded solutions. These degradation derivative ILs can be potentially
used for different applications,®* including gas capture,?s lubricants,% dispersing,°” and com-
patibilizing agents.?8 In future works, we aim to reintroduce these IL products into the TERs
or re-polymerize them and investigate their mechanical properties to continue developing

sustainable polymer technologies.

6. Conclusion of Chapter V and Perspectives

A cycloaliphatic epoxidized IL (CEIL) monomer was successfully synthesized
through an optimized and scalable route. Then, three different networks were developed in
the presence of an initiator through cationic polymerization. The networks containing 50
and 100 % of CEIL presented glass transition temperatures from 65 °C to 130 °C, increased
thermal stability, similar mechanical properties to commercial epoxy resins, and outstand-
ing shape memory behavior. Remarkably, introducing CEIL molecular bricks afforded high
degradability to the multifunctional networks under mild conditions. Finally, the degrada-
tion products were characterized, which allows their reemployment into the networks to
develop high-performance, environmentally friendly polymers for the continuous progress

of a circular economy.

It is worth noting that the present study has started with the primary objective of
synthesizing cationically photopolymerizable ILs to develop ionic 3D printing inks. In pur-
suit of this objective, an extensive review of the scientific literature was conducted to iden-
tify the most relevant information for designing the best candidate molecules (Fig. V-8). It
is worth noting that no prior studies have been found that report the cationic photopoly-

merization of ILs.

Based on our previous research on epoxy-based materials, and the enhanced reac-
tivity of cycloaliphatic epoxides, we identified these groups as the ideal polymerizing moiety
(Fig. V-8). Subsequently, considering the exceptional stability of imidazolium-based ILs,
their synthetic versatility, and their ability to absorb UV light, we selected imidazolium as
the most suitable cation. Bistriflimide (NTf,) was chosen for the counterion due to its hy-
drophobic nature and significant thermal stability. Also, we incorporated the benzyl ether
moiety further to enhance the system's reactivity towards cationic photopolymerization.
This design decision was supported by previous research conducted by Crivello and co-au-
thors (as presented in Scheme I1-41).279 Furthermore, incorporating aromatic fragments,
as observed in DGEBA or analogous precursors, has been demonstrated to improve me-

chanical properties.
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Figure V-8. The cycloaliphatic epoxidized IL was systematically designed by molecularly

installing the most beneficial groups for each molecule part.

Upon examining the cationic photopolymerization of CEIL under UV light (2 phr of
S7MS, 10 cycles of 0.1 s, 365 nm, 554 m] cm2), we observed that the system underwent
gelation with an epoxy conversion rate inferior to 20%. Various parameters were investi-
gated as potential optimization factors, including light wavelength, lamp power, exposure
time, photoinitiator concentration, sample thickness, reactive dilutants, and distance be-
tween the UV lamp and the samples. Despite our efforts to optimize the process, we could

not significantly increase the conversion yield.

Our initial observations indicated that the heat generated by the UV lamp was trig-
gering the cationic polymerization. Therefore, we decided to utilize the iodonium salt (as
depicted in Figure V-1) to mediate the thermal cationic photopolymerization of CEIL. The

resulting networks exhibited promising properties, as demonstrated before in this chapter.

After considering all possible scenarios, we formulated a hypothesis that the pres-
ence of the NTF; counter ion was terminating the cationic photopolymerization pathway.
Specifically, we postulated that NTF, was trapping the proton initially generated by the pho-
toinitiator (Scheme V-3a). As the photoacid was used in a small proportion, the anion NTF,
was present in excess relative to the proton formed. Consequently, the NTF; anion would
quench the reaction at room temperature. However, heating the system allows the proton
to be ionized again and used to protonate the epoxy group, thus enabling the polymerization
pathway. This hypothesis is consistent with the pKa values of the acids involved in the pro-

cess.

Another possibility we considered was that the activated epoxy group could be at-
tacked by the NTF; anion, thereby initially terminating the polymerization reaction
(Scheme V-3b). However, by heating the system, the NTF, anion could act as a leaving

group, allowing the substrate to react via a substitution reaction.
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a) b)

Scheme V-3. A hypothetical mechanism is proposed to account for the termination of pho-
topolymerization. It is suggested that in scenario a), the proton produced is captured by the
counterion NTf;, while in the scenario; b) the anion NTf; participates in the epoxy ring-

opening reaction.

Several photoinitiators utilized in cationic photopolymerization are organic salts,
frequently containing counterions such as Sbfs, PF¢, and BF.. The efficiency of these pho-
toinitiators relies on their anions' reactivity, which increases according to the sequence:
BF4 < PFs < AsFs < SbFs.287 To improve the reactivity of CEIL family monomers, NTf; was

replaced by SBfs, PFs, and BF..

After synthesizing the cationic substrate (CEIL), our focus shifted to optimizing the
ionic exchange process for various anions. Since we hypothesized that the anion inhibited
the cationic polymerization, we comprehensively characterized the ionic-exchange reac-

tions using NMR spectroscopy and HRMS (Fig. V-9).
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Figure V-9. The comprehensive investigation of the ionic exchange reaction by NMR spec-
troscopy. a) and b) highlight the change in the chemical environment of the imidazolium-
ring by 1H and 13C NMR spectroscopy. In ¢) and d), similarly it is observed the main chemical

shift for the aromatic moiety. Please see the complete analyses in Appendix III.

[t is important to note that this characterization is often neglected. However, in our
case, even minor inorganic impurities significantly impact the propagation of the polymer-
ization. Therefore, the ionic exchange step is critical to synthesizing photopolymerizable IL
monomers. The detailed methodologies for the ionic exchange reactions are described in

the Appendix III.

Subsequently, the epoxidation reactions were optimized, adapting a methodology
previously developed by our group, using mCPBA in acetonitrile. The products were all pu-
rified by precipitation in diethyl ether, yielding colorless room-temperature ILs. The three
novel cycloaliphatic epoxidized ILs bearing SbFs, BF4 and PF¢ as couterions have shown ex-
cellent chemical stability when stored at -4 °C and protected from light exposure. However,
they turned active and photopolymerized at room temperature, under Argon atmosphere,

and visible-light exposure over 12 h.

While this information helps develop cationically photopolymerizable ILs due to

their increased activity, their uncontrolled photopolymerization in mild conditions and
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short timeframes presents a challenge. As a result, we are currently resynthesizing these
monomers and attempting to control their self-homopolymerization to create 3D printing

resins.

Alongside synthesizing the CEIL family of monomers, we opted to explore another
imidazolium-backbone substrate that also contains anions frequently used in cationic pho-

topolymerization processes, namely SbF¢, BFsand PFs (Scheme V-4).

(ISDI/CI
e Oy o
g _ NH
Ok . o , N
\~/

rt, 12h, DCM dry NaH (1.2 equiv.)
NEt; (2 equiv.) 93% MeCN (0.01 M) 89%
12h, 100 °C

o} /©/ MeCN (0.1 M)
oS 12h, 150 °C
o)
X = SbFg, BF4 and PFg
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o
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5 2h,-78°Ct0 0°C Th,100°C 85%

Scheme V-4. Synthetic route designed to synthesize a cationic photopolymerizable IL mon-
omer. The selection of tosylate as the anion was based on its lower nucleophilicity compared

to halide ions and its detectability using *H NMR.

We aimed to identify the most straightforward cationic substrate with an imidazo-
lium group and two cycloaliphatic epoxy groups. As we gained experience with the epoxi-
dation reaction, we realized that avoiding residual nucleophilic anions in the medium would
be advantageous even with optimized ionic exchange reactions. For instance, in the synthe-
sis of CEIL, the ionic exchange involves replacing bromide with bis(trifluoromethane)sul-
fonimide, and the remaining bromide may trigger the degradation of the IL epoxy mono-
mers. Additionally, detecting the residual bromide species through routine spectroscopy
techniques, like infrared or NMR, can be extremely challenging. To circumvent these issues,
we designed a synthetic route using tosylate as a counterion to prevent a nucleophilic attack

of the epoxy rings and further confirm the effectiveness of the ionic exchange by 'H NMR.

Similarly to the synthesis of CEIL analogous, the ionic exchange reaction was opti-

mized, and the results are presented below.
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Table V-4. lonic exchange reaction to introduce antimony pentafluoride

O NaSbFg (X equiv.) N @ N
H
o Acetone:DCE SbFG

(0.01M; ratio 1:1)

100 °C, 24h
Entry Z (equiv.) T (°C) Yield (%)l
1 4 80 58
2 6 80 83
3 4 100 84
4 6 100 87

Table V-5. lonic exchange reaction to introduce tetrafluoroborate

S
A o) LiBF4 (Z equiv.) N®'N
NG N 4
SO 0
3 H,0 (0.01M) S

100 °C, 48h BF4
Entry Z (equiv.) T (°C) Yield (%)!=]
1 2 100 <35
2 5 100 49
3 10 100 88
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Table V-6. lonic exchange reaction to introduce hexafluorophosphate

N’/é\‘N o @ NH4PFg (Z equiv.) NN
— — 4Fre .
P

H,0 (0.01M)

FG
100 °C, 48h
Entry Z (equiv.) T (°C) Yield (%)!=]
1 2 100 40
2 5 100 85
3 10 100 88

[a] Estimated based on the H NMR crude employing 1,3,5-trimethoxybenzene as internal

reference.

We were able to make significant progress with the ionic exchange allowing the in-
crease of the IL library available for different applications. Despite having prior experience
with the epoxidation reaction, we still faced some challenges regarding this step. In this last
work, we observed the formation of the epoxidized IL monomers followed by their degra-
dation or polymerization in situ. The best outcomes were achieved under very strict condi-
tions, including anhydrous solvent, an inert atmosphere and maintaining the reaction be-
tween -78 °C to 0 °C. At the current moment of this research, we are working to isolate the
final products, and we are also considering the polymerization of the cycloalkenes using

ring-opening metathesis polymerization (ROMP).

In conclusion, although we did not achieve the goal of developing an ionic 3D print-
ing resin, we overcame various challenges regarding the synthesis of cycloaliphatic epox-
idized ILs. Certainly, we made some contributions to the rationalization and development
of synthetic methodologies that can pave the way for future works on the topic.
Supporting Information
The general methodology for characterization and purification, the detailed procedure for
the synthesis of the cycloaliphatic epoxidized ionic liquid and its intermediates, the NMR
spectra, the molecular dynamics simulations outputs, and the mass spectra of the degrada-

tion products.
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Conclusion and Perspectives

In this doctoral research, we aimed to develop a library of second-generation epoxy
monomers to build multifunctional and high-performance thermosets and composites with
a more sustainable and eco-friendlier end-of-life. A computational methodology facilitated
the monomer's design, saving significant energy, time, and effort. We referred to this ap-
proach as efficient design, which has demonstrated advantages for molecular engineering
building blocks with IL moieties and cleavable groups. Each study employed different curing
agents, and the resulting networks demonstrated improved thermal stability, excellent me-
chanical properties and tailored degradability. The resulting networks were subjected to
selective chemical solvolysis, which enabled the recovery of IL specimens. These IL com-
pounds can be reintroduced into thermosets or directly re-employed in lower-quality ap-

plications to prolong their lifespans.

Our first study tailors the thermosets' mechanical, physicochemical and degradable
properties by molecular engineering monomers bearing ester groups, an imidazolium back-
bone and multiple adjacent epoxy groups. The resulting epoxy-amine networks have shown
high homogeneity, shape-memory behavior, and mechanical properties comparable to

DGEBA thermosets.

The second study uses a tetra-epoxidized IL as a cleavable building block, to develop
more sustainable composites. Introducing this co-monomer improves the carbon fiber sur-
face wettability with the epoxy matrices and enhances the morphological network's homo-
geneity. More importantly, the cleavable co-monomer, tetra-epoxy, allowed the degradation

of the thermoset matrices, ensuring the full recovery of the CFs in their virgin state.

The third study presented the synthesis of several cycloaliphatic epoxidized ILs. One
of the monomers, CEIL, was employed as a comonomer to build networks with excellent
thermal stability and mechanical properties. Further, the last part of this work showed
promising advancements in synthesizing reactive monomers for cationic photoinduced

polymerizations.

The three studies illustrate the potential of ILs as monomers in creating degradable
epoxy thermosets under mild conditions. These findings provide a foundation for develop-
ing high-performance, environmentally friendly thermosets and composites in line with the

circular economy's expectations.

Currently, additional characterizations of the networks and composites developed

in this work have been done:
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Mechanical tests: The preliminary tensile tests demonstrated that the introduction
of IL moieties had a notable effect on the ductility of thermoset materials. This is particularly
promising since epoxy thermosets tend to be rigid and brittle, and the modify this charac-
teristic is significant. Determining the energy required to fracture the samples through a
fracture test is vital as we intend to create thermosets for structural applications. Addition-
ally, it would be advantageous to investigate whether using ILs can enhance the material's
resistance to fatigue. With the addition of ILs, additional channels for energy dissipation are
introduced, which could improve their mechanical resilience. Completing this mechanical
characterization is essential to envision future aircraft, automobile, and ship manufacturing

applications.

Liquid and gas permeation testing: Liquid gas permeation testing can provide valua-
ble information about the ability of these polymers to store and transport gases. The ther-
mosets based on the novel monomers can also be used to selectively develop membranes
to separate gas. Further, water barrier testing can inform the development of new materials
with improved moisture resistance and help optimize the processing conditions to achieve

the desired water barrier properties.

Anti-icing testing: Evaluating a material's anti-icing properties involves measuring
its ability to delay or prevent ice formation on its surface when exposed to freezing condi-
tions. A promising approach to reduce ice formation and adhesion involves using coatings
made from synthetic IL. monomers that create a hydrophobic surface, repelling water. De-
veloping IL-based networks with improved anti-icing properties could significantly affect
various industries. For instance, in aerospace, ice formation on aircraft surfaces can lead to
undesired situations, and in infrastructure and transportation, ice formation can result in

damage and safety hazards.

Further optimization of the solvolysis methodology: The existing method developed
during this doctorate research has enabled the complete degradation of the networks. How-
ever, further optimization would be beneficial to control the reaction kinetics and facilitate

the formation of a single product.

Single fiber pull-out test: Even though we have used SEM to gather information about
the compatibility between CFs and the epoxy matrix, the interfacial properties of this sys-
tem are not fully understood. Single-fiber pull-out testing is necessary to determine the
bonding strength between the two phases, which is crucial for stress transfer from the ma-

trix to the reinforcing fibers and for identifying any defects at the interface.
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Tensile test of single fibers: In order to verify that the original properties of the re-
claimed CFs were preserved, we conducted single-fiber tensile strength tests before and af-
ter the recycling methodologies. The test results were consistent with the microscopy im-

ages that had shown no damage to the carbon fibers.

It is worth noting that we have several ongoing projects that employ IL-based mon-
omers to develop smart and sustainable polymer technologies. Among these projects, we

can mention:

1. From Thermoset Waste to High Blue-Light Fluorescent Carbon Dots: A Up-
recycling Plot Twist

Our doctoral research aimed to build novel materials and promote a more sustaina-
ble end-of-life for them. Through our experiments, we discovered a promising pathway for
achieving this goal: synthesizing high-fluorescence carbon nanodots (CNDs) from discarded
thermosets based on tri- and tetra-epoxies (Fig. VI-1). CNDs are promising materials due
to their intrinsic fluorescence, electron-transfer properties, and low toxicity. In this work,
we developed a sustainable, cheap, scalable methodology to obtain high fluorescent CNDs.
The thermoset materials based on tri- and tetra-epoxies were subjected to a thermal treat-
ment, followed by nanosizing in a ultrasound bath. The resulting colloidal dispersion was
filtered resulting in a production of highly fluorescent CNDs. The CNDs have shown an un-
expectedly strong blue-light fluorescence in the aqueous and solid phases. Therefore, this
study presents an uprecycling approach for producing fluorescent materials from thermo-
set residue. These CNDs have the potential to replace costly and toxic rare-earth and heavy-

metal materials, which are commonly used in displays, solar cells, bioimaging, and sensing.
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thermoset waste. In (1) and (2), the thermoset waste and the thermal treatment followed
by nanofragmentation using an ultrasound bath. (3) Displays the fluorescent investigation,

and (4) the future potential applications.
2. Smart Material Actuators Based on Epoxidized IL. Monomers

An example worth mentioning is the project that was jointly developed with the re-
search team led by Gildas Coativy (LGEF, INSA Lyon, France). This project aimed to develop
actuators and understand the mechanism of displacement induced by an external electrical
field (Fig. VI-2). To the best of our knowledge, there are no published reports on using epox-
idized ILs for developing thermosets with a stimulus-response to electrical fields. This study
cured the novel epoxidized ILs with amines to produce low Ty materials. The response of
these materials under the influence of an electrical field was examined. The findings are
quite promising as they indicate a reversible shape memory effect mediated by the external

electrical field and originated by the anion's displacement.
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Figure VI-2. General overview of actuator's development. In (1) the design and synthesis
of ILs bearing different anions with different mobilities, (2) material characterization and
comprehension of the actuating mechanism. Finally, (3) the investigation of potential appli-

cations.

3. Design and Development of High Performance and Multifunctional Vitri-
mer Materials using Epoxidized Ionic Liquids and Metallic Ionic Curing

Agents

In another collaboration, Dr. Ruan Henriques from the research group of Professor
Bluma Soares Brazil (LMPCC, Federal University of Rio de Janeiro, Brazil) employed the
monomers synthesized during this doctoral research to build multifunctional vitrimers
(Fig. VI-3). This study presents the epoxidized imidazolium ILs, anhydride (MTHPA), and
metallic iron phosphonium IL, as a platform for developing vitrimer systems. The study ex-
amined the precursors' curing behaviour and the resulting polymer's features, including
thermal, mechanical, reprocessing, and shape memory properties. Results indicate that the
anhydride and phosphonium IL work synergistically to cure the epoxidized IL. monomers.
The newly formed networks exhibited thermomechanical properties (T4 and To) that were
similar to those of commercially available thermosets. The system containing tetra-epoxy
showed superior properties, as it could achieve a higher crosslink density. All materials
demonstrated recyclability and reprocessability, allowing for the dynamic exchange of ester
bonds within the crosslinked networks. Recycling was accomplished through thermome-
chanical and chemical reprocessing, using hot pressing and ethylene glycol dissolution. The
recycled materials retained their original mechanical properties. The new epoxy system
also displayed a shape memory and self-healing effects, fully recovering its shape at the pro-

gramming temperature. By emphasizing the sustainability of vitrimers, this study's findings
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highlight the use of epoxidized imidazolium-ILs, anhydride, and iron-based ILs as a molec-
ular platform for developing multifunctional vitrimers. This approach enables the design of
materials with remarkable properties while promoting the circular economy and reducing

waste.
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Figure VI-3. Development of vitrimer systems based on IL. monomers and a metallic IL cur-
ing agent. (1) Exhibits the steps of the development of network development, and (2) the

mechanism of transesterification that yield the dynamic behavior of the networks.

4. High-performance CO; Capture Exploring the Synergistic Effects of Epox-

idized Ionic Liquids and Their Conversion to Sustainable Polyurethanes

We also investigated at our laboratory the potential of using tri- and tetra-epoxy
monomers as a molecular platform for synthesising Non-Isocyanate PolyUrethanes (NI-
PUs). NIPUs are polyurethane synthesized without using isocyanates, which are known to
be harmful to human health and the environment. Instead, NIPUs are made by reacting
amines with cyclic carbonates or carbamates derived from CO2, making them more sustain-
able and environmentally friendly. The importance of NIPUs lies in their potential to replace
traditional polyurethanes, which are widely used in industry but have negative environ-
mental and health impacts. NIPUs offer a greener alternative with comparable or superior
properties to conventional polyurethanes. Additionally, NIPUs can be designed using waste
CO02 as a feedstock, reducing greenhouse CO; from its incorporation into the plastic matrices.
This study explored epoxidized-ILs to solubilize and further activate and react with CO;
demonstrating high CO; capture capability (Fig. VI-4). Under the optimal supercritical con-
ditions, the epoxidized ILs were converted to cyclo carbonate in high yields without solvents
and with a small amount of IL catalyst. These cyclocarbonate precursors were then pol-
ymerized with various types of amines (aliphatic, cycloaliphatic, and aromatic) to yield NI-
PUs. Using epoxidized ILs as CO»-capturing agents provides a more environmentally
friendly approach than traditional methods, as they do not require harsh chemicals or sol-

vents. Overall, this study demonstrates the potential of epoxidized ILs for use in sustainable
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CO; capturing and utilization and the development of NIPUs with desirable properties.
These findings have implications for the design and synthesis of high-performance materi-

als with potential for sustainable applications.
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Figure VI-4. The general workflow on the development of NIPUs from IL monomers. In (1),
the cyclo-carbonate derivative synthesis is followed by the curing process with amines. (2)
the development of CO,-capturing coatings (3) and their chemical recycling. Finally, in (4),

the measurement of environmental impacts.

In the past three years, synthetic IL. monomers have been envisioned for various
applications, such as developing gas separation membranes, fuel cells, solid electrolytes, po-
rous materials, electronic packaging, adhesives, and dielectric and insulating materials. We
have attempted to explore some of these possibilities. Nevertheless, it seems clear that time
was a limiting factor since we endeavored to design and synthesize new monomers, develop
and characterize materials, and ensure their sustainability at the end of life. So, we look for-
ward to exploring the potential applications of these novel monomers, networks, and com-

posites in future research conducted in our laboratory.

Regardless, it may be worthwhile to revisit the second sub-question of the Introduc-
tion: What is the real value of this doctoral research to the fields of Polymer and Material

Science?

While some progress has been made in developing thermosets based on IL mono-
mers, it remains uncertain what the true contribution of this research will be. Only with

time and the further development of novel materials and related research will provide a
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clearer view of its significance. Thus, it is crucial to continue exploring and pushing the
boundaries to unlock new discoveries and develop materials that can potentially impact

real life in the coming decades, with a little bit of luck.
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Appendix I - From the Design of Novel Tri- and
Tetra-epoxidized Ionic Liquid Monomers to
the End-of-Life of Multifunctional Degrada-

ble Epoxy Thermosets
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From the Design of Novel Tri- and Tetra-epoxidized lonic Liquid
Monomers to the End-of-Life of Multifunctional Degradable Epoxy

Thermosets

General Methodology

Characterization and Purification Methods

1H and 13C spectra were recorded on a Bruker Avance 1l spectrometer operating at 400 MHz
or 500 MHz. Spectra were obtained using solutions of ca. 10 mg in appropriate deuterated
solvents. The chemical shifts (8) are expressed in ppm relative to internal tetramethylsilane
for 1H and 13C nuclei. The coupling constants were automatically obtained by TopSpin© and
expressed in Hz. Abbreviations for signal coupling are indicated as: s = singlet; d=doublet;
dd=doublet of doublets; t=triplet; g=quartet; quin=quintet; m=multiplet; br=broad signal.
To accurate determine the molecular structure of the monomer CEIL and its intermediates

additional 2D NMR experiments (COSY, HSQC, HMBC) were performed.

High Resolution Mass Spectra HRMS was carried out on by a Micromass-Waters Q-TOF Ul-
tima Global by the technique of Electrospray lonization (ESI).

Thin Layer Chromatography (TLC) was run using different eluent mixtures on pre-coated

aluminum plates of silica gel 60 F-254 (Merck).
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Hepta-1,6-dien-4-yl 2-bromoacetate (1)

W Hepta-1,6-dien-4-o0l (11.6 mL, 89 mmol) and pyridine (11 mL, 134 mmol)
were dissolved in 400 mL of anhydrous CHCl, under Ar atmosphere. The

0 Br solution was cooled down to 0°C and 10 mL (115 mmol) of 2-bromoacetyl

/4 (i}_/ bromide were added dropwise during 20 min. The mixture was stirred for
30 min and then 200 mL of NH4Cl saturated solution in water were intro-

duced. The product was extracted 2 times by CH»Cl,, organic extracts were washed 2 times
by HCl1 1 M and 1 time by brine solution, dried over MgSO. and filtered. The solvent was

removed under reduced pressure and the crude product was purified by column chroma-

tography (n-hexane:Ethyl acetate, 164 g SiO2). Yield: 19.5 g, 94%.

1H NMR (400 MHz, Chloroform-d) &: 5.74 (ddt, ] = 17.2, 10.3, 7.1 Hz, 2H), 5.22 - 5.05 (m,
4H),5.01 (d,] = 6.5 Hz, 1H), 3.79 (s, 2H), 2.57 - 2.16 (m, 4H).

13C NMR (101 MHz, Chloroform-d) &: 166.9,133.1, 118.5, 74.7, 37.9, 26.2.
IR (neat) cm-1: 3079, 2980, 1733, 1275, 1166, 1107, 993,977, 917.

HRMS m/z (ESI): calcd. for CoH130,BrNa [M+Na]*: 254.9991, found: 254.9989.
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Figure III-S1. 'H NMR spectrum of Hepta-1,6-dien-4-yl 2-bromoacetate (1) (400 MHz,
CDCls, 25 °C).
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Figure III-S2. 13C NMR spectrum of Hepta-1,6-dien-4-yl 2-bromoacetate (1) (400 MHz,
CDCls, 25 2C).

Hepta-1,6-dien-4-yl 2-(1H-imidazol-1-yl)acetate (2)

A N Imidazole (0.07 g, 1.0 mmol) and 1 (0.2 g, 0.86 mmol) were dissolved in
f’j 4 mL of CH3CN. Then, 0.25 g of potassium carbonate were added to the

0 N solution and the mixture was stirred for 3 hours at 80 °C. Then the mix-

/ O ture was cooled down until room temperature, diluted with 30 mL of

CHCl;, washed twice by water and one by brine solution, dried over
MgSO0, and filtered. The solvent was removed under reduced pressure, and the crude prod-

uct was purified by column chromatography (Ethyl acetate, 6 g SiO>). Yield: 0.12 g, 62%.

1H NMR (400 MHz, Chloroform-d) 8: 7.46 (s, 1H), 7.07 (s, 1H), 6.91 (s, 1H), 5.74 - 5.59 (m,
2H), 5.10 - 4.98 (m, 5H), 4.64 (s, 2H), 2.40 - 2.20 (m, 4H).

13C NMR (101 MHz, Chloroform-d) 8: 167.0, 138.0, 133.0, 129.8, 120.0, 118.5, 74.5, 48.3,
38.1.

IR (neat) cm1: 3078, 2979, 1743, 1642, 1507, 1208, 1077, 994, 916, 734.

HRMS m/z (ESI): calcd. for C12Hi7N20, [M+H]*: 221.1285, found: 221.1283.
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Figure III-S3. 'H NMR spectrum of Hepta-1,6-dien-4-yl 2-(1H-imidazol-1-yl)acetate (2)
(400 MHz, CDCl;3, 25 2C).
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Figure III-S4. 13C NMR spectrum of Hepta-1,6-dien-4-yl 2-(1H-imidazol-1-yl)acetate (2)
(400 MHz, CDClI3, 25 ©C).
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1,3-bis(2-(hepta-1,6-dien-4-yloxy)-2-oxoethyl)-1H-314-imidazol-1-ium bromide (3)

/ \,I Subsequently, compound 2 (0.1 g, 0.45 mmol)
o 0 was dissolved in 1 mL of CH3CN and 1 (0.127 g,
— 1
. G’U\,NN \/\'LD — 0.55 mmol) was added. The mixture was stirred
=
Br

overnight at room temperature and precipitated
in 100 mL of Et,0; the product was washed twice with Et,0 and dried under vacuum. Yield:

0.2 g 93%.

1H NMR (400 MHz, Chloroform-d) &: 10.29 (s, 1H), 7.51 (d, ] = 1.6 Hz, 2H), 5.78 - 5.65 (m,
4H), 5.34 (s, 4H), 5.16 - 5.00 (m, 10H), 2.44 - 2.31 (m, 8H).

13C NMR (101 MHz, Chloroform-d) &: 165.3, 139.4, 132.8, 123.2,118.9, 76.1, 50.6, 37.9.
IR (neat) cm-: 3082, 2977, 2920, 1750, 1377, 1205, 1180, 971, 926.

HRMS m/z (ESI): calcd. for C21H20N204 [M]*: 373.212184, found: 373.212153.
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Figure III-S5. 'H NMR spectrum of 1,3-bis(2-(hepta-1,6-dien-4-yloxy)-2-oxoethyl)-1H-314-
imidazol-1-ium bromide (3) (400 MHz, CDCls, 25 2C).
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Figure III-S6. 13C NMR spectrum of 1,3-bis(2-(hepta-1,6-dien-4-yloxy)-2-oxoethyl)-1H-314-
imidazol-1-ium bromide (3) (400 MHz, CDCls, 25 ©C).

1,3-bis(2-(hepta-1,6-dien-4-yloxy)-2-oxoethyl)-1H-314-imidazol-1-ium bistrifluoro-
methanesulfonimidate (4)
/ \ The compound 3 (0.19 g, 0.68 mmol) was dissolved
a3 =\ Q in 4 mL of H20 at 80°C, the solution of LiNTf; (0.15 g,
c}-‘(k_.rq SN }D . .
o~ = 0.5 mmol) in 4 mL of H,O was added, and the mixture
MTI
‘ was left overnight at room temperature. The mixture
was extracted three times by CH:Cl; (3x10mL). Organic extracts were combined and

washed twice with water, dried over MgS04 and filtered. The solvent was removed under

reduced pressure (m = 0.25 g, 96%).

1H NMR (400 MHz, Chloroform-d) &: 9.00 (s, 1H), 7.38 (s, 2H), 5.74 (ddt, J = 19.4, 9.5, 7.1
Hz, 4H), 5.21 - 5.06 (m, 10H), 5.03 (s, 4H), 2.49 - 2.33 (m, 8H).

13C NMR (101 MHz, Chloroform-d) &: 164.8, 138.6, 132.6, 123.3, 119.7 (q, / = 321.0 Hz),
118.7,76.1,50.2, 37.8.

IR (neat) cm1: 3085, 1743, 1643, 1570, 1435, 1348, 1205, 1134, 1054, 993, 919, 870, 788,
739.

HRMS m/z (ESI): calcd. for Co;HaoN204 [M]*: 373.21221, found: 373.212184.
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Figure III-S7. 'H NMR spectrum of 1,3-bis(2-(hepta-1,6-dien-4-yloxy)-2-oxoethyl)-1H-314-
imidazol-1-ium bistrifluoromethanesulfonimidate (4) (400 MHz, CDCl3, 25 2C).
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Figure III-S8. 13C NMR spectrum of 1,3-bis(2-(hepta-1,6-dien-4-yloxy)-2-oxoethyl)-1H-314-
imidazol-1-ium bistrifluoromethanesulfonimidate (4) (400 MHz, CDCls, 25 2C).

bis(1,3-di(oxiran-2-yl)propan-2-yl) 2,2'-(1H-314-imidazole-1,3-diyl)diacetate bistri-

fluoromethanesulfonimidate (5)
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Subsequently, 0.525 g (2.3 mmol) of mCPBA were

18]
Q added to the solution of compound 8 (0.25 g, 0.38
O
{;.i,h@J}U mmol) in CH3CN (10.2 mL). The mixture was stirred
~ D for 72 at 40 °C, filtered through a glass filter and con-

o e,
centrated under reduced pressure. The residue was

washed four times with Et,0 and dried under vacuum (m = 0.1937 g, 99%).

1H NMR (400 MHz, Chloroform-d) 8: 9.0 (s, 1H), 7.5 (s, 2H), 5.5 - 5.3 (m, 2H), 5.2 - 5.0 (m,
4H),3.1 - 2.9 (m, 4H), 2.8 - 2.7 (m, 4H), 2.5 - 2.4 (m, 4H), 2.2 - 2.1 (m, 4H), 1.7 - 1.5 (m, 4H).

13CNMR (101 MHz, Chloroform-d) 8: 165.4,138.6,123.6,121.3,73.5,73.3,50.4,50.4,50.2,
49.3,49.1, 48.5, 48.5, 46.9,46.7, 46.1, 46.1, 37.6, 37.0, 36.6.

IR (neat) cm1: 1748, 1570, 1347, 1205, 1132, 1053, 914, 845, 788, 739.

HRMS m/z (ESI): calcd. for C21H20N204 [M]*: 437.19184, found: 437.19188.
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Figure III-S9. 1H NMR spectrum of bis(1,3-di(oxiran-2-yl)propan-2-yl) 2,2'-(1H-314-imid-
azole-1,3-diyl)diacetate bistrifluoromethanesulfonimidate (5) (400 MHz, CDCl3, 25 2C).
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Figure III-S10. 13C NMR spectrum of bis(1,3-di(oxiran-2-yl)propan-2-yl) 2,2'-(1H-314-im-
idazole-1,3-diyl)diacetate bistrifluoromethanesulfonimidate (5) (400 MHz, CDCl3, 25 2C).

1-(but-3-en-1-yl)-1H-imidazole (6)

Y/ Imidazole (3.54 g, 52 mmol) was slowly added to the mixture of NaH
N ;:NNI‘/ (4.17 g (60% in mineral oil), 104 mmol) and THF (100 mL) at 0°C. The

mixture was stirred for 1 h at room temperature, and then 4-bromobu-
tene (6.35 mL, 62.5 mmol) was added dropwise at 0°C. The reaction was left overnight at
60 °C. The mixture was cooled down to 0°C, and 30 mL of H20 were added slowly. The mix-
ture was concentrated under reduced pressure, extracted twice by CH2Cl; organic extracts
were washed twice by water, dried with MgS04 and filtered. The solvent was removed un-
der reduced pressure and the crude product was purified by column chromatography (Ethyl

acetate, 35 g Si0.). Yield: 3.1 g, 60%.

Org. Lett. 2002, 4, 24, 4345-4348 https://doi.org/10.1021 /010270024

1H NMR (400 MHz, Chloroform-d) 8: 7.45 (s, 1H), 7.04 (s, 1H), 6.90 (s, 1H), 5.72 (ddt, J =
16.4,10.8, 6.8 Hz, 1H), 5.14 - 4.92 (m, 2H), 3.98 (t,/ = 7.1 Hz, 2H), 2.59 - 2.39 (m, 2H).
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Figure I1I-S11. 1H NMR spectrum of 1-(but-3-en-1-yl)-1H-imidazole (6) (400 MHz, CDCl;,

25 9().

1-(but-3-en-1-yl)-3-(2-(di-allylmethoxy)-2-oxoethyl)-1H-imidazol-3-ium bromide

(7)

~ _,,.- The compound 6 (0.1 g, 0.86 mmol) was dissolved in 2 mL of
CH3CN and 1 (0.2 g, 0.86 mmol) was added. The mixture was

O 0
T B (i/__// stirred overnight at room temperature and precipitated in 100
I
<3N
@y

mL of Et;0; the product was washed twice with Et,0 and dried
under vacuum. Yield: 0.3 g, 99%.

1H NMR (400 MHz, Chloroform-d) &: 10.34 - 10.00 (m, 1H), 7.59 - 7.56 (m, 1H), 7.55 -
7.52 (m, 1H), 5.88 - 5.57 (m, 3H), 5.36 (s, 2H), 5.13 - 4.91 (m, 7H), 4.41 (t, ] = 6.9 Hz, 2H),
2.71 - 2.57 (m, 2H), 2.41 - 2.22 (m, 4H).

13CNMR (101 MHz, Chloroform-d) 8: 165.5,137.9,132.8,132.0,123.6,122.1,119.9,118.8,
75.7,50.3,49.5,37.7, 34.3.

IR (neat) cm1: 3075, 2978, 1743, 1564, 1221, 1167, 994,917
HRMS m/z (ESI) calcd. for C16H23N202 [M]*: 2751754, found: 275.1754.
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Figure III-S12. 'H NMR spectrum of 1-(but-3-en-1-yl)-3-(2-(di-allylmethoxy)-2-oxoethyl)-
1H-imidazol-3-ium bromide (7) (400 MHz, CDCl3, 25 2C).
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Figure I11-S13. 13C NMR spectrum of 1-(but-3-en-1-yl)-3-(2-(di-allylmethoxy)-2-oxoethyl)-
1H-imidazol-3-ium bromide (7) (400 MHz, CDCl3, 25 2C).
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1-(but-3-en-1-yl)-3-(2-(di-allylmethoxy)-2-oxoethyl)-1H-imidazol-3-ium

bistrifluoromethanesulfonimidate (8)

= == Then, compound 7 (0.24 g, 0.68 mmol) was dissolved in 13 mL of
DTD o y H;0 atroom temperature, the LiNTf; (0.24 g, 0.82 mmol) was added,

N __\NTTE and the mixture was left overnight at room temperature. The mix-

l—‘-‘-% ture was extracted three times by CH,Cl,. Organic extracts were
combined and washed twice with water, dried over MgS04 and filtered. The solvent was

removed under reduced pressure. Yield: 0.36 g, 96%.

1H NMR (400 MHz, Chloroform-d) 8: 8.94 - 8.78 (m, 1H), 7.39 - 7.29 (m, 2H), 5.85 - 5.62
(m, 3H), 5.18 - 5.01 (m, 7H), 4.99 (s, 2H), 4.29 (t, ] = 6.8 Hz, 2H), 2.71 - 2.54 (m, 2H), 2.51 -
2.27 (m, 4H).

13C NMR (101 MHz, Chloroform-d) 8: 165.1,137.1,132.7, 131.6, 123.6, 122.0,120.1, 119.8
(q.] = 321.2 Hz), 118.7, 76.0, 50.0, 49.6, 37.8, 34.1.

IR (neat) cm-1: 3153, 3089, 1749, 1567, 1347,1182, 1133, 1053

HRMS m/z (ESI): calcd. for C16H23N202 [M]*: 275.1754, found: 275.1755
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Figure I1I-S14. 'H NMR spectrum of 1-(but-3-en-1-yl)-3-(2-(di-allylmethoxy)-2-oxoethyl)-
1H-imidazol-3-ium bistrifluoromethanesulfonimidate (8) (400 MHz, CDCls, 25 ©C).
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Figure III-S15. 13C NMR spectrum of 1-(but-3-en-1-yl)-3-(2-(di-allylmethoxy)-2-oxoethyl)-
1H-imidazol-3-ium bistrifluoromethanesulfonimidate (8) (400 MHz, CDCls, 25 ©C).

1-(2-((1,3-di(oxiran-2-yl)propan-2-yl)oxy)-2-oxoethyl)-3-(2-(oxiran-2-yl)ethyl)-1H-

314-imidazol-1-ium bistrifluoromethanesulfonimidate (9)

0 The compound 7 (0.3 g, 0.56 mmol) was dissolved in
0
L}——\__Nf-@'::l o /C& 15 mL of CH3CN and mixed with 0.76 g (3.3 mmol) of
en M,
Sy s mCPBA. The mixture was stirred 40 °C for 69 h. Then

the solvent was evaporated under reduced pressure, and the residue was washed three
times with Et;0; the solvent was removed by decantation, and the product was dried in a

vacuum (0.25 g, 73%).

1H NMR (400 MHz, Chloroform-d) 8: 8.95 (s, 1H), 7.50 - 7.38 (m, 2H), 5.52 - 5.27 (m, 1H),
5.16 - 5.00 (m, 2H), 4.41 (t, ] = 6.8 Hz, 2H), 3.04 - 2.94 (m, 3H), 2.82 - 2.73 (m, 3H), 2.58 -
2.43 (m, 3H), 2.43 - 2.33 (m, 1H), 2.23 - 2.08 (m, 2H), 1.95 - 1.83 (m, 1H), 1.75 - 1.51 (m,
2H).

13C NMR (101 MHz, Chloroform-d) mixture of stereoisomers 8: 165.6, 165.6, 165.4,
137.5,137.5,124.2,124.1, 122.5,122.4,119.9 (q, ] = 321.1 Hz), 73.7, 73.7, 73.5, 50.5, 50.4,
50.3,49.5,49.2,49.2,49.1,49.1, 48.7, 48.6, 47.8, 47.0, 46.8, 46.7,46.7, 46.2, 46.2, 37.7, 37 .1,
37.1,36.7,32.7.
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IR (neat) cm-: 3154, 3002, 2926, 1750, 1347, 1180, 1132, 1052, 841.

HRMS m/z (ESI): calcd. for C16H23N20s [M]*: 323.1601, found: 323.1600.
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Figure III-S16. 'H NMR spectrum of 1-(2-((1,3-di(oxiran-2-yl)propan-2-yl)oxy)-2-ox-
oethyl)-3-(2-(oxiran-2-yl)ethyl)-1H-314-imidazol-1-ium bistrifluoromethanesulfonimidate

(9) (400 MHz, CDCls, 25 °C).
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Figure III-S17. 13C NMR spectrum of 1-(2-((1,3-di(oxiran-2-yl)propan-2-yl)oxy)-2-ox-
oethyl)-3-(2-(oxiran-2-yl)ethyl)-1H-314-imidazol-1-ium bistrifluoromethanesulfonimidate
(9) (400 MHz, CDCl3, 25 2C).
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Figure II1-S18. Rheological behavior of a) tri- and b) tetra-epoxidized ILs.
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Figure III-S19. Thermogravimetric analysis for tri- and tetra- epoxidized ILs. Isothermal at

200 °C for 120 min.
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Table III-S1 - Density (at 300 K) and glass transition temperature (Tg) for the polymerised

samples.
Density (300 K) Tg / °C Std dev for T / °C

Tri-D230 1.197 88.7 15.6

Tri - PACM 1.201 110.6 13.9

Tri - SAA 1.332 92.8 9.4
Tetra - D230 1.181 122.1 7.5
Tetra - PACM 1.177 115.4 6.6
Tetra - SAA 1.316 103.8 8.4

Mechanical Properties and Shape Memory

Heated and Bent Reheated and Re‘

0. = 180°

Figure II1-S20. Shape memory behavior of triepoxy-D230. Initial shape (left), deformed

sample (in the middle) and shape recovery after heating to 100 °C in a boiling water bath.
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Heated and Bent Reheated and R‘

(.

Figure III-S21. Shape memory behavior of tetrapoxy-D230. Initial shape (left), deformed

sample (in the middle) and shape recovery after heating to 100 °C in a boiling water bath

Heated and Bent Reheated and

Oy = 2° 1 Orec = 170°

Figure III-S22. Shape memory behavior of triepoxy-PACM. Initial shape (left), deformed

sample (in the middle) and shape recovery after heating to 100 °C in a boiling water bath.
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=1° < ereC:97°
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Figure III-S23. Shape memory behavior of tetra-PACM. Initial shape (left), deformed sam-
ple (in the middle) and shape recovery after heating to 100 °C in a boiling water bath.

Heated and Bent Reheated and_‘
1

Figure III-S24. Shape memory behavior of triepoxy-SAA. Initial shape (left), deformed sam-
ple (in the middle) and shape recovery after heating to 100 °C in a boiling water bath.
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Figure III-S25. Shape memory behavior of tetraepoxy-SAA. Initial shape (left), deformed

sample (in the middle) and shape recovery after heating to 100 °C in a boiling water bath.
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Figure III-S26 - a) Tensile stress-strain curves calculated at 300 K for each polymer system

with a DOC of 80%. b) The lines fitted to the 2% of strain data to predict Young's moduli.
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Figure III-S27. a) Tensile strain-tensile strain curves calculated at 300 K for each polymer
system with a DOC of 80%. b) The lines fitted to the 2% of strain data to predict the Pois-

son’s ratio.

Table III-S2. Predicted Young’s modulus at 300 K for the polymerized samples.

Young’'s Modulus / GPa Poisson’s Ratio
Tetra - D230 3.35 0.34
Tetra - PACM 3.53 0.33
Tetra - SAA 4.89 0.39
Tri- D230 3.01 0.39
Tri - PACM 3.14 0.33
Tri - SAA 3.63 0.41
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Mobility of Ions

The mean square displacement (MSD) of anions (NTf;) were calculated at 300 K in each
system. MSD curves are averaged over three independent runs. Our results show that the
mobility of anions is faster in the polymer systems cured with Jeffamine, irrespective of the
type of monomer (i.e. tetra- or tri-functional epoxy monomer). The slowest mobility of ani-
ons is observed in the samples cured with Sulfonamide, again the type of monomer did not

change this order.

[t notes that the diffusion coefficients of anions reported in Figure III-S28a are not accurate
as the MSD curves did not arrive at a diffusive regime yet. However, they can be used as a

general trend in these polymers.

(a)
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—— Tetra-PACM —— Tri-PACM
—— Tetra-Sulfamide —— Tri-Sulfamide
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Figure III-S28. a) Mean square displacement and b) diffusion coefficient of anions in each

polyger system at 300K.

265

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0044/these.pdf
© [G. Perli], [2023], INSA Lyon, tous droits réservés



Table III-S3. Young Modulus obtained theoretically and experimentally

Theoretical Experimental
Young Modulus (GPa) Young Modulus (GPa)
D230 3.01 1.05
= PACM 3.14 5.64
SAA 3.63 2.66
D230 3.35 0.91
% PACM 3.53 2.68
=
SAA 4.89 1.40

Investigation of Surface Network Wettability

Aiming to investigate the surface energy of the networks, water and diiodomethane were
employed as probe liquids and deposited on the sample surfaces by the sessile drop method.
The average contact angles with water and diiodomethane were determined. Afterward, the
dispersive and non-dispersive surface energies were calculated by using the Owens-Wendt
equation. As expected, the use of IL. monomers has no influence on the average water con-
tact angle as well as the total surface energy (Table III-S4). In fact, the six networks pre-
sented surface wettability behaviors similar to DGEBA-derivative materials. Although the
matrices are composed of polar groups the presence of fluorinated anion (NTf,") counter-
balances the wettability affording an intermediate hydrophobic character. Among the
amines, SAA is the one that most introduced hydrophobic nature into the networks, while
D230 and PACM afforded similar surface wettability. These results seems to be promising
because recently, Ollivier-Lamarque et al. have demonstrated that for epoxy-amine and
epoxy-IL networks having similar surface energies, a lower water diffusion coefficient (2-3
times) was determined for epoxy-IL systems combined with no decrease of the glass tran-

sition temperature.?
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Table III-S4. Contact angles and surface energies

Wa-

Disp. Surface

Polar Surface

Total Surface

@ CH:I: (°) Energy Energy Energy (mJ.m-
ter (°
(m].m2) (mJ.m-2) ?)
D230 75+1 43 +2 32.7 6.8 39.5
= PAC 66 + 3 401 323 11.7 44.0
SAA 73+1 63+4 22.5 5.5 28.0
D230 73+1 45+2 314 8.2 39.6
©
1
E PAC 69 2 45+3 30.3 10.7 41.0
SAA 84+1 41+1 35.1 4.0 39.1
Electrophilic Phosphonium IL
Coordinatin
ANPSISN P
P %,LLg( O—P:@@
\\ ©
Figure III-S29. Phosphonium IL structure.
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Figure I1I-S30. NMR spectra for the degraded solutions derived from the network based on
a) tri-epoxidized IL and b) tetra-epoxidized IL.
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Figure I11-S31. ESI(+)-QTOF mass spectrum of degradation products for the network based

on tri-epoxidized IL and D230.

Table III-S5. Molecular ions obtained from ESI(+)-QTOF spectrometry of the degradation

products for the network based on tri-epoxidized IL and D230

Meas. m/z Ion Formula m/z err [ppm] zZ
213.0868 CoH13N204 213.087 0.7 1+
C10HoNg 213.0883 7 1+

278.2454 C13H32N303 278.2438 -5.7 1+
352.2458 C16H30N702 352.2455 -0.7 1+
C15H34N306 352.2442 -4.5 1+

C16H30N702 352.2455 -0.7 1+

C15H34N306 352.2442 -4.5 1+
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Figure I11-S32. ESI(+)-QTOF mass spectrum of degradation products for the network based

on tetra-epoxidized IL and D230.

Table III-S6. Molecular ions obtained from ESI(+)-QTOF spectrometry of the degradation

products for the network based on tetra-epoxidized IL and D230

Meas.m/z  lon Formula m/z err [ppm] vA
213.087 CoH13N204 213.087 0.2 1+
CoH13N204 213.087 0.2 1+
301.1411 C14H17N602 301.1408 -1 1+
C14H17N6O2 301.1408 -1 1+
413.2662 C22H33N602 413.266 -0.7 1+
C21H37N20¢ 413.2646 -3.9 1+
C22H33N60: 413.266 -0.7 1+
Cz21H37N206 413.2646 -3.9 1+
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Figure III-S33. ESI(+)-QTOF mass spectrum of degradation products for the network based
on tri-epoxidized IL and PACM.

Table III-S7. Molecular ions obtained from ESI(+)-QTOF spectrometry of the degradation
products for the network based on tri-epoxidized and PACM.

Meas. m/z Ion For- m/z err [ppm] y/
141.0659 C¢HoN202  141.0659 -0.5 1+
CeHoN20, 141.0659 -0.5 1+
185.0786 CsHoN¢O2  185.0781 -2.4 1+
CsHoN¢O2  185.0781 -2.4 1+
380.2797 C22H3sNO, 380.2795 -0.3 1+
C23H34Ns  380.2809 3.2 1+
C22H3sNOs 380.2795 -0.3 1+
C23HzuNs  380.2809 3.2 1+
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Figure I11-S34. ESI(+)-QTOF mass spectrum of degradation products for the network based

on tetra-epoxidized IL and PACM.

Table III-S8. Molecular ions obtained from ESI(+)-QTOF spectrometry of the degradation

products for the network based on tetra-epoxidized IL and PACM.

Meas.m/z  Ion Formula m/z err [ppm] zZ
213.0868 CoH13N204  213.087 1.1 1+
Ci0HoNs  213.0883 7.3 1+

289.1439 Ci7H2104  289.1434 -1.6 1+
CigH17Ns  289.1448 3 1+

377.1962 C21H2006  377.1959 -1 1+
C22H2sN4O2  377.1972 2.6 1+

C22H2sN402  377.1972 2.6 1+
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Figure I11-S35. ESI(+)-QTOF mass spectrum of degradation products for the network based
on tri-epoxidized IL and SAA.
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products for the network based on tri-epoxidized IL and SAA

Meas. m/z Ion Formula m/z err [ppm] zZ
229.1185 C10H17N204 229.1183 -1.1 1+
C11H13Ns 229.1196 4.7 1+

C10H17N204 229.1183 -1.1 1+

C11H13Ne 229.1196 4.7 1+

249.1827 C12H21Ne 249.1822 -2.1 1+
C11H25N204 249.1809 -7.5 1+

C12H21Ne 249.1822 -2.1 1+

C11H25N204 249.1809 -7.5 1+

304.2613 C15H34N303 304.2595 -6.1 1+
C15H34N303 304.2595 -6.1 1+

352.2461 C16H30N702 352.2455 -1.5 1+
C16H30N-02 352.2455 -1.5 1+

C15H34N306 352.2442 -5.3 1+
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Figure I11-S36. ESI(+)-QTOF mass spectrum of degradation products for the network based
on tetra-epoxidized IL and SAA.

Table I1I-S10. Molecular ions obtained from ESI(+)-QTOF spectrometry of the degradation

products for the network based on tetra-epoxidized IL and SAA.

Meas. m/z lon Formula m/z err [ppm] zZ
213.0871  C9Hi3N204 213.087 -0.3 1+
CoH13N204 213.087 -0.3 1+
243.0976  C1oHisN20s  243.0975 -0.4 1+
C10H1sN20s  243.0975 -0.4 1+
413.2662  Cy2H33N602 413.266 -0.6 1+
C21H37N206  413.2646 -3.9 1+
C22H33N602 413.266 -0.6 1+
C21H37N206  413.2646 -3.9 1+
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Appendix II - Design for Disassembly of Com-
posites and Thermosets by Using Cleavable
Ionic Liquid Monomers as Molecular Build-

ing Blocks
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General Methodology
Characterization and Purification Methods

The 1H and 13C spectra of a solution of around 10 mg of a substance in a deuterated
solvent were recorded using a Bruker Avance III spectrometer at either 400 MHz or 500
MHz. The chemical shifts for 1H and 13C nuclei were expressed in ppm relative to internal
tetramethylsilane and coupling constants were determined using TopSpin© and given in
Hz. Signal coupling is represented by s = singlet, d=doublet, dd=doublet of doublets, t=tri-
plet, g=quartet, quin=quintet, m=multiplet, br=broad signal. To determine the molecular
structure of the substance, additional 2D NMR experiments such as COSY, HSQC, and HMBC
were also performed. High Resolution Mass Spectra HRMS was carried out on by a Micro-

mass-Waters Q-TOF Ultima Global by the Electrospray lonization (ESI) technique.
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ok~ o 0
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Scheme IV-S1. a) Rational planning and b) Retrosynthetic analysis of the planned com-

pound 4.
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Scheme IV-S2. Synthetic route employed to obtain the Tetra-IL epoxide monomer.!
Compound 1

\ Hepta-1,6-dien-4-o0l and pyridine were dissolved in 400 mL of anhydrous
CHCl; under an argon atmosphere, cooled to 0°C, and 2-bromoacetyl bro-

O Br mide was added dropwise over a period of 20 minutes. The mixture was

/ (o) stirred for 30 minutes, then NH4Cl saturated solution in water was added.
The product was extracted twice with CH:Cl;, washed with HCl 1 M twice

and brine solution once, dried using MgS0, and filtered. The solvent was then removed un-

der reduced pressure and the crude product was purified using column chromatography

with n-hexane:Ethyl acetate and 164 g SiO2. The yield of the product was 94% (19.5 g).

1H NMR (400 MHz, Chloroform-d) &: 5.74 (ddt, ] = 17.2, 10.3, 7.1 Hz, 2H), 5.22 - 5.05 (m,
4H),5.01 (d,] = 6.5 Hz, 1H), 3.79 (s, 2H), 2.57 - 2.16 (m, 4H).

13C NMR (101 MHz, Chloroform-d) 8: 166.9,133.1, 118.5, 74.7, 37.9, 26.2.
IR (neat) cm-: 3079, 2980, 1733, 1275, 1166, 1107,993, 977, 917.

HRMS m/z (ESI): calcd. for CoH130:BrNa [M+Na]*: 254.9991, found: 254.9989.

1 For more details of the synthetic route, see: Perli, G.; Wylie, L.; Demir, B. et al. ACS Sustainable
Chem. Eng. 2022, 10, 15450-15466. [link]
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Figure IV-S1. 1H NMR spectrum of compound 1 (400 MHz, CDCl3, 25 °C).
Compound 2

/ \ Afterwards, imidazole (10 g, 146.89 mmol) and
o o potassium carbonate (16.2 g, 117.5 mmol) was
/lk/ /6\ \)\\ dissolved in 588 mL of acetonitrile and com-
(o) N%’?N (o)
BQ <X pound 1 (68.5 g, 367.2 mmol) was added drop-
wise over 10 minutes. The reactional mixture
was left to stir for 12 hours at 150 °C and then precipitated in 100 mL of diethyl ether. The

supernatant was poured out and the resulting product was washed until the complete pu-

rification of the product observed by 1H NMR. The resulting product looks like a browish
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solid and it was obtained with 80% of the yield. Important to mention that bromide deriva-
tive impurities can be observed and it will be probably responsible for the brownish aspect

of the sample.

1H NMR (400 MHz, Chloroform-d) &: 10.29 (s, 1H), 7.51 (d, ] = 1.6 Hz, 2H), 5.78 - 5.65 (m,
4H), 5.34 (s, 4H), 5.16 - 5.00 (m, 10H), 2.44 - 2.31 (m, 8H) ppm.

13C NMR (101 MHz, Chloroform-d) 8: 165.3, 139.4, 132.8, 123.2, 118.9, 76.1, 50.6, 37.9
ppm.

IR (neat) cm-: 3082, 2977, 2920, 1750, 1377, 1205, 1180, 971, 926.

HRMS m/z (ESI): calcd. for C21H20N204 [M]*: 373.212184, found: 373.212153.

symmetry plane
H
4
H
H__ H

¥ |

S
Hs
Hs
H:

H1 H2 ‘

‘l . _.,.'.AL [ & J__' l

T ™ T T T LAAAAAA) MASAAAM |
13 12 n 10 9 8 7 6

T

5
n ) PG I\
d 8 SEE e
- | TS -]

Figure IV-S2. 'H NMR spectrum of compound 2 (400 MHz, CDCl3, 25 °C).
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Compound 3

/ \ Compound 2 (0.19 g, 0.68 mmol) was dissolved in 4 mL
o o of H20 at 80°C, the LiNTf; solution (0.15 g, 0.5 mmol) in
=\
O&NQ@;N\)LO 4 mL of H,0 was added, and the mixture was left to stir
— e} S
NTf, overnight at room temperature. The mixture was ex-

tracted three times using CH2Cl; (3x10 mL). The organic extracted phases were combined
and washed twice with water, dried using MgS04 and filtered. The solvent was then re-

moved under reduced pressure. The yield was 0.25 g, 96%.

1H NMR (400 MHz, Chloroform-d) &: 9.00 (s, 1H), 7.38 (s, 2H), 5.74 (ddt, ] = 19.4, 9.5, 7.1
Hz, 4H), 5.21 - 5.06 (m, 10H), 5.03 (s, 4H), 2.49 - 2.33 (m, 8H) ppm.

13C NMR (101 MHz, Chloroform-d) 8: 164.8, 138.6, 132.6, 123.3, 119.7 (g, ] = 321.0 Hz),
118.7,76.1,50.2, 37.8 ppm.

IR (neat) cm1: 3085, 1743, 1643, 1570, 1435, 1348, 1205, 1134, 1054, 993, 919, 870, 788,
739.

HRMS m/z (ESI): calcd. for C21H20N204 [M]*: 373.21221, found: 373.212184.
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Figure IV-S3. tH NMR spectrum of compound 3 (400 MHz, CDCl3, 25 °C).
Compound 4

o  Next mCPBA (0.525 g, 2.3 mmol) was added to the so-

O
0 lution of compound 3 (0.25 g, 0.38 mmol) in CH3CN
{ 3 \)Lo (10.2 mL). The reaction was stirred for 72 hours at
OJK/NQ')N ' '
¢ eNsz O 40°C and monitored by H NMR. The reaction was

worked up by filtering the mCPBA excess and concen-
trating under reduced pressure. The product was then washed until not observing visually
and by H NMR the presence of mCPBA residue. The product was finally dried yielding a col-
orless oil (XX g, 99%).

1H NMR (400 MHz, Chloroform-d) 8: 9.0 (s, 1H), 7.5 (s, 2H), 5.5 - 5.3 (m, 2H), 5.2 - 5.0 (m,
4H),3.1-2.9 (m, 4H), 2.8 - 2.7 (m, 4H), 2.5 - 2.4 (m, 4H), 2.2 - 2.1 (m, 4H), 1.7 - 1.5 (m, 4H)

281

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0044/these.pdf
© [G. Perli], [2023], INSA Lyon, tous droits réservés



13CNMR (101 MHz, Chloroform-d) 8: 165.4,138.6,123.6,121.3,73.5,73.3,50.4,50.4,50.2,
49.3,49.1, 485, 48.5, 46.9, 46.7, 46.1, 46.1, 37.6, 37.0, 36.6 ppm.

IR (neat) cm-1: 1748, 1570, 1347, 1205, 1132, 1053, 914, 845, 788, 739.

HRMS m/z (ESI): calcd. for Co;HaoN204 [M]*: 437.19184, found: 437.19188.

\/‘ “‘*‘*%Méﬁ’” S\

=) symmetry plane
| H:3 |
Hs
|HE
Hs |
H;
H, s
H1 H; Hs |
|||| L
[ 1.V
1 10 8 7 & &5 4 3 2 1 ppm

1.00 = ©
2H

8 <lelals) [3

Figure IV-S4. 1H NMR spectrum of compound 4 (400 MHz, CDClI3, 25 °C).
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Table IV-S1. Optimization of reaction conditions for tetra-IL synthesis.?

Br/\gﬂj;\/
|

H
N (2.5 equiv.)
N
) _ MeCN (0.1 M)
(1 equiv.) K,CO; (0.8 equiv.)
T (X °C), 12h
Entry T(°C)
1 85
2 100
3 120

] i///
—
O ©
Br
N‘\N
=y
Yield (%)L
47

57

70l

[a] Estimated based on the 1H NMR crude employing 1,3,5-trimethoxybenzene as internal reference. [b] degra-

dation starts to take place. [c] Product was isolated with precipitation in dimethyl ether and washing with hex-

ane and AcOEt.

2 For the reaction of pyrrole-like nitrogen alkylation and pyridine-like nitrogen quaternization in just
one step, see: Zhang, Y.; et al. Chem. Commun. 2020, 56, 3309-3312. [link]
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Figure IV-S5. NMR spectrum employed to quantify the yield of the reaction using TMB as
an internal standard (400 MHz, CDCl3, 25 °C).

= s

Monomers: Hardener:
Tetra-IL
IPDA
Tetra-N

Figure IV- S6. Parallel-plate cup geometry employed in the rheological assay.
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Figure IV-S7. Mold employed to cure the adhesives and the tensile testing.
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Tetra-N

Solvolysis

Figure IV-S8. The thermoset networks before and after the solvolysis performed in eth-

ylene glycol and in the presence of 10% of the acid catalyst.
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Figure IV-S9. Contact angles with water for the five different networks. a) the average of

the contact angles with water and b) the image of water droplets deposited on the network

surfaces.
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Figure IV-S10. Proposed mechanism for the thermoset network depolymerization and the

specimens after the tensile testing and after the solvolysis.

287

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0044/these.pdf

© [G. Perli], [2023], INSA Lyon, tous droits réservés



Appendix III - Activated Cycloaliphatic Epox-
idized Ionic Liquids as New Versatile Mono-
mers for the Construction of Multifunc-

tional Degradable Thermosets
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General Methodology
Characterization and Purification Methods

1H and 13C spectra were recorded on a Bruker Avance III spectrometer operating at
400 MHz or 500 MHz. Spectra were obtained using solutions of ca. 10 mg in an appropriate
deuterated solvents. The chemical shifts (6) are expressed in ppm relative to internal tetra-
methylsilane for H and 13C nuclei. The coupling constants were automatically obtained by
TopSpin© and expressed in Hz. Abbreviations for signal coupling are indicated as: s = sin-
glet; d=doublet; dd=doublet of doublets; t=triplet; q=quartet; quin=quintet; m=multiplet;
br=broad signal. To accurate determine the molecular structure of the monomer CEIL and

its intermediates additional 2D NMR experiments (COSY, HSQC, HMBC) were performed.

High Resolution Mass Spectra HRMS was carried out on by a Micromass-Waters Q-

TOF Ultima Global by the technique of Electrospray lonization (ESI).

Thin Layer Chromatography (TLC) was run using different eluent mixtures on pre-

coated aluminum plates of silica gel 60 F-254 (Merck).

1) NaH, THF, 0°C  Br 73%
HO\/@ 2) 4-bromobenzy|bromide\©\/0\/©

0 °C to reflux, 22 h 2

4-Bromobenzyl (cyclohex-3-en-1-ylmethyl) ether (2).

Under Argon atmosphere, cyclohexen-4-ylmethanol (12.5 mL, 0.11 mol) was added
dropwise to a stirred suspension of NaH (5.6 g (60 % in mineral oil), 0.14 mol) in anhydrous
THF (200 mL) at 0 °C. After the addition, the mixture was left to stir for 30 min at 0 °C. Then,
more 200 mL of anhydrous THF was added followed by the addition of 4-bromobenzylbro-
mide (26.75 g, 0.12 mol). The reactional mixture was stirred for 30 min at 27 °C. Finally, the
reactional mixture was heated for 22 h under reflux and Argon atmosphere. The reaction
was cooled to 0 °C and it was quenched by adding 50 g of ice cubes. The reactional mixture
was stirred for 1 h to ensure the complete quenching. The reaction was filtered using paper
filter and extracted five times with dichloromethane and dd-water. The organic layer was
dried over MgSO. and concentrated in vacuo. The product was further purified by column
chromatography using silica gel and hexane: ethyl acetate (solvent mixture gradient from
100:0 until 95:5) as eluent. Compound 2 was obtained as a colorless and transparent oil
with 73% of yield. tH NMR (500 MHz, Chloroform-d) 8: 7.45 (d, ] = 8.3 Hz, 2H), 7.22 (d, ]
= 8.5 Hz, 2H), 5.76-5.61 (m, 2H), 4.47 (s, 2H), 3.41-3.30 (m, 2H), 2.17-2.09 (m, 1H), 2.09-
2.03 (m, 2H), 1.99-1.90 (m, 1H), 1.88- 1.80 (m, 1H), 1.80 - 1.70 (m, 1H), 1.34 - 1.21 (m, 1H).
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13C NMR (126 MHz, Chloroform-d) é:
33.5, 27.6,24.9, 25.6.

138.8,132.5,129.3,127.2,126.7,122.3,74.5, 73.3,
1) n-BuLi, THF,
-78 °C, 1h

(HO)B 85%
2)BOIP; @\/O\/@

-78 °C to rt, overnight 3
3) HCI/H,0, 0°C

4-((Cyclohex-3-en-1-ylmethoxy)methyl)phenyl)boronic acid (3).

Under Argon atmosphere, the compound 2 (13.85 g, 49.2 mmol) was dissolved in

anhydrous THF (129 mL) and mixture was cooled to -78 °C and, subsequently n-BuLi 2.5 M

in hexane (23.6 mL, 49.2 mmol) was added dropwise. The mixture was kept stirring at -78

°C for 60 min and then 17 mL (50.5 mmol) of triisopropyl borate was slowly added. The

mixture was stirred overnight from -78 °C to room temperature. The reaction was cooled to

0 °C and quenched by adding 50 g of ice cubes followed by the slowly addition of 137 mL of

hydrochloric acid (1 M). The yielding mixture was stirred for 30 min. The aqueous layer was

extracted by dichloromethane, dried over anhydrous MgS0O4 and concentrated in vacuo.

Compound 3 was employed in the next step without further purification since the product

degrades in the column. The product was obtained as a off-white crystal compound. tH NMR
(500 MHz, Chloroform-d) 8: 8.21 (d, ] = 7.7 Hz, 2H), 7.48 (d, ] = 7.7 Hz, 2H), 5.88-5.46 (m,
2H), 4.61 (s, 2H), 3.52-3.32 (m, 2H), 2.28-2.12 (m, 1H), 2.12-2.08 (m, 2H), 2.05-1.95 (m,
1H), 1.95- 1.85 (m, 1H), 1.83-1.72 (m, 1H), 1.35-1.26 (m, 1H). 13C NMR (126 MHz,
Chloroform-d) &: 143.7,135.9, 133.5, 127.4, 126.4, 126.7, 75.9, 72.8, 34.1, 28.3, 25.5, 24 4.

(HO)ZB
.

N
Imidazole @ 87%
Cul, Air NN
MeOH o
Reflux, 5 h 4

1-(4-((Cyclohex-3-en-1-ylmethoxy)methyl)phenyl)-1H-imidazole (4).

Initially, imidazole (2.5 g, 37.2 mmol) and copper (I) iodide (236 mg, 1.4 mmol) was

stirred for 5 min in 114 mL of methanol. Subsequently, the boranic acid derivative 3 was

added and stirred overnight under reflux and bubbling air in the reactional mixture. The

solution was cooled to room temperature and filtered using a Celite® pellet and concen-

trated under reduced pressure. The product was further purified by column chromatog-

raphy using silica gel and hexane: ethyl acetate (solvent mixture gradient from 70:30 until

0:100) as eluent. Compound 4 was obtained as white crystalline powder. 1H NMR (400
MHz, Chloroform-d) 8: 7.89 (s, 1H), 7.47 (d, ] = 8.5 Hz, 2H), 7.36 (d, ] = 8.5 Hz, 2H), 7.27 (s,
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1H), 7.22 (s, 1H), 5.72-5.61 (m, 2H), 4.54 (s, 2H), 3.54-3.22 (m, 2H), 2.18-2.12 (m, 1H),
2.08-2.04 (m, 2H), 2.02-1.94 (m, 1H), 1.89-1.83 (m, 1H), 1.82-1.73 (m, 1H), 1.37-1.29 (m,
1H). 13C NMR (400 MHz, Chloroform-d) 8: 138.5, 136.7, 135.6, 130.5, 128.5, 127.2, 126.2,
121.5,118.9, 75.6, 72.2, 34.5, 28.4, 25.7, 24.3.

N\\ d \:‘\ 98% Q\\o
\ 1,4-dibromobutane ©) ©)
\©\/ \Q N i
CH,CN, reflux, 21 h = \NH \éj
5

3,3'-(Butane-1,4-diyl)bis(1-(4-((cyclohex-3-en-1-ylmethoxy)methyl)phenyl)-1H-im-
idazol-3-ium) bromide (5).

Compound 4 (6.37 g, 23.7 mmol) was solubilized in 33 mL of acetonitrile and 1,4-
dibromobutane (2.6 g, 11.87 mmol) was slowly added using a syringe and needle. The reac-
tion was stirred for 21 h at 80 °C. The reaction yielded an off-white precipitate that was
washed several times with cold acetonitrile. The product was filtered and dried under vac-
uum resulting in a white powder. tH NMR (400 MHz, Chloroform-d) 8: 10.78 (t,] = 1.7 Hz,
2H), 8.44 (t,] = 1.3 Hz, 2H), 7.74 (d,] = 8.5 Hz, 4H), 7.62 (t,] = 1.9 Hz, 2H), 7.52 (d, ] = 8.4 Hz,
4H), 5.73-5.54 (m, 4H), 4.82 (t, ] = 6.3 Hz, 4H), 4.54 (s, 4H), 3.41-3.35 (m, 4H), 2.37 (t,] =
6.3 Hz, 4H), 2.16-2.08 (m, 2H), 2.08-2.00 (m, 4H), 1.98- 1.87 (m, 2H), 1.86-1.77 (m, 2H),
1.79-1.69 (m, 2H), 1.34-1.23 (m, 2H). 13C NMR (400 MHz, Chloroform-d) &: 141.7, 135.5,
133.7,129.3,127.2,125.8,124.7,121.8,120.2, 75.7, 71.9, 49.3, 34.1, 28.5, 26.6, 25.6, 24.5.
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/@ OKQ 99% Q\\o
o LiNTY,

O, S e SO

é\ N AN 90 °C tort overnlght N H‘NAN

"] @ el
6
3,3'-(Butane-1,4-diyl)bis(1-(4-((cyclohex-3-en-1-ylmethoxy)methyl)phenyl)-1H-im-

idazol-3-ium) bistrifluoromethanesulfonimidate (6).

Compound 5 (21.22 g, 28.28 mmol) was added to 400 mL of dd-water and heated to
85 °C until complete solubilization of the material. Subsequently, a LiNTf, (13.52 g, 43
mmol) solution was prepared using 1 mL of dd-water, and it was added to the previous
solution. The mixture became cloudy, and this reactional mixture was left to stir for 3h at
room temperature. The aqueous layer was extracted by dichloromethane five times, dried
over anhydrous MgS04 and concentrated in vacuo. The compound 6 was obtained as a col-
orless oil (32.28 g, 27.99 mmol). tH NMR (400 MHz, Chloroform-d) &: 9.07 (t,] = 1.8 Hz,
2H), 7.72 (t, ] = 1.8 Hz, 2H), 7.61-7.49 (m, 10H), 5.76-5.57 (m, 4H), 4.59 (s, 4H), 4.44-4.38
(m, 4H), 3.47-3.32 (m, 4H), 2.23-2.12 (m, 6H), 2.10- 2.03 (m, 4H), 2.05-1.93 (m, 2H), 1.90-
1.88 (m, 4H), 1.38-1.27 (m, 2H). 13C NMR (400 MHz, Chloroform-d) §: 142.2,133.8, 133.5,
129.3,127.2,125.8,123.9,122.5,121.8,119.5 (q, ] = 321.1 Hz), 75.0, 71.2, 49.3, 34.5, 28.5,
26.5,24.6, 25.6.

f@ C) \ / Q 98% o£> \o
o\@\ /@J NTf N(;')f /@J
NTf, NTf m-CPBA 2 2

CEIL

3,3'-(Butane-1,4-diyl)bis(1-(4-(((7-oxabicyclo[4.1.0]heptan-3-yl)methoxy)me-
thyl)phenyl)-1Himidazol-3-ium) bistrifluoromethanesulfonimidate (CEIL).

To obtain the final product CEIL, an adaptation of the classical Prilezhaev epoxida-
tion reaction was employed. Compound 6 (9.54 g, 8.31 mmol) was solubilized in anhydrous
dichloromethane (54.41 mL) at 0 °C. Next, mCPBA (5.97 g, 20.8 mmol) was slowly added.
The reaction was stirred at 0 °C for 3 h, and a white precipitate was formed. The reaction
mixture was concentrated under reduced pressure and filtered to eliminate the excess of

mCPBA and its derivatives. The solution obtained from the filtration was poured in diethyl
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ether (300 mL). The insoluble part was isolated by decantation and washed three times by
diethyl ether. The product was dried under vacuum and resulted in a transparent and col-
orless viscous 0il (9.98 g, 98%). tH NMR (400 MHz, Acetonitrile-d3) §: 8.92-8.86 (m, 2H),
7.84-7.78 (m, 2H), 7.67-7.58 (m, 10H), 4.62- 4.54 (m, 4H), 4.35-4.57 (m, 4H), 3.41-3.29 (m,
4H), 3.19-3.09 (m, 4H), 2.21-1.98 (m, 7H), 1.87-1.38 (m, 9H), 1.21-0.99 (m, 2H). 13C NMR
(101 MHz, Acetonitrile-d3) mixture of stereoisomers3 §: 143.9, 142.9, 135.7, 134.8,
134.9,130.2,130.1, 124.3,123.6,123.6,123.1,120.8 (q, ] = 320.8 Hz), 76.7, 76.2, 72.3, 72.2,
53.1,53.3,52.2,51.7,50.6, 33.10, 31.3, 29.3, 28.2, 27.2, 25.4, 24.8, 23.7, 22.3.
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Figure V-S1. 1H NMR spectrum of compound 2 (400 MHz, CDCl3, 25 2C).
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Figure V-S12. 1H NMR spectrum of compound 7 (400 MHz, CDCl3, 25 2C).

Figure V-S13. Fold-deploy experiment showing the different steps. In a) p-CEIL initial
shape, b) bending process using a mold, c-d) folded shape and e) the initial shape after the

heating process.
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Table V-S1. The number of ions/monomers used for each system.

Total Number of At-
System CEIL ECC TFSI
oms
p-CEIL-ECC 240 560 480 54240
p-ECC - 1200 - 50400
p-CEIL 400 - 800 51200

Table V-S2. Calculated thermo-mechanical properties of each system.

p-CEIL-ECC p-ECC p-CEIL
Density (gcm ') 1.25 1.08 1.31
Density, std 0.01 0.01 0.00

T (°C) 166.0 215.2 103.0
Tg, std 44.5 18.4 11.6
CVTE, below ( K1) 1.99 0.60 4.16
CVTE, below, std 0.14 0.06 0.06
CVTE, above 2.84 1.43 6.45
CVTE, above, std 0.36 0.13 0.14

NTf,  CEIL ECC

Figure V-S14. Snapshots taken from the p-ECC-CEIL system from different angles.

Snapshots of the p-ECC-CEIL simulation cell CEIL from different angles.

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0044/these.pdf
© [G. Perli], [2023], INSA Lyon, tous droits réservés

300




20
« p-ECC-CEIL
. . p-ECC

154 :' « p-CEIL
v :.
o i ]
= o
~ 10
0
o
a .oo.oi."......
o 5+ J ..co.".......
— ) '
E i :': ...o-
- :.-"

04 »
-5 I it L) i L) L L) L L) L L) ) i L)

0 1 2 3 4 5 6 7 8
Tensile Strain / %

Figure V-S15. Stress-strain curves for the three networks prepared by adding 2 wt% of

S7MS.
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Figure V-S§16. The CEIL and phosphonium IL104 structures.
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Figure V-S17. In a) the NMR spectra of CEIL and degraded solutions of p-ECC-CEIL and p-
CEIL, and in b) the ESI(+)-MS spectra of the degradation products derived from p-CEIL (left)

and p-ECC-CEIL (right).
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Figure V-S18. ESI(+)-QTOF mass spectrum of degradation products of p-ECC.
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Table V-S3. Molecular ions obtained from ESI(+)-QTOF spectrometry of the degradation

products of p-ECC

Meas. Sum For- . Ad-
Ion Formula m/z err [ppm] | mSigma /
m/z mula duct
210.110
3 C7H12N70 C7H11N70 210.1098 2.4 4.5 M+H 1+
313.227 ConngzO ConngzO 313.2274 1.3 29 M+H 1+
409.357
4 C28H4sN2 C2gH4sN> 409.3577 0.8 34.6 M 1+
lntenss- | Impdct2_211202_15_GAP-p-CEIL-1-ECC_dil10000MeOH.d: +MS, 0.4-1.5min #24-86
x10
6 313.2268
+
i 485)5122
4_
| 226.9516
5] 409.3570
90.9766
0 L Ll W [ lll oy 58T . . . .
100 200 300 400 500 600 700 800 900 mz
IntensS. Impact2_211202_15_GAP-p-CEIL-1-ECC_dil10000MeOH.d: +MS, 0.4-1.5min #24-86
x10° 7]
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Figure V-S19. ESI(+)-QTOF mass spectrum of degradation products of p-ECC-CEIL.
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Table V-S4. Molecular ions obtained from ESI(+)-QTOF spectrometry of the degradation
products of p-ECC-CEIL

Ion For- Sum For-

Meas. m/z mula mula m/z err [ppm]| mSigma | Adduct y/
210.1101 CsH12N-0 CsH11N-0 210.1098 -1.6 4.1 M+H 1+
313.2268 ConngzO ConngzO 313.2274 2 29 M+H 1+
409.357 C2sH4sN> C2sH4sN> 409.3577 1.7 35.3 M 1+
lntenss- | Impdct2_211202_15_GAP-p-CEIL-1-ECC_dil10000MeOH.d: +MS, 0.6-1.6min #34-91

x10:
6 313.2268
i 48545122
4_
i 226.1414
2 l 409.3570
1 90.9766
3 Mt G WY N ..Allmli .“.ln._,“)l.llmn lll.u. Nl — — —
100 200 300 400 500 600 700 800 900 mz
lntensé : Impact2_211203_09_GAP-p-CEIL_28.10_dil10000MeOH.d: +MS, 0.3-1.1min #15-62
106
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0.8
1 210.1101 313.2267
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0.4+
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0.2 90.9767 437.3882
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Figure V-S20. ESI(+)-QTOF mass spectrum of degradation products of p-CEIL.
305

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0044/these.pdf
© [G. Perli], [2023], INSA Lyon, tous droits réservés




Table V-S5. Molecular ions obtained from ESI(+)-QTOF spectrometry of the degradation

products of p-CEIL

Sum For- err
Meas. m/z | Ion Formula mula m/z [ppm] |mSigma| Adduct y/
226.1414 CsH16N70 CsH16N70 226.1411 -1.6 4.9 M 1+
CsH16N70 CsH1sN70 226.1411 -1.6 4.9 M+H 1+
313.2268 C20H20N20 C20H29N-0 313.2274 2.1 28.8 M 1+
C20H20N-0 C20H28N-0 313.2274 2.1 28.8 M+H 1+
409.357 C2sHasN2 C28HasN2 409.3577 1.8 34.9 M 1+
C28HasN2 C28H4sN> 409.3577 1.8 34.9 M+H 1+
527.4952 C3s5He3N20 CssHe2N20 527.4935 -3.3 n.a. M+H 1+
539.1711 C33H23N404 C33H22N404 539.1714 0.5 n.a. M+H 1+
540.8895 C2HN¢O27 C2Ne027 540.8884 -2.1 n.a. M+H 1+
CeHs029 CeH4029 540.8911 2.9 n.a. M+H 1+
566.8889 C4H,03; C4He032 566.8915 4.6 n.a. M+H 1+
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Synthetic Outline

a) lon-exchange reaction:

o} NaSbFg O
X@ —» 1a; X = SbFg
N2 o o
@N X /©/\ LiBF, ©
/N —+—>1a; X= BF,
N

NH,PFg
L—> 1a; X = PFG

mCPBA (3 equiv.)
MeCN anhydrous

@N_\—\.N/FN

Scheme V-S1. Overview of the synthetic route employed.

Details of Epoxidation Reaction

O _O.

OH
©
0 X
o D/\ /\@ R o .
(3 equiv.) N X @
1a and X = SbFg; BF; PFg o l\@,N—\,\‘ /=N
MeCN anhydrous (0.01M) !

N'® +
2h-4h \%

78°C to 0 °C X = SbFg; BF; PFg

TLC after 1h, eluent: 100% AcOEt

Cl

Start Material =<

Scheme V-S2. TLC and additional details of reactions.
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Comprehensive Investigation by NMR Spectroscopy

Comparison of NMR spectra after ion exchange

CY-fev02-CY-1-22-extrac
CY-1-22-extrac

® X=BF,
(0] Q
@/\ /\©\ X@ o X'= PFg
N= o
* Q
N X g
/=N

—

o

<

T T T T T —N
9.20 9.15 9.10 9.05 9.00 8.9!

T T
5 8.90 8.85 8.80
f1 (ppm)

Figure V-S21. Overlap in the region between 6-9 ppm of the spectra of hydrogen in chloro-
form.
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— O < o o
N NN N
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AN I I I
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Most pronounced change in chemical shift

S
o
7.78 7.76 7.74 7.72 7.70 7.66 7.62 7.58 7.54 7.50 7.46 7.42 7.38 7.34 7.30 7.26
f1 (ppm)
Figure V-S22. Overlap NMR spectra of ion exchange products.
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CY-fev02-CY-1-22-extrac
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Figure V-S23. Overlap NMR spectra of ion exchange products. Focus on the region 5.5-5.9

ppm.
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7
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Figure V-S24. Overlap of 13C spectra in chloroform. Region widening between 133-135

ppm.
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Figure V-S25. Overlap of 13C spectra in chloroform. Focus on the region between 122-124
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Figure V-S26. Overlay of 13C spectra in chloroform. Focus on the region between 33-35

ppm.
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Comparison of spectra for the epoxidation reaction
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Figure V-S27. Overlay of 1H spectra in chloroform. Focus on the region between 8.84-9.1
ppm. o
@ X = SbFg
% ® X=BF,
[\a}
= @ X=PF;

CY-fev08-CY-2-10-13C /\
CY-2-10-13C /
/
/
- S
[V o@\ . & 1
| N 0
| o @
\ /f\~ N

Most pronounced change in chemical shift

133.95 133.94 133.93 133.92 13391 133.90 133.89 133.88 133.87 " (133.8)6 133.85 133.84 133.83 133.82 133.81 133.80 133.79 133.78 133.7
ppm.

Figure V-S28. Overlay of 13C spectra in chloroform. Focus on the region between 133-135
ppm.
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General procedures
Ion-exchange reactions

3,3"-(butane-1,4-diyl)bis(1-(4-((cyclohex-3-en-1-ylmethoxy)methyl)phenyl)-1H-314-

imidazol-1-ium) tetrafluoroborate

In a sealed tube were weighed 3,3'-(butane-

() o
/\©\ §F4 1,4-diyl)bis(1-(4-((cyclohex-3-en-1-
N S 0
LN F /©/\ \\Q ylmethoxy)methyl)phenyl)-1H-314-imid-

BF,
/SN
2 azol-1-ium) bromide (225.8 mg, 0.3 mmol,

2

1 equiv.) and lithium tetrafluoroborate (281.2 mg, 3 mmol, 10 equiv.). In sequence, 30 mL

of water was added for complete solubilization (note: the solubilization is complete at 100
°C). The mixture was stirred at 100 °C during 48 h. The crude product was purified via ex-
traction (note: add a little volume of water to avoid loss of the ionic liquid) using water and

chloroform to afford the title compound as a slightly yellow oil (156 mg, 68% yield).
TLC: Rr= 0.1 (100% EtOAc, Vanillin stain).

1H NMR (400 MHz, CDCls) 8x: 9.07 (s, 2H), 7.69 (s, 2H), 7.56 - 7.51 (m, 6H), 7.43 - 7.41 (m,
4H), 5.63 (s, 4H), 4.46 (s, 4H), 4.38 (s, 4H), 3.34 (d, ] = 6.4 Hz, 4H), 2.15 - 2.01 (m, 10H), 1.89
~1.67 (m, 6H), 1.30 - 1.20 (m, 2H) ppm.

13CNMR (100 MHz, CDCl3) 8¢: 141.3,134.1,133.6,128.9,127.0,125.8,123.7,121.9, 121.3,
75.8,71.7,49.4,33.8,28.4, 26.4, 25.5, 24.5 ppm.
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3,3"-(butane-1,4-diyl)bis(1-(4-((cyclohex-3-en-1-ylmethoxy)methyl)phenyl)-1H-314-
imidazol-1-ium) hexafluorophosphate(V)

ORas)

In a sealed tube were weighed 3,3'-(butane-
Fs 1,4-diyl)bis(1-(4-((cyclohex-3-en-1-

S ZE_GN \\Q ylmethoxy)methyl)phenyl)-1H-314-imidazol-
NG
=

1-ium) bromide (225.8 mg, 0.3 mmol, 1 equiv.)
and Ammonium hexafluorophosphate (489 mg, 3 mmol, 10 equiv.). In sequence, 30 mL of
water was added for complete solubilization (note: the solubilization is complete at 100 °C).
The mixture was stirred at 100 °C for 48 h. The crude product was purified via extraction
(note: add a little quantity of water to avoid loss of the ionic liquid) using water and chloro-
form to afford the title compound as a title compound as a slightly yellow oil (158 mg, 60%
yield).

TLC: Rr= 0.1 (100% EtOAc, Vanillin stain).

1H NMR (400 MHz, CDCl3) 8u: 8.72 (s, 2H), 7.49 - 7.40 (m, 12H), 5.62 (s, 4H), 4.45 (s, 4H),
4.28 (s, 4H), 3.35 (d, ] = 6.4 Hz, 4H), 2.09 - 2.01 (m, 11H), 1.91 - 1.84 (m, 2H), 1.78 - 1.66
(m, 3H) ppm.

13C NMR (100 MHz, CDCls3) &¢: 141.4, 133.6,128.8,127.0,125.8, 123.3,122.1, 121.5, 75.8,
71.6,49.5,33.8, 28.4, 26.3, 25.5, 24.5 ppm.

3,3'-(butane-1,4-diyl)bis(1-(4-((cyclohex-3-en-1-ylmethoxy)methyl)phenyl)-1H-314-

imidazol-1-ium) hexafluorostibate(V)

In a sealed tube were weighed 3,3'-(butane-1,4-

SRy
/\©\N,\SbF6 o o diyl)bis(1-(4-((cyclohex-3-en-1-
@N SbFGQ/\ L
_\_\—N%N ylmethoxy)methyl)phenyl)-1H-314-imidazol-1-

=

ium) bromide (225.8 mg, 0.3 mmol, 1 equiv.)
and sodium hexafluorostibate(V) (465.7 mg, 1.8 mmol, 6 equiv.). In sequence, 30 mL of wa-
ter was added for complete solubilization (note: the solubilization is complete at 100 °C).
The mixture was stirred at 100 °C for 48 h. The crude product was purified via extraction
(note: add a little quantity of water to avoid loss of the ionic liquid) using water and chloro-

form to afford the title compound as a title compound as a slightly yellow oil (185 mg, 58%
yield).

TLC: Rr= 0.1 (100% EtOAc, Vanillin stain).

1H NMR (400 MHz, CDCls) 8x: 8.84 (s, 2H), 7.51 - 7.42 (m, 12H), 5.62 (s, 4H), 4.47 (s, 4H),
4.31 (s, 4H), 3.35 (d, ] = 6.4 Hz, 4H), 2.04 - 2.01 (m, 11H), 1.91 - 1.84 - 1.67 (m, 7H) ppm.
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13C NMR (100 MHz, CDCl3) 8¢: 141.6,133.5,128.9,127.0, 125.8, 123.4,122.2,121.7,75.8,
71.6,49.7,33.8,29.6, 28. 44, 26.6, 25.5, 24.5 ppm.

Epoxidation reaction

1-(4-(((7-oxabicyclo[4.1.0]heptan-3-yl)methoxy)methyl)phenyl)-3-(4-(3-(4-(((7-
oxabicyclo[4.1.0]heptan-3-yl)methoxy)methyl)phenyl)-1H-314-imidazol-1-ium-1-
yl)butyl)-1H-314-imidazol-1-ium PFg

Adapted from a procedure by Rad-

o O o]
Q/\ N PFo Q/\ KOO chenko and co-workers.? Under anhy-

o N
< —-\—\.—N@ drous conditions were placed 3,3'-(bu-

tane-1,4-diyl)bis(1-(4-((cyclohex-3-en-
1-ylmethoxy)methyl)phenyl)-1H-314-imidazol-1-ium) hexafluorophosphate(V) (88.3 mg;
0.1 mmol; 1 equiv.), and MeCN anhydrous (5 mL; 0.01 M). Then, a solution of mCPBA (52
mg; 0.3 mmol; 3 equiv.) in 5 mL of MeCN was added drop wise by syringe under Ar. The
mixture was stirred at -78 °C for 3 h. The crude product was precipitated in diethyl ether,
washed with AcOEt, hexane, acetone, toluene, chloroform, and DCM to afford the title com-

pound as a colorless oil (46 mg, 51 % yield).
TLC: Rr= 0.3 (100% EtOAc, Vanillin stain).

1H NMR (400 MHz CD3CN) 8x: 8.91 (s, 2H), 7.81 (t, / = 1.74 Hz, 2H), 7.63 - 7.61 (m, 10H),
4.58 (d,] = 3.5 Hz, 4H), 4.34 (s, 4H), 4.09 (q, J = 6.4 Hz, 2H), 3.46 (q,/ = 6.4 Hz, 2H ), 3.36 (t,
J =6.4 Hz, 2H), 3.31 (d, ] = 6.3 Hz, 2H), 3.15 - 3.10 (m, 4H), 2.11 - 1.97 (m, 5H), 1.80 - 1.75
(m, 2H), 1.55 - 1.44 (m, 2H), 1.15 - 1.0 (m, 3H) ppm.

13C NMR (100 MHz, CD3CN) &¢: 141.76, 141.73, 134.5, 129.0, 128.9, 123.2, 122.4, 122.3,
121.9,117.4,75.3,75.0, 71.4, 52.2, 52.1, 51.3, 49.3, 32.9, 30.3, 28.1, 27.2, 26.1, 24.5, 23.7,
22.9,21.2 ppm.

8 Adapted reaction, see original methodology: a) Radchenko, A. V.; Duchet-Rumeau, J.; Gérard,
J.; Baudoux, J.; Livi, S. Polym. Chem. 2020, 11, 5475 — 5485. [link]
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1-(4-(((7-oxabicyclo[4.1.0]heptan-3-yl)methoxy)methyl)phenyl)-3-(4-(3-(4-(((7-
oxabicyclo[4.1.0]heptan-3-yl)methoxy)methyl)phenyl)-1H-314-imidazol-1-ium-1-
yl)butyl)-1H-314-imidazol-1-ium SbFs

Adapted from a procedure by Rad-

Q/\ /\©\ SbFe S Q/\ chenko and co-workers.# Under an-
bF6 \( ;

/:N hydrous conditions were placed

3,3'-(butane-1,4-diyl)bis(1-(4-((cy-

clohex-3-en-1-ylmethoxy)methyl)phenyl)-1H-314-imidazol-1-ium)  hexafluorostibate(V)
(106.4 mg; 0.1 mmol; 1 equiv.), and MeCN anhydrous (5 mL; 0.01 M). Then, a solution of
mCPBA (52 mg; 0.3 mmol; 3 equiv.) in 5 mL of MeCN was added drop wise by syringe under
Ar. The mixture was stirred at -78 °C for 3 h. The crude product was precipitated in diethyl
ether, washed with AcOEt, hexane, acetone, toluene, chloroform, and DCM to afford the title

compound as a colorless oil (52 mg, 48 % yield).
TLC: Rr= 0.3 (100% EtOAc, Vanillin stain).

1H NMR (400 MHz CD3CN) 81: 8.99 (s, 2H), 7.80 (t, ] = 1.87 Hz, 2H), 7.62 - 7.60 (m, 10H),
4.58 (d,J = 3.5 Hz, 4H), 4.32 (t, /] = 6.2 Hz, 4H), 3.46 (q, / = 7 Hz, 1H), 3.36 (t, / = 6 Hz, 1H),
3.31 (d,/=6.3 Hz, 2H), 3.15 - 3.10 (m, 4H), 2.12 - 1.96 (m, 11H), 1.80 - 1.74 (m, 3H), 1.55 -
1.44 (m, 2H), 1.15 - 1.0 (m, 2H) ppm.

13C NMR (100 MHz, CD3CN) &¢: 141.82, 141.78, 134.7, 133.8, 129.0, 128.9, 123.2, 122.4,
122.4,121.9,117.3,75.3,75.0,71.4, 52.1, 52.0, 51.3, 51.0, 49.2,

32.9,30.3,28.2,27.2,26.1, 24.5, 23.7,22.9, 21.2 ppm.

1-(4-(((7-oxabicyclo[4.1.0]heptan-3-yl)methoxy)methyl)phenyl)-3-(4-(3-(4-(((7-
oxabicyclo[4.1.0]heptan-3-yl)methoxy)methyl)phenyl)-1H-314-imidazol-1-ium-1-
yl)butyl)-1H-314-imidazol-1-ium BF,

Adapted from a procedure by

o 0
/\©\ BF, o Radchenko and co-workers.s
NA BF, kOo

o] @/N—\,\— %N Under anhydrous conditions
N
N were placed 1-(4-((cyclohex-2-

en-1-ylmethoxy)methyl)phe-
nyl)-3-(4-(3-(4-((cyclohex-2-en-1-ylmethoxy)methyl)phenyl)-1H-imidazol-3-ium-1yl)bu-
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tyl)-1H-imidazol-3-ium tetrafluoroborate (76.6 mg; 0.1 mmol; 1 equiv.), and MeCN anhy-
drous (5 mL; 0.01 M). Then, a solution of mCPBA (52 mg; 0.3 mmol; 3 equiv.) in 5 mL of
MeCN was added drop wise by syringe under Ar. The mixture was stirred at -78 °C for 3 h.
The crude product was precipitated in diethyl ether, washed with AcOEt, hexane, acetone,

toluene, chloroform, and DCM to afford the title compound as a colorless oil (31.2 mg, 39 %
yield).
TLC: Rr= 0.3 (100% EtOAc, Vanillin stain).

1H NMR (400 MHz, CD3CN) 8x: 9.01 (s, 2H), 7.81 (t,/ = 1.74 Hz, 2H), 7.67 - 7.51 (m, 10H),
4.56 (d,] = 3.5 Hz, 4H), 4.36 (s, 4H), 4.09 (q,J = 6.4 Hz, 2H), 3.36 (q,/ = 6.4 Hz, 2H ), 3.30 (d,
J =6.3 Hz, 2H), 3.15 - 3.10 (m, 4H), 2.11 - 1.97 (m, 7H), 1.80 - 1.75 (m, 3H), 1.55 - 1.44 (m,
4H), 1.15 - 1.0 (m, 2H) ppm.

13C NMR (100 MHz, CDsCN) 8¢: 141.67, 141.63, 134.7, 133.9, 129.0, 128.02, 123.2, 122.29,
122.3,121.8, 1174, 75.3, 75.0, 71.4, 52.2, 52.0, 51.3, 50.9, 49.2, 32.9, 30.3, 28.1, 27.2, 26.1,
24.5,23.7,22.9,21.2 ppm.
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1H,13C NMR Spectra of Compounds

1H NMR (400 MHz, CDCl;)
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13C NMR (100 MHz, CDCls)
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1H NMR (400 MHz, CDCl;)
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19F NMR (376 MHz, CDCls)
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1H NMR (400 MHz, CDCl;)
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19F NMR (376 MHz, CDCls)

CY-fev02-CY-1-22-extrac
CY-1-22-extrac

—-112.01

-145  -150 -155 -160

1H NMR (400 MHz, MeCN-ds)

CY-fev21-CY-2-11-final — N ONY OANON— " OO NINT O
CY-2-11-final a Q VY MM MOMe— A—HO0AONNILIDDNA
i NSNS T OOmmm AN A A A
| — oS RN QST

OQ
CE
s

|

|
' . po i RS
o @ N [a\l"s) ~N o o wmn < ™M
S S g S S~ S
L i T T LA ks B
125 120 115 11.0 105 100 95 90 85 80 75 7.0 .?1( 6.0) 55 50 45 40 35 30 25 20 15 10 05 0.0
ppm

322

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0044/these.pdf
© [G. Perli], [2023], INSA Lyon, tous droits réservés



13C NMR (100 MHz, MeCN-ds)
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13C NMR (100 MHz, MeCN-ds)
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13C NMR (100, MeCN-ds)
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Synthetic route

a) lonic liquid synthesis

T

NEt; (2 equiv.)

o
CI—S—@—Me

rt, 12h DCM dry

NaH (1.2 equiv.)
MeCN (0.01M)
12h, 100 °C

b) lon-exchange

7,

P o
N“&'N @_ll
O8O0 O

c) Epoxidation

AN\ ©
NN
@O«

X = NTf,; SbFg; BF4; PFg

Me

U\ _ MeCN (0.1M) 8

12h, 150 °C

mCPBA (3 equiv.) o
MeCN (0.01M), 2h X
-78°Cto 0 °C

X = NTf,; SbFg; BF 4; PFg

Figure V-$28. Overview of the synthetic route employed. a) Preparation of ionic liquid via

quaternization; b) reaction of ionic exchange to obtain ionic liquid with appropriate anions

not able to catalyze the opening of the epoxide; c) Prilezhaev epoxidation reaction.6

6 For details of the reaction mechanism, see: Kim, C.; Traylor, T. G.; Perrin, C. L. J. Am. Chem.

Soc. 1998, 37, 9513-9515. [link]

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0044/these.pdf
© [G. Perli], [2023], INSA Lyon, tous droits réservés

326



https://pubs.acs.org/doi/pdf/10.1021/ja981531e

Reaction optimizations

Table V-S6. Second reaction for the synthesis of a new family of cycloaliphatic epoxidized

Me
o I
“/\N/) (1.1 equiv.) _ @/\N/\\N

NaH (1.2 equiv.)
MeCN (0.01M)

ILs

12h, T (°C)
Entry T °C) Yield (%)l
1 25 trace
2 50 50
3 80 89
4 100 51

[a] Estimated based on the 1H NMR crude employing 1,3,5-trimethoxybenzene as internal

reference.

Reaction details:

Me (5:5 AcOEt:MeCN)
o\\/@
O/\“s“ e
o
H .
N (1.1 equiv.) @/\ P Product

4
NaH (1.2 equiv.) g
MeCN (0.01M)
12h, 80 °C

Figure V-S29. General Information on the Imidazole Nitrogen Alkylation Reaction.
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Exploring the epoxidation reaction

OO«
OH
S}
Cl X o OH
2 i QA
NN )? (3 equiv.) o Ny
\—=/ =/ .
MeCN anhydrous (0.01M)
2h-4h [e] cl
X = NTf,; SbFg; BF; PFg .78 °C to 0 °C X = NTf,; SbFg; BF4; PFg

> mCPBA excess

i el
start material There is no more

,,,,,,,, > SM, more polar
molecule

100% MeCN as eluent

v

Crude NMR shows complete consumption of starting material and absence of double

bond signals (range 5.5 - 6.0 ppm)

Figure V-S30. Synthetic information of the epoxidation reaction using mCPBA.
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Figure V-S31. tH-NMR spectrum of reactional mixture for the epoxidation reaction in deu-

terated acetonitrile after 3 hours of reaction. The spectra comparison corroborates the

epoxy groups' formation from the alkenes.
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Figure V-S32. 13C-NMR spectrum of reactional mixture for the epoxidation reaction in deu-
terated acetonitrile after 3 hours of reaction. The spectra comparison corroborates the

epoxy groups' formation from the alkenes.
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Figure V-S33. a) Crude 'H-NMR spectrum of the reaction in deuterated acetonitrile after 3

hours of reaction; b) Spectrum after precipitation in diethyl ether and washing with AcOEt,

Hexane, chloroform, and DCM.
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NMR study of synthesized ionic liquids
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Figure V-S34. Overlap of 1H-NMR spectra.
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Figure V-S35. Overlap of tH-NMR spectra.
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Figure V-S36. Overlap of tH-NMR spectra.
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Figure V-S37. Overlap of 13C-NMR spectra.
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Figure V-S38. Overlap of 13C-NMR spectra.
General procedures
Step 1 - Alcohol protection

Cyclohex-3-en-1-ylmethyl 4-methylbenzenesulfonate

Adapted from a procedure reported by Kumar and co-work-

Me
o /@ ers.” Under anhydrous conditions were placed cyclohex-3-en-

O,S\b 1-yl-methanol (1.23 g; 10 mmol; 10 mmol, 1 equiv.), triethyla-
mine (4.18 mL; 30 mmol; 3 equiv.) and 4-methylbenzenesul-

fonyl chloride (5.72 g; 30 mmol; 3 equiv.) under inert atmos-
phere (Nz). Then, the reaction mixture was stirred at 0°C for 10 minutes, in sequence, at rt
during 12h. The crude product was diluted with DCM and washed with brine. The solvent
was removed under reduced pressure, then purified by column chromatography on silica
gel (SiOy; gradient: 100% Hexane, 9:1 Hex:CHCl3, 8:2 Hex:CHCl3, 7:3 Hex:CHCl; and 5:5
Hex:CHCI3) to afford the title compound as a colorless oil (2.48 g, 93% yield).

TLC: Rr= 0.5 (8:2 Hex:CHCl3, Vanillin stain).

7 Adapted reaction, see original methodology: Kumar, P.; et al. J. Org. Chem. 2011, 76, 2094-
2101. [link].
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1H NMR (400 MHz, CDCl3) 8y 7.74 (d, ] = 8 Hz, 2H), 7.31 (d, ] = 8.5, 2H), 5.56 - 5.50 (m, 2H),
3.85 (d,] = 6.6 Hz, 2H), 2.38 (s, 3H), 1.96 - 1.90 (m, 4H), 1.68 - 1.62 (m, 2H), 1.22 - 1.17 (m,
1H).8

Quaternization

1,3-bis(cyclohex-3-en-1-ylmethyl)-1H-314-imidazol-1-ium 4-

methylbenzenesulfonate

In a sealed tube were weighed 1-(cyclohex-3-en-1-

2D
O/\N"_@‘N ylmethyl)-1H-imidazole (48.7 mg, 3 mmol, 1 equiv.),

o 9 cyclohex-3-en-1-ylmethyl 4-methylbenzenesulfonate
O-&S;—Q—Me (1.60 g, 6 mmol, 2 equiv.). In sequence, MeCN (30 mL; 0.1

M) was added. The mixture was stirred at 150 °C for 18 h.

The crude product was purified via precipitation into hexane and petroleum ether, then
washed with diethyl ether 3 times (20 mL) to afford the title compound as a light brown
solid (1.09 g, 85% yield).

TLC: Rr= 0.1 (100% EtOAc, Vanillin stain).

1H NMR (400 MHz, CDCl3) 8x: 9.74 (s, 1H), 7.72 (d, ] = 8.0 Hz, 2H), 7.40 (s, 2H), 7.10 (d, ] =
7.9, 2H), 5.62 - 5.49 (m, 4H), 4.08 (d, 4.7 Hz, 4H), 2.30 (s, 3H), 2.01 - 1.82 (m, 8H), 1.70 -
1.54 (m, 4H), 1.23 - 1.16 (m, 2H) ppm.

13CNMR (100 MHz, CDCl3) 8¢: 143.7,141.6,131.0, 129.8,128.9, 128.0, 126.9, 125.6, 124.2,
55.7,35.8,29.5, 26.6, 25.2, 21.3 ppm.

8 In agreement with the literature, see: Zhou, J.; Fu, G. C. J. Am. Chem. Soc. 2003, 41,
1252712530. [link]
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Ion-exchange reaction

1,3-bis(cyclohex-3-en-1-ylmethyl)-1H-314-imidazol-1-ium hexafluorostibate(V)

In a sealed tube were weighed 1,3 bis(cyclohex-3-en-1-

NN
O/\ \@, ylmethyl)-1H-314-imidazol-1-ium 4-
S)

SbF methylbenzenesulfonate (128.5 mg, 0.3 mmol, 1 equiv.)
6

and sodium hexafluorostibate(V) (465.7 mg, 1.8 mmol, 6
equiv.). In sequence, a 1:1 mixture of acetone and DCE (dichloroethane) was employed for
complete solubilization of both solids. The mixture was stirred at 100 °C for 24 h. The crude
product was purified via extraction (note: add a little quantity of water to avoid loss of the
ionic liquid) using water and chloroform to afford the title compound as a slightly yellow oil

(128 mg, 87% yield).

1H NMR (400 MHz, CDCl3) 8x: 9.09 (s, 1H),7.23 (s, 2H), 5.68 - 5.61 (m, 4H), 4.18 (d,] = 7.3
Hz, 4H), 2.14 - 1.99 (m, 8H), 1.83 - 1.69 (m, 6H) ppm.

13C NMR (100 MHz, CDCl3) 8¢: 137.3,127.2,124.3,122.3,122.2,55.2, 34.6, 29.7, 28.4, 25.5,
24.1,1.0 ppm.

1,3-bis(cyclohex-3-en-1-ylmethyl)-1H-314-imidazol-1-ium tetrafluoroborate

In a sealed tube were weighed 1,3 bis(cyclohex-3-en-1-

NN
O/\ \2, ylmethyl)-1H-314-imidazol-1-ium 4-
O

methylbenzenesulfonate (128.5 mg, 0.3 mmol, 1 equiv.)
BF,

and lithium tetrafluoroborate (281.2 mg, 3 mmol, 10

equiv.). In sequence, 30 mL of water was added for complete solubilization (note: the solu-
bilization is complete at 100 °C). The mixture was stirred at 100 °C for 48 h. The crude prod-
uct was purified via extraction (note: add a little volume of water to avoid loss of the ionic
liquid) using water and chloroform to afford the title compound as a slightly yellow oil (89

mg, 88% yield).

1H NMR (400 MHz, CDCls) 8x: 9.05 (s, 1H),7.25 (d, ] = 1.5 Hz, 2H), 5.74 - 5.60 (m, 4H), 4.17
(d,] = 7.3 Hz, 4H), 2.15 - 2.0 (m, 8H), 1.82 - 1.70 (m, 4H), 1.39 - 1.25 (m, 2H) ppm.

13C NMR (100 MHz, CDCl3) &¢: 136.4,127.1,124.3,122.7,55.0, 34.5, 28.4, 25.4, 24.1 ppm.
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1,3-bis(cyclohex-3-en-1-ylmethyl)-1H-314-imidazol-1-ium hexafluorophosphate(V)

In a sealed tube were weighed 1,3 bis(cyclohex-3-en-1-

N,{é?N Imethyl)-1H-314-imidazol-1-i 4
me - - -lImldazol-1-1um -
O/\ B y v
©

methylbenzenesulfonate (128.5 mg, 0.3 mmol, 1 equiv.)
PFg

and Ammonium hexafluorophosphate (489 mg, 3 mmol,

10 equiv.). In sequence, 30 mL of water was added for complete solubilization (note: the
solubilization is complete at 100 °C). The mixture was stirred at 100 °C for 48 h. The crude
product was purified via extraction (note: add a little quantity of water to avoid loss of the
ionic liquid) using water and chloroform to afford the title compound as a slightly yellow oil

(103.8 mg, 86% yield).

1H NMR (400 MHz, CDCls) 8x: 8.80 (s, 1H), 7.23 (s, 2H), 5.72 - 5.61 (m, 4H), 4.17 (d, ] = 7.3
Hz, 4H), 2.14 - 1.99 (m, 7H), 1.83 - 1.69 (m, 7H).

13C NMR (100 MHz, CDCl3) 8¢: 136.6,127.2,124.2,122.6, 55.1, 34.5, 28.4, 25.4, 24.0 ppm.
Epoxidation reaction

1,3-bis((7-oxabicyclo[4.1.0]heptan-3-yl)methyl)-1H-314-imidazol-1-ium
hexafluorostibate(V)

NA Adapted from a procedure by Radchenko and co-work-

N
OO/\ =/ ers.? Under anhydrous conditions were placed 1,3-
SC:)bF6 o} bis(cyclohex-3-en-1-ylmethyl)-1H-314-imidazol-1-ium

hexafluorostibate(V) (49 mg; 0.1 mmol; 1 equiv.), and
MeCN anhydrous (5 mL; 0.01 M). Then, a solution of mCPBA (52 mg; 0.3 mmol; 3 equiv.) in
5 mL of MeCN was added drop wise by syringe under Ar. The mixture was stirred at -78 °C
for 3 h. The crude product was precipitated in diethyl ether, washed with AcOEt, hexane,
acetone, toluene, chloroform, and DCM to afford the title compound as a colorless oil (Yield

not determined due to impurities).

1H NMR (400 MHz, CDCls) 84 8.44 (s, 1H), 7.39 (m, 2H), 4.01 - 3.96 (m, 4H), 3.14 - 3.11 (m,
2H), 2.10 - 1.98 (m, 2H), 1.92 - 1.75 (m, 4H), 1.52 - 1.36 (m, 10H) ppm.

9 Adapted reaction, see original methodology: a) Radchenko, A. V.; Duchet-Rumeau, J.; Gérard,
J.; Baudoux, J.; Livi, S. Polym. Chem. 2020, 11, 5475 — 5485. [link]
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1,3-bis((7-oxabicyclo[4.1.0]heptan-3-yl)methyl)-1H-314-imidazol-1-ium

tetrafluoroborate
N -
(o) \Q@/N Under anhydrous conditions were placed 1,3-
o bis(cyclohex-3-en-1-ylmethyl)-1H-314-imidazol-1-

BF, 0 ium tetrafluoroborate (34.4 mg; 0.1 mmol; 1 equiv.),

and MeCN anhydrous (5 mL; 0.01 M). Then, a solu-

tion of mCPBA (52 mg; 0.3 mmol; 3 equiv.) in 5 mL of MeCN was added drop wise by syringe
under Ar. The mixture was stirred at -78 °C for 3 h. The crude product was precipitated in
diethyl ether, washed with AcOEt, hexane, acetone, toluene, chloroform, and DCM to afford

the title compound as a colorless oil (Yield not determined due to impurities).

1H NMR (400 MHz, CDCls) 84 9.09 (s, 1H), 7.80 - 7.70 (m, 2H), 4.25 - 4.20 (m, 4H), 3.14 -
3.07 (m, 2H), 2.46 - 2.41 (m, 2H), 1.8 - 1.75 (m, 4H), 1.52 - 1.36 (m, 10H) ppm.

1,3-bis((7-oxabicyclo[4.1.0]heptan-3-yl)methyl)-1H-314-imidazol-1-ium
hexafluorophosphate(V)

N Adapted from a procedure by Radchenko and co-
N o
OG/\ \Q/N workers.?? Under anhydrous conditions were placed

1,3-bis(cyclohex-3-en-1-ylmethyl)-1H-314-imidazol-

PFg

1-ium hexafluorophosphate(V) (40 mg; 0.1 mmol; 1
equiv.), and MeCN anhydrous (5 mL; 0.01 M). Then, a solution of mCPBA (52 mg; 0.3 mmol;
3 equiv.) in 5 mL of MeCN was added drop wise by syringe under Ar. The mixture was stirred
at -78 °C for 3 h. The crude product was precipitated in diethyl ether, washed with AcOEt,
hexane, acetone, toluene, chloroform, and DCM to afford the title compound as a colorless

oil (Yield not determined due to impurities).

1H NMR (400 MHz, CDCls) 84 8.47 (s, 1H), 7.42- 7.38 (m, 2H), 4.06 - 3.96 (m, 4H), 3.14 -
3.10 (m, 2H), 2.14 - 2.10 (m, 2H), 1.92 - 1.75 (m, 4H), 1.52 - 1.38 (m, 10H) ppm.

10 Adapted reaction, see original methodology: a) Radchenko, A. V.; Duchet-Rumeau, J.; Gérard,
J.; Baudoux, J.; Livi, S. Polym. Chem. 2020, 11, 5475 — 5485. [link]
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1H,13C NMR Spectra of Compounds

1H NMR (400 MHz, CDCl5)
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13C NMR (100 MHz, CDCls)
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13C NMR (100 MHz, CDCls)
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1H NMR (400 MHz, CDCls)
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19F NMR (376 MHz, CDCls)
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1H NMR (400 MHz, CDCls)
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19F NMR (376 MHz, CDCls)

-151.42
-151.47

N
NN
\—/
SbF;
o ~
< <
— —
n n
— —
' f
I
T T T T T T T T !
-151.42 -151.44 -151.46 -151.48
f1 (ppm)
T T T T T T T T T T T T T T T T T
10 20 30 40 50 60 70 -90 -100 -110 -120 -130 -140 -150 -160 -170
f1 (ppm)
1H NMR (400 MHz, CDsCN)
i ﬂyg’q%p |ﬁ4@\|ﬂ'HO‘\I\@\DVNNOVNHQ}I\l\kOLDO\WQJl\LﬂM\DLﬂNO\G)&DkOG)I\MNHI\LﬂM
(;\'\gegg-’\e NYTSTFrmomemmmemeoeen M A A A A A A A A A A A A A A A A A A A A A A A A
— T

o
@@3

U

-
o
(o)

T T T T T T T
120 115 110 105 10.0 95 9.0 8

345

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0044/these.pdf
© [G. Perli], [2023], INSA Lyon, tous droits réservés



13C NMR (100 MHz, CDCls)
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1H NMR (400 MHz, CD;CN)
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HRMS analyses
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HRMS negative mode.
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