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General Introduction

This work took place within the BioTeam group directed by Pr. Luc Avérous, at the Institut of
Chemistry and Processes for Energy, Environment and Health (Institut de Chimie et Procédés pour
I’'Energie, I'Environnement et la Santé, ICPEES), a joint research unit (UMR 7515) between
University of Strasbourg and CNRS, located at the European School of Chemistry, Polymers and
Materials (Ecole Européenne de Chimie, Polymeéres et Matériaux, ECPM). The main research
thematic of the BioTeam is focused on biobased and/or biodegradable polymers for

environmental and biomedical applications.

This research work is part of the Trans’alg project financed by BPI France. This project aimed to
produce biosourced molecules for biobased chemistry and bioenergy markets. The target
markets of the Trans’alg project are bioplasticizers, biolubricants, waterproof membranes,
insulation, biofuels. The consortium consists of several industrial partners such as Pierre Geurin,
Fermentalg, Seppic, Soprema and research entities such as CEA, ITERG and ICPEES. Concerning
this work, Fermentalg (France) is the lipid supplier (vegetable oils and fatty acids), Soprema is one
of the main industrial partners and a worldwide leader in the field of insulation for the
construction industry. This project is also involved in the frame of Mutaxio, a joint research lab
between the BioTeam and the R&D of Soprema-France (2017-present). In the context of this
project, Soprema did not impose materials specifications or specific objectives. This PhD had the
liberty of creative freedom in context of research and innovations for the development of new

adaptive biobased PUs derived from vegetable oils.

Since two decades, the BioTeam has developed biobased polyurethanes from diverse biomass
with innovative renewable macromolecular architectures in the frame of different projects
(Hablot et al. 2008; Bueno-Ferrer et al. 2012; Reulier et al. 2017; Tremblay-Parrado and Avérous
2019). This work is then fully integrated in this historical research line. However, nowadays
“biobased is not enough”, thus the main idea of this work is to develop PU-based materials with
added values to develop systems with innovative and advanced properties to fulfill several

societal and industrial requirements.

Oils and fats of vegetable and animal origin remain historically and currently the most abundantly

used renewable resource of the chemical industry (Ursula et al. 2011). Classically, in industry,
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vegetable oils have been found in several compounds to replace fossil-based systems. Combining
the impacts of the consumption of non-renewable resources and greenhouse gases has led to

growing pressures to substitute the use of fossil-based polymer.

Vegetable oils are prime candidates to replace fossil-based derivatives in polymer materials for a
multitude of reasons. Generally, their universal availability, low toxicity, and low price have
rendered them of primary interest. Furthermore, it is their inherent structure that is of the highest
interest for the synthesis of new monomers and polymers. Vegetable oils mainly consist of
triglycerides (Figure 1.1), defined as esters of glycerol where the three long-chain fatty acids (R,
R2, R3) composition varying according to the plant species, crop type, season and growing
conditions (Meier, Metzger, and Schubert 2007). The chemical and physical properties of
triglycerides are defined by the structures of the fatty acid chains in terms of (i) length, (ii) degree
of unsaturations and (iii) stereochemistry of the double bonds (Zlatanic et al. 2004). Typically, the
length of fatty acid chains varies between 14-22 carbons (mostly consisting of 16 or 18 carbons)
with the unsaturations number ranging between 0-3. Over 1000 fatty acids have been discovered
but only 20 present substantial quantities in triglycerides (Wool and Sun 2005). Thus, vegetable
oils are suitable for the synthesis of hydrophobic polymers and their structure is similar to

petroleum-based monomers.

Fatty Acid Side Chain

Glycerol
Backbone

Triglyceride

Figure 1.1 — General structure of a natural triglyceride component of vegetable oils in which R1, R2and Rs are fatty-
acid side chains.
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Within around 80 years, polyurethanes (PUs) have become one of the major polymer family due
to their versatile properties that can be tuned for a wide range of applications e.g.; foams,
elastomers, adhesives, sealants, fibers, thermoplastics and thermosets for the construction,
automotive and medical industry. Consequently, PUs were ranked 6™ worldwide in terms of
polymer production in 2016 (Cornille et al. 2017) and had a planned production of approximately
23 million tons in 2019 (Akindoyo et al. 2016). Classically, PUs are obtained by the polyaddition
reaction between polyols and polyisocyanates (Figure 1.2). As most of these raw materials are
derived from fossil resources and given the current climate of the chemical industry, the biobased
PU market is expanding with a particular emphasis on the use of vegetable oils. Vegetable oils
consist of adequate architectures for the development of polyols for thermosets (Lligadas 2013)
or thermoplastic PU applications (Palaskar et al. 2012), controlling the corresponding
functionality. Nevertheless, utilizing renewable feedstocks and synthesizing biobased polymers
does not suffice. The synthesis of biobased polymers should also include the use of sustainable
chemistry as well as incorporate advanced properties to extend lifetimes and ensure a controlled
end-of-life.
o} o}

-N N, . o
no//C/ \/\R1/\/ \C\\O + n HO\/\RZ/\/OH > /{,C\N/\/R»]\/\N/C\O/\/Rz\/\oi/
| | n
H H

Figure 1.2 — Polyurethane synthesis from a diol and a diisocyanate.

The concept of sustainable in chemistry is guided by the “12 Principles of Green Chemistry”
published by Anastas and Warner in 1998, which include the following concepts: (i) minimizing
waste, (ii) the use of renewable feedstocks and energy, (iii) the use of safe and environment
benign substances and (iv) atom economy (Anastas and Warner 1998). More recently, the use of
click chemistry for the controlled synthesis of different macromolecular architectures has gained
prevalence and these reactions are following the principles of green chemistry. Click chemistry
was introduced by Sharpless and co-workers in 2001 and consists of a wide range of reactions
that are required to be modular, wide in scope, give high yields, generate only inoffensive by-
products and be stereospecific. Moreover, characteristic of the process should include simple

reaction conditions, readily available starting materials and reagents, the use of no solvents or a
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solvents that are benign and simple product isolation. It is the high thermodynamic driving force

of click reactions that allow them to achieve these characteristics. (Kolb, Finn, and Sharpless 2001)

When it comes to the synthesis of monomers and polymers from vegetable oils by click chemistry,
the literature reports the use of different reactions, such as (i) thiol-ene addition (ii) thiol-yne
addition, (iii) Cu(l)-catalyzed azide-alkyne cycloaddition (CuAAC), (iv) Diels—Alder (DA)
cycloadditions and (iv) triazolinedione (TAD) chemistry. Although the thiol-ene addition reaction
dominates the use of click chemistry in oleochemistry, the efficient application of the DA reaction
to oleochemistry has recently been brought forth (Gandini et al. 2018). The DA reaction is a [4+2]
cycloaddition between a conjugated diene and dienophile (a substituted alkene-bearing electron-
withdrawing group) leading to the formation of a substituted cyclohexene adduct (Figure I. 3-a).
Moreover, the DA adduct can be reversed by the retro-DA reaction under certain conditions. In
the context of oleochemistry, Gandini and coworkers have highlighted the use of the furan (diene)
/ maleimide (dienophile) DA reaction that occurs at low temperatures (below 90 °C), whereas the
retro-DA (r-DA) reaction, occurs between 110 and 130 °C (Figure |. 3-b) (Lacerda, Carvalho, and
Gandini 2016). The attractive feature of the reversible reaction has been exploited in polymer
chemistry for the development of architectures containing dynamic covalent bonds to yield

advanced properties such as self-healing and recyclability (particularly of thermosets).

Practically in parallel with the emergence of click chemistry, the DA reaction, and most specifically
the DA reaction between a furan and maleimide moiety was also being exploited for the
development of macromolecular networks containing the reversible cross-linking of covalent
bonds (Chen et al. 2002). As such, in the decade that followed, the use of exploiting different
types of reversible covalent bonds (also known as dynamic covalent bonds) proliferated.
Consequently, the emergence of polymer networks with dynamic cross-links has blurred the line
between thermoplastics and thermosets. In 2010, Kloxin and coworkers defined this new class of
materials as Covalent Adaptable Networks (CANs) (Kloxin et al. 2010). With the innovations that
followed in this field, Du Prez and coworkers further defined the ways by which CANs assembled
and disassembled by two distinct processes, either by “dissociative” or “associative” means when
exposed to an external stimuli (often thermal) or autonomously (Denissen, Winne, and Du Prez

2016). Dissociative CANs exhibit chemical bond exchanges where bonds are first broken and

6



General Introduction

reformed again (Figure I. 3-c). Examples of such bonds include, the DA cycloaddition, hindered
urea exchange (Ying, Zhang, and Cheng 2014) and 1,2,3-trazolium salts (Obadia et al. 2017).
Nevertheless, the thermoreversible furan-maleimide [4+2] cycloaddition DA reaction is the most
prominently studied reversible chemistry used to synthesize dissociative CANs. Alternatively,
associative CANs consists of bond exchanges between polymer chains, with a preserved cross-
linking density as a new covalent bond can only be formed if another has been broken (Figure I.
3-c). A prominent example of such systems is vitrimers, coined by Leibler and coworkers
(Montarnal et al. 2011). Irrespective of the reversible chemistry or dynamic cross-links used,
designing materials with a preconceived notion of recyclability and a controlled end-of-life further

allows scientists to have a holistic approach to sustainable material design.

Several biobased CANs have been synthesized derived from lignins (Buono et al. 2017), tannins
(Duval et al. 2017), alginate (Garcia-Astrain and Avérous 2018), chitosan (Guaresti et al. 2018),
starch (Gonzalez et al. 2018), vegetable oils (Gandini et al. 2018) and fructose (Dhers, Vantomme,
and Avérous 2019). Nevertheless, according to the literature, the development of dynamic
biobased PU architectures is largely limited (Zhang, Michel Jr, and Co 2019; Hu, Chen, and
Torkelson 2019), regardless of its eminent need to be explored. It is for this reason that this
experimental work is centered on the development of reversibly cross-linked PUs based on

vegetable oils using the thermally reversible furan-maleimide DA reaction.

a) c) Dissociative Exchange

N Initial li Di d cr
oK ) crosslink
diene + dienophile DA adduct 4Tt s || S N O Recovery of
g /ﬂ\ 2 " v B crosslm: density
after exchange
O —
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~ G 1 \ E r -
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Figure I. 3 — (a) Diels-Alder mechanism between diene and dienophile and (b) Diels-Alder reaction between furan
and maleimide moiety (Kwart and Burchuk 1952), and (c) schematic of Covalent Adaptable Networks (Scheutz et al.
2019).



General Introduction

The architecture of this manuscript is focused on different chapters and each chapter is centered
on a scientific article. To ease the transition between chapters for the reader, a short introduction
and conclusion are presented before and after the scientific article, respectively. The body of the
manuscript consists of a bibliographic chapter followed by three experimental chapters (Figure I.

a).

The first chapter of this manuscript develops the context of sustainable polymer chemistry, the
use of click chemistry as a powerful tool in the context of a bibliographic review on the synthesis
of monomers and polymers from vegetable oils by click chemistry. This chapter emphasizes the
latest innovations in this field, with particular attention to the synthesis of materials with
advanced properties and polymer synthesis. The main conclusion of this bibliographic chapter has

largely directed the research lines of the following experimental chapters.

The second chapter starts the experimental part of this memoir on the synthesis and
characterization of new biobased building block, derived from oleic acid, consisting of diol
structures and pendant furan rings. This building block, alongside a bismaleimide cross-linker, is
used in the synthesis of PUs to introduce a cross-linked architecture. The chapter goes on to
establish a proof of concept that these PU architectures using these building blocks are indeed
dissociative responsive architectures, leading to advanced properties such as recyclability and

self-healing.

The third chapter is an extensive study of the experimental results of chapter two. In chapter
two, the new biobased building block and one specific bismaleimide were used to form the cross-
links of PU architectures. The experimental results of chapter three explored the effect of varying
the length and structure of bismaleimides used as well as studying the introduction of hard

segments, on PU polymer properties, thermal recyclability, and self-healing

Lastly, the fourth chapter puts forth the synthesis and characterization of fatty acid based
bismaleimide and its use as a cross-linking agent in PU architectures. Contrarily to chapter two or
three, where the dynamic cross-links are studied in a simple system (without hard segments) or

in the soft segments of PU architectures, chapter four explores the use dynamic cross-links in the
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hard segments of biobased PU architectures on polymer properties and advanced properties. The

use of varying the type of bismaleimide was also studied.

Chapter 2: Synthesis of Chapter 4: Synthesis of

Furan Oligomer and Methyl oleate bismaleimide
biobased PU CANs and biobased PU CANs

TN * )

Chapter 1: State of the art
— Click chemistry and
vegetable oils

Chapter 3: Further
elaboration of biobased PU
CANs containing FO

Figure I. 4 — Diagram summarizing the organization of the manuscript.
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Chapter 1

Introduction of Chapter 1

The literature review presented in this chapter describes the use of click and green chemistry for
the synthesis of polymers and networks derived from vegetable oils. First, this state of art gives
the general context of oleochemistry towards polymer-based systems and the properties of
vegetable oils-based materials. The most commonly accessible and prevalent glycerides and the
common chemistry performed on the main moieties of vegetable oils are described. This is
followed by a section that describes the principles of click chemistry, the main reactions and the
mechanisms used on vegetable oils-based systems. Lastly, the most recently published works
involving the synthesis of adequate (macro)monomers and polymers using click chemistry
reactions are analyzed. This part of the article pays particular attention to the use of click
chemistry to develop biobased macromolecular architectures with advanced properties. Since the
literature is abundant on this field, this work puts a particular emphasis on the most recent works,

published during the last decade.
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Chapter 1

Click green chemistry for the synthesis of biobased polymers and

networks derived from vegetable oils — A review

Khantutta-Kim Tremblay-Parrado, Clara Garcia-Astrain, Luc Avérous

1. Abstract

Living in the time of the most heighten environmental issues, material science is required to
prepare sustainable polymers by means that are in line with green chemistry ideals. For over a
century, vegetable oils and their fatty acid derivatives have been largely regarded for their uses
in polymer chemistry for a large range of applications. Recently, the development of the click

chemistry has drastically effected the synthesis of vegetable oil-derived polymers.

This review covers the most recent and relevant developments in click chemistry as a
functionalization and polymerization method of vegetable oils and their derivatives. First a quick
overview is provided of the main properties of the most commonly accessible vegetable oils and
their most prevalent chemical modifications. This is followed by an introduction of the click
chemistry reactions frequently excerised on vegetable oils. The focus of the manuscript is the

utilization of this efficient chemistry for the synthesis of polymers derived from vegetable oils.

Keywords: Biobased polymers, Monomers, Renewable Resources, Thermoplastics, Thermosets
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2. Introduction

Living in these mediatized times, citizens are aware more than ever of how individuals and
industrials contribute to the preservation of the environment. As such, the topics of sustainability,
recyclability, developing and utilizing renewable resources, waste management and eco-friendly
products are widespread due to rising environmental concerns. Consequently, a major
responsibility lies on academics and industrials to develop solutions that address this global
problematic. In the field of chemistry, Anastas and Warner conceptualized the ideals of
sustainable chemistry by developing the “12 Principles of Green Chemistry”. Generally, the ideals
of green chemistry are centered around: (i) minimizing waste, (ii) the use of renewable feedstock
and energy, (iii) the use of safe and environment benign substances and (iv) atom economy
(Anastas and Warner 1998). According to a 2019 European Bioplastics report, biobased polymers
represent less than 1% of the over 359 million tons produced annually. Consequently, the polymer
industry has considerable progress to achieve in order to adhere to the green chemistry principle

of using renewable feedstock.

Historically and presently, oils and fats of vegetable and animal origin remain the most abundantly
used renewable resource of the chemical industry (Ursula et al. 2011). Vegetable oils are prime
candidates to replace fossil-based derivatives in polymer materials for a multitude of reasons such
as: (i) their universal availabilities, (ii) low toxicities (iii) low prices and, (iv) their inherent chemical
structures (de Espinosa and Meier 2011; Ursula et al. 2011; Ronda et al. 2011). Generally, their
chemical structure provides linear carbon chains with different active groups such as hydroxyls,
oxiranes, and double bonds along them, with carboxylic acid ends, which provides a huge
potential to perform a rich amount of chemistries. The use of vegetable oils has been studied and
explored in several different types of polymer syntheses, notably epoxy resins, polyamides (PA)
(Miao et al. 2014; Hablot et al. 2008), polyesters (Xia and Larock 2010), or polyurethanes (PUs)
(Desroches et al. 2012; Hablot et al. 2008; Bueno-Ferrer, Hablot, Perrin-Sarazin, et al. 2012;
Bueno-Ferrer, Hablot, Garrigds, et al. 2012; Laurichesse and Avérous 2014). Consequently,
vegetable oils are attractive building blocks for the synthesis of biobased polymers which can

compete with petroleum-based equivalents. Besides, some new macromolecular architectures
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linked to original biobased building blocks can be obtained, for instance polymers from fatty acids
dimers (Bueno-Ferrer, Hablot, Perrin-Sarazin, et al. 2012; Bueno-Ferrer, Hablot, Garrigds, et al.
2012; Reulier and Avérous 2015; Reulier et al. 2016; Reulier, Perrin, and Avérous 2016; Reulier et

al. 2017; Charlon et al. 2014).

Approximately ten years after the establishment of the principles of green chemistry, the concept
of click chemistry was introduced by Sharpless and co-workers in 2001. The use of click chemistry
for the controlled synthesis of different macromolecular architectures gained substantial interest
as these reactions adhere to the principles of green chemistry. Click chemistry consists of a wide
range of reactions that are required to be modular, wide in scope, give high yields, generate only
inoffensive by-products and be stereospecific. It is the high thermodynamic driving force of click
reactions that allow them to achieve these characteristics (Kolb, Finn, and Sharpless 2001). With
regards to the synthesis of monomers and polymers from vegetable oils by click chemistry, the
literature reports the use of different reactions, such as (i) triazolinedione (TAD) chemistry, (ii)
Diels—Alder (DA) cycloadditions, (iii) thiol-ene addition (iv) thiol-yne addition, and (v) Cu(l)-
catalyzed azide-alkyne reaction. Although the thiol-ene addition reaction dominates in use of click
chemistry in oleochemistry, the efficient application of the DA reaction (Gandini et al. 2018) and

TAD click chemistry (De Bruycker et al. 2016) to oleochemistry has recently been brought forth.

In this review article, the most recent strategies for the modifications of oleochemicals into
networks and polymers via click chemistry reactions are analyzed and highlighted. This state of
art gives the general context of the oleochemistry towards polymer-based systems and the
properties of vegetable oils-based materials. The most commonly accessible and prevalent
glycerides and the common chemistry performed on the main moieties from vegetable oils are
described. This part is followed by a section that describes the main click chemistry reactions used
on vegetable oils. The article will focus particular attention on the recent uses of click chemistry

to develop biobased macromolecular architectures with advanced properties.
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3. Fatty acids

3.1. Properties

Vegetable oils mainly consist of triglycerides which are depicted in Figure 1.1. They can be defined
as esters of glycerol, consisting of three long-chain fatty acids (FAs). They are mainly obtained
from vegetable oils, animal fats or micro-algae. Three main structural elements tend to dictate
the physical and chemical properties of triglycerides: (i) chain length, which usually varies up to
24 carbons, (ii) degree of unsaturation, often between 0-3 and lastly, (iii) the stereochemistry of
the double bonds (Zlatanic et al. 2004). Figure 1.2, illustrates the chemical structure of the most
common FAs found. The FA composition of vegetable oils can vary according to the plant species
(Table 1.1), crop type, season and growing conditions (Meier, Metzger, and Schubert 2007). Table
1.1 presents the main industrial vegetable oils, their composition and their average number of
double bonds per triglyceride. It is also evidenced in Table 1.1 that palmitic, stearic, oleic, linoleic

and linoleic acids consist of the majority of the composition of common vegetable oils.

Fatty Acid Side Chain

O
K[ o
Glycerol 1 - - -

Backbone

Triglyceride

Figure 1.1 — General chemical structure of triglycerides.
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Table 1.1 — Fatty acid composition and properties of the most industrially viable vegetable oils. (Meier, Metzger, and

OH
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OH
Palmitic Acid (0]
OH
Stearic Acid (0]
. OH
Oleic Acid (0]
_ _ OH
Linoleic Acid (o)
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Linolenic Acid 0
a-Eleostearic Acid 0

/\/\/\(\:/\/\/\/\”/ =
Ricinoleic Acid OH 0
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Licanic Acid o

Figure 1.2 — Structure of most common fatty acids.

Schubert 2007; Lu and Larock 2009; Gandini and Lacerda 2018).

Fatty Acid Systematic name S[::"[J)%tr{ﬁ Formula  canola Corn Cottonseed Linseed  Olive Palm Rapseed  Soybean High[h(])leic
Myristic Tetradecanoic acid 14:.0 Ci4H,50; 0.1 0.1 0.7 0.0 0.0 1.0 0.1 0.1 0.0
Myristoleic Tetradecenoic acid 14:1 Ci4H,60, 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Palmitic Hexadecanoic acid 16:0 C16H3,0, 4.1 10.9 21.6 5.5 13.7 44.4 3.0 11.0 6.4
Palmitoleic Hexadecenoic acid 16:1 Cy5H3005 0.3 0.2 0.6 0.0 1.2 0.2 0.2 0.1 0.1
Margaric Heptadecanoic acid 17:0 Cy7H340; 0.1 0.1 0.1 0.0 0.0 0.1 0.0 0.0 0.0
Margaroleic Heptadecenoic acid 17:1 C47H3,0, 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0
Stearic Octadecanoic acid 18:0 CigH360, 1.8 2.0 2.6 3.5 2.5 4.1 1.0 4.0 3.1
Oleic cis-S-octadecenoic 181  CuHs0, 609 25.4 186 19.1 711 393 132 234 826
Linoleic o LA 182 CuHy,0, 210 59.6 54.4 15.3 100 10.0 132 532 2.3
Linolenic Cnciscis 1215 183 CigHa0, 8.8 12 0.7 56.6 06 0.4 9.0 78 37
Arachidic Eicosanoic acid 20:0 CyoH400; 0.7 0.4 0.3 0.0 0.9 0.3 0.5 0.3 0.2
Gadoleic Cis-9-eicosenoic acid 20:1 C,oH3g0; 1.0 0.0 0.0 0.0 0.0 0.0 9.0 0.0 0.4
Eicosadienoic ~ oCs il Ad 202 CyHacO, 0.0 0.0 0.0 0.0 0.0 0.0 07 0.0 0.0
Behenic Docosanoic acid 22:0 Cy;H450, 0.3 0.1 0.2 0.0 0.0 0.1 0.5 0.1 03
Erucic Cis-13-docosenoic 221 CyHag0, 0.7 0.0 0.0 0.0 0.0 0.0 49.2 0.0 0.1
Lignoceric Tetracosanoic acid 24:.0 Cy,H440, 0.2 0.0 0.0 0.0 0.0 0.0 1.2 0.0 0.0

Average : #DB/triglyceride 3.9 4.5 3.9 6.6 2.8 1.8 3.8 4.6 3.0

[a] C represents the number of carbon atom and DB the number of double bonds in the fatty-acid chain [b] Gentically

engineered high oleic acid content soybean oil (DuPont).

3.2. Modification of fatty acids

Various chemical reactions can be used to modify the reactive chemical groups of FAs. In fact,

oleochemistry is the term used to define the rich chemistry that can be performed on glycerides,
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resulting in physico-chemical modifications and transformations of FAs. As the most common
structures of triglycerides contain carbonyls and double bonds, the sites most likely to undergo
reactions or chemical modifications include: (i) double bonds, (ii) methylene moieties a to double
bonds (allylic carbons), (iii) ester groups, and (iv) methylene sites a to esters. To show the richness

of the oleochemistry, a simplified list of different reactions based on FAs is found in

Table 1.2. During the two last decades, the most important reactions related the ester and
double-bond moieties have been thoroughly and largely reviewed (Biermann et al. 2000; Corma,
Iborra, and Velty 2007; Meier, Metzger, and Schubert 2007; Behr, Westfechtel, and Pérez Gomes
2008; Ursula et al. 2011; Miao et al. 2014) .

Table 1.2 — Overview of main chemical modifications performed on fatty acids. Selection from (Desroches et al.
2012).
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Reaction Site

Reaction Name

Reaction Schematic
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3.2.1. Modification on carbony! group

As previously mentioned FAs and FA esters can easily be obtained by transesterification

(hydrolysis or alcoholysis) of triglycerides. Esterification and transesterification (ester interchange

reaction) are equilibrium reactions, often requiring the excess of one reagent (often alcohol or

water) to shift the equilibrium. Commonly, acid (sulfuric acid) and basic (sodium or potassium

hydroxide) catalysts are used.

In this way, biodiesel production

is mainly based on

transesterification reactions of triglycerides and methanol to yield glycerol and FA methyl esters

(FAMESs) (Gerpen 2005). FAMEs can also be used as green solvents (Salehpour and Dubé 2008).

Moreover, glycerol can be used as a precursor for industrial commodities such as 1, 3-propanediol

and ethylene glycol (Corma, Iborra, and Velty 2007) to replace fossil-based derivatives. The FAs
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and FAMEs that yield from the saponification or alcoholysis process are often modified by
esterification and transesterification reaction to obtain architectures of interest for several
chemical reactions. Furthermore, a convenient way to achieve reactive hydroxyl groups from
carboxylic acids is their reduction using lithium aluminum hydride (LiAlH4). This reaction is

commonly used for the synthesis of polyols (Ligthelm, von Rudloff, and Sutton 1950).

3.2.2. Modifications on unsaturations of FAs and FAMEs

As shown in Table 1.2, different reactions on the double bonds can occur such as epoxidation,
hydroformylation, ozonolysis, thiol-ene coupling, oxidation, Diels-Alder, and metathesis of
unsaturated oils. Based on FAs and FAMEs, they yield powerful modifications for the synthesis of
biobased polymers (Biermann et al. 2000; Corma, Iborra, and Velty 2007; Behr, Westfechtel, and
Pérez Gomes 2008; Belgacem and Gandini 2008)

The epoxidation of unsaturated FAs can be attained by direct means by reacting FAs with
hydrogen peroxide, oxygen and chemo-enzymatic reactions (Biermann et al. 2000). Industrially,
the epoxidation of vegetable oils is carried out by the use of peroxoacetic and peroxoformic acids
(Petrovi¢ et al. 2002). Epoxy groups can be opened by different reagents (amines, carboxylic acids,
thiols, alcohols, water and hydrogen halides) or hydrogenation to yield secondary hydroxyl groups
(Peyrton, Chambaretaud, and Avérous 2019). These modifications can for instance yield diverse

polyols for the synthesis of PUs (Desroches et al. 2012).

Hydroformylation can be used to convert an unsaturation to an aldehyde group. The reaction
entails the conversion of the unsaturation to a carbonyl moiety using carbon monoxide and
hydrogen (syngas). Then, the aldehyde can further be converted to an alcohol moiety by the

presence of a Raney nickel under H, pressure at high temperatures (Petrovic 2008).

Ozonolysis is another powerful reaction can yield primary hydroxyl groups (Petrovi¢, Zhang, and
Javni 2005). Oxidative scission on triglycerides yields FA chains to contain terminal primary
hydroxyls groups, and depending on the work-up conditions can also yield the formation of
carboxylic acids and aldehyde group. A prominent example includes the ozonolysis reaction of
oleic acid with use of hydrogen peroxide to yield azaleic and perlargonic acids (Meier, Metzger,

and Schubert 2007).
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The use of olefin metathesis allows the possibility to obtain valuable building blocks from FAs.
Generally, metathesis allows for the re-allotting of olefin moiety, by the scission and the renewal
of an unsaturation. The metallic catalyst play a crucial role in success of the reaction and
ruthenium based- catalyst have been found to be the most efficient and selective (Rybak, Fokou,
and Meier 2008). A prominent example of the metathesis reaction is the cross metathesis of

methyl oleate with ethene to produce the bifunctional entity, methyl 9-decenoate.

Castor oil is a non-edible vegetable oil with the particularity of containing a high content of

ricinoleic acid (as high as 90 % FA content) (Mubofu 2016). Pyrolysis, a thermal treatment in the

N N S PN
OH
methyl ricinoleate
700 °C
0 o}

\O/U\/W HJ\/\A/

methyl undec-10-enoate  heptaldehyde
absence of air, decomposes organic biomass into lower molar mass (MW) compounds. As show
in Scheme 1.1, the pyrolysis of methylricinoleate cleaves the molecule to produce methyl
undecenoate and heptaldehyde (Jeppesen, Devaux, and Dubois 2015). Such a reaction is
industrially used in the production of PA 11 (Arkema, France). Methyl undecenoate (MUDO) and
its carboxylic acid counterpart, undecylenic acid (UDA), are molecules of high interest and often
use in the synthesis of monomers and polymers by click- chemistry, particularly in thiol-ene

chemistry.

4. Click Chemistry

Click chemistry was introduced by Sharpless and co-workers in 2001 and consists of a wide range
of reactions that are required to be modular, wide in scope, give high yields, generate only

inoffensive by-products and be stereospecific. Moreover, characteristics of the process should

Scheme 1.1 — Schematic of pyrolysis reaction of methyl ricinoleate.
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include simple reaction conditions, readily available starting materials and reagents, the use of
no solvents or a benign solvent and simple product isolation. Some common click chemistry
reactions used on vegetable oils and their derivatives are highlighted in Scheme 1.2. For a deeper
mechanistic view, the recent literature presents several state of arts (Hoyle and Bowman 2010;
Hoogenboom 2010; Moses and Moorhouse 2007; Qin, Lam, and Tang 2010; De Bruycker et al.
2016).

Diels-Alder Cycloaddition

Q)

\_/_Rz
Triazolinedione (TAD) Chemistry >L
N

R2__N ll
2 R1
\)J h Ri

Azide-Alkyne Reaction

Scheme 1.2 — Schematic representation of click chemistry reactions applied to plant oil triglycerides and derivatives.

4.1. Diels-Alder cycloaddition

The Diels-Alder (DA) reaction consists of the [4+2] cycloaddition between a diene and a dienophile
to form an adduct (Scheme 1.2). This reaction was first reported by Otto Diels and Kurt Alder in
1931 (Diels and Alder 1931). It is extensively used in organic chemistry to produce six-membered
unsaturated rings with good control over regio- and stereochemical properties (Buono et al.
2018). This reaction has been widely used in the last decades in oleochemistry and polymer

chemistry (Dumont 2016). This reaction takes place through a concerted mechanism and is
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particularly interesting due to its thermal reversibility (retro DA reaction or r-DA) which varies
depending on the diene/dienophile couple (Gandini 2013). The thermal reversibility is highly

appealing in polymer chemistry for applications such as recyclable or self-healing materials.

4.1.1. Furan-Maleimide coupling

One of the most well-known diene/dienophile couple used in polymer chemistry is the
furan/maleimide system (Scheme 1.3). One of the main characteristics of this coupling is that the
r-DA can be achieved at relatively low temperature (Gandini 2013). Typically, the DA reaction
takes place around 65 °C whereas the r-DA leading to uncoupling of the adduct is predominant at
around 110 °C. Another interesting particularity of the furan/maleimide couple is based on the
renewable character of the furan derivatives, leading to greener chemistry alternatives.
Moreover, the strong dienic character of the furan ring renders it interesting in terms of reaction

yield and kinetics.

o o)

Toa

/ \ + — Diels-Alder (DA)
- Nwvron
ﬁ
0 i

rDA

o) retro-DA Y

Scheme 1.3 — Schematic of the DA reaction and r-DA between furan and maleimide moiety, adapted from reference
(Kwart and Burchuk 1952).

4.1.2. Other diene/dienophile

Although the furan/maleimide couple is the most popular couple for DA reaction, other
diene/dienophile couples can also be used for the preparation polymers and derivatives from
vegetable oils. The double bonds of vegetable oils can be used as dienes and reacted with
anhydrides such as maleic anhydride, acrylic acids or methacrylates (Huang, Zhang, et al. 2013;
Huang et al. 2014, 2015; Liu et al. 2015; Huang, Pang, et al. 2013; Bétron, Cassagnau, and Bounor-
Legaré 2018; Gallart-Sirvent et al. 2017; Ma et al. 2013; Liu et al. 2013; Mangeon et al. 2017; Yang
et al. 2017; Nalawade et al. 2014; Yang et al. 2015). Moreover, the dimerization of mono-
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unsaturated FAs by DA addition at high temperatures to yield linoleic derivatives has been
exploited to obtain monomers for the synthesis of polyesters, PA, polyethers and PUs (Corma,
Iborra, and Velty 2007). In this review, we will focus only on the examples of the DA reaction
fulfilling the criteria of click chemistry reactions such as mild reaction conditions (T < 100 °C) and

simple purification processes, amongst others.

4.2. Triazolinediones chemistry

Recently, another example of click chemistry based on the reactivity of 1,2,4-triazoline-3,5-dione
(TAD) has been added to the toolbox of chemists for polymer science. TADs are heterocyclic
molecules with an azo group and two carbonyl functionalities, highly resembling maleimide
dienophiles (De Bruycker et al. 2016). Within this electronic configuration, the azo group is
stabilized and the electron-withdrawing carbonyls coupled with the molecule conformation make
them highly reactive (Billiet et al. 2014). The high reactivity of azodicarbonyl derivatives was first
reported by Diels and co-workers in 1925 (Diels, Blom, and Koll 1925), but the use of the more
reactive TAD versions for the DA reaction was not reported until the 60s (Cookson, Gilani, and
Stevens 1962, 1967). Indeed, TADs can take part in DA and ene-type reactions fulfilling the
requirements of click chemistry reactions such as orthogonality and reversibility as well as high
yields under mild reaction conditions (Scheme 1.4-a) (Billiet et al. 2014). When compared to
maleimides, TADs show higher reactivity, reacting with dienes almost instantaneously and at low
temperatures, and, in most cases, produce irreversible products (De Bruycker et al. 2016). The
group of Du Prez and co-workers have intensively worked with these types of reactions in the last
years and also introduced the term of “transclick” reactions (Scheme 1.4-b) (Billiet et al. 2014).
These reactions have been defined as covalent linking processes that can be triggered to form a
new bond with other available orthogonal partners, releasing one of the initially involved
counterparts. Thus, this strategy could be applied for the formation of dynamic bonds or the

thermal exchange between clickable groups.
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Scheme 1.4 — TAD chemistry for click and transclick reactions (a) TAD-based DA and ene click reactions and, (b)
example of a transclick reaction, adapted from reference (Billiet et al. 2014).

4.3. Thiol-ene reaction

Thiol-ene reaction (otherwise defined as thiol-ene coupling (TEC)) takes place between double
bonds (enes), that can be either terminal monosubstituted or internal disubstituted enes, and
thiol groups (Scheme 1.2). The reaction takes advantage of the labile sulfur-hydrogen bond (Kade,
Burke, and Hawker 2010). Two reactions between thiols and double bonds have gained
prevalence and possess many characteristics of click reactions: (i) the free-radical addition of thiyl
radicals (generated from thiols initiated by light, heat or radical initiators) to electron rich or poor
double bonds and (ii) the catalyzed (by a base or nucleophile) thiol-Michael addition to electron
deficient double bonds. With respect to the free-radical thiol-ene reaction, the reaction rate

depends strongly on the structure of the thiol and the ene. Thiyl radicals tend to add faster to
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electron-rich enes (terminal double bonds), than electron-poor enes (acrylates) (Claudino 2011).
Thiol-ene click reaction has been vastly applied to unsaturated oils and FAs (Lligadas et al. 2013;

Tlring and Meier 2013).

4.4. Thiol -yne reaction

The thiol-yne reaction (otherwise defined as thiol-yne coupling (TYC)) was re-introduced as a
powerful tool for polymerization by Bowan and co-workers in 2009 (Fairbanks et al. 2009). Their
work demonstrated how thiol-ene reactions could be complemented by readily accessible azide-
alkyne building blocks. Essentially by the thiol-yne reaction, two thiyl radicals can react with
alkynes to form thio-ether linkages, consequently saturating the alkyne bond (Scheme 1.2)
(Konkolewicz, Gray-Weale, and Perrier 2009). Similar to the free-radical thiol-ene addition, a
radical source or UV irradiation can be used and thus there is no need for potential toxic catalyst
use in the azide-alkyne cycloaddition. There has been limited use the thiol-yne reaction in
oleochemistry as acetylenic FAs rarely occur in nature. Nevertheless, as it will be described in the
next sections, modifications can be brought on to FAs to yield interesting architectures containing
alkyne bonds. For example, UDA can be converted to 10-undecynoic acid by successive
bromination and debromination. Unfortunately, this procedure does not respect all the ideals of

green chemistry (Lligadas et al. 2007; Silbert 1984).

4.5. Huisgen 1,3-dipolar cycloaddition

One of the most appealing examples of click chemistry is the Huisgen [3 + 2] dipolar cycloaddition
of alkynes and azides to yield 1,2,3-triazoles (Scheme 1.2) (Buono et al. 2018; Hong et al. 2012).
Molecules can be easily functionalized with alkyne and azide moieties under mild conditions.
Moreover, their tolerance to a wide variety of functional groups and reaction conditions turns
these coupling agents into attractive alternatives for polymer chemistry (Buono et al. 2018; Hu et

al. 2016).

The copper catalyzed version of the azide-alkyne cycloaddition (CuAAC) was reported by
Sharpless and Meldal (Rostovtsev et al. 2002; Tornge, Christensen, and Meldal 2002). This

reaction between azides and alkynes is high yielding and shows higher regioselectivity, resulting
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solely in 1,4-regioisomer, increasing the reaction rate up to 10’ times, and avoiding the use of
high temperatures (Buono et al. 2018; Hong et al. 2012; Hu et al. 2016). Furthermore, the use of
water as a solvent proved to induce a beneficial kinetic effect on the reaction. The CUAAC reaction
has been widely used in polymer chemistry to produce polymers with different macromolecular
structures such as linear or block copolymers, or dendrimers, circumventing some common
problems such as steric hindrance of reactive sites in a growing polymer chain (Hong et al. 2012;
Hu et al. 2016). As a greener alternative to the use of copper as catalyst in the Huisgen 1,3-dipolar
cycloaddition, the thermally driven version of this reaction has also been employed in polymer
chemistry (Hong et al. 2015). The thermal Huisgen 1,3-dipolar cycloaddition offers some
advantages over the CuUAAC, particularly in polymer chemistry where the removal of the catalyst
entrapped within the polymer matrix becomes difficult. However, this version is non-

stereoselective and forms both 1,4- and 1,5-disubstituted triazole rings (Hong et al. 2015).
5. Synthesis of derivates and polymers through click reactions

5.1. Diels Alder cycloaddition

5.1.1. Furan-Maleimide coupling

The use of the DA reaction for derivatives and polymer synthesis has bloomed over the last two
decades and is now an established strategy for the synthesis of macromolecular architectures.
Several reviews have been published by Gandini in the last decade, summarizing the most
relevant results regarding the use of the DA reaction in polymer chemistry (Gandini 2013; Gandini
et al. 2016; Lacerda and Gandini 2014). The purpose of the present review is also to complement
those works with the latest results regarding vegetable oils in this very active field. This section
focuses on the combination of furans and vegetable oils both for monomer modification, to widen
the reactivity of triglycerides after the modification with furan groups, and for polymers design

via the DA reaction with maleimides.

Even if vegetable oils contain reactive groups, such as double bonds or epoxy groups, they found
limited reactivity in polymerization reactions and, often, require the incorporation of more

reactive functionalities. In this sense, first generation furan compounds, such as furfural and 5-
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hydroxymethylfurfural, that can be readily obtained from sugars or polysaccharides, can be
associated on to glycerides, opening the way to different monomers derived from renewable

resources (Lacerda and Gandini 2014).

Two approaches can be mainly applied for the preparation of macromolecular materials from the
DA reaction (Gandini et al. 2018). One way deals with the synthesis of thermally-reversible linear,
branched and cross-linked polymers based on the polycondensation of building blocks
incorporating both DA complementary moieties such as furan and maleimide groups. On the
other hand, the thermally reversible cross-linking of linear polymers bearing pendant furan or
maleimide moieties and using complementary maleimide or furan bifunctional cross-linkers has
also been widely explored. One of the most interesting features of this reaction is the
temperature control for the forward and r-DA reactions that allows for the decoupling of the DA

reaction groups resulting in recyclable or self-healing cross-linked materials.

Gandini and co-workers have extensively worked on the use of DA reaction for monomer
modification and polymer synthesis (Gandini 2013; Gandini, Coelho, and Silvestre 2008; Gandini,
Silvestre, and Coelho 2011; Gandini, Silvestre, and Coelho 2010; Vilela, Silvestre, and Gandini
2013; Gheneim, Perez-Berumen, and Gandini 2002; Garcia-Astrain et al. 2013; Gousse, Gandini,
and Hodge 1998; Vilela et al. 2011). The first report for the preparation of vegetable oils-based
monomers was reported by these authors using UDA, derived from castor oil, that possess two
terminal reactive sites available for the insertion of furan and/or maleimide moieties (Vilela et al.
2011, 2012). In these works, two difuran monomers were prepared using esterification and thiol-
ene reactions (Figure 1.3 — a & b). Another bifunctional monomer, bearing both furan and
maleimide groups was also prepared from 10-undecenol (UDC) using protective chemistry (Figure
1.3 - ¢). These monomers were polymerized by DA reaction at 65 °Cin 1,1,2,2-tetrachloroethane
(TCE) using 1,6-bismaleimidohexane with the first two whereas the bifunctional monomer was
self-polymerized after deprotection (Figure 1.4). Raising the temperature to 110 °C allowed for
the recovery of the monomers through r-DA depolymerizations. The reported polymers obtained
using difuran and bismaleimide (BMI) monomers had a MW of 7-9 kDa and a T of about -30 °C.
In the case of the self-polymerized polymer, the resulting MW was 17 kDa with a Tg of -2 °C due

to a stiffer macromolecular architecture.
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Figure 1.3 — (a) Synthesis of difuran monomer from 10-undecenoic acid, (b) synthesis of a second difuran monomer
from 10-undecenoic acid and, (c) synthesis of protected AB macromonomer. Reproduced with permission of Wiley
(Vilela et al. 2011).
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Figure 1.4 — Reversible DA polycondensation of difuran monomer with an aliphatic BMI adapted from reference
(Gandini et al. 2018).
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In @ more recent work by the same authors, non-linear polymers were prepared employing
trifuran, difuran or bismaleimide monomers (Figure 1.5) (Vilela, Silvestre, and Gandini 2013). The
trifuran monomer was polymerized with an aliphatic bismaleimide whereas the difuran monomer
was polymerized with a trimaleimide, leading to the same types of macromolecular architectures
(Figure 1.6). Both macromolecular structures showed MW between 35 and 50 kDa and a Tg
around 0 °C when using a 0.5 trifunctional/bifunctional molar ratio. The authors reported that
stoichiometric monomer conditions produced gels with Tg values of about 15 °C. On the other
hand, the DA self-polymerization resulted in hyperbranched macromolecules with a MW between

50 and 70 kDa and Tg around 5 °C.
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Figure 1.5 — (a) Synthesis of trifuran monomer based on 10-undecenoic acid, (b) synthesis of a difuran monomer
bearing a protected maleimide moiety and (c) synthesis of a monofuran monomer bearing two protected maleimide
moieties. Reproduced with permission of Wiley (Vilela, Silvestre, and Gandini 2013).
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Figure 1.6 — (a) Non-linear thermally reversible DA polycondensation using a trifuran and a bismaleimide monomer,
and (b) non-linear thermally reversible DA polycondensation of a difuran and trimaleimide monomer, reproduced
with permission of Wiley (Vilela, Silvestre, and Gandini 2013).

In an effort to shift to greener synthetic routes for the preparation of plant-oil derived furan
monomers, the same authors explored a simpler catalyst and solvent-free route. Commercial
epoxidized linseed oil was submitted to a reaction with furfuryl amine, resulting in the
transamination of the three ester groups and the epoxy ring opening induced by the primary
amine under a solvent-free and catalyst-free reaction (Figure 1.7) (Gandini, Lacerda, and Carvalho
2013). Moreover, this reaction allowed the complete recovery of both the product and the excess
reagent, fulfilling the principles of green chemistry. The resulting products incorporated available
furan groups for DA polymerizations with bismaleimides. The DA polycondensation resulted in a
mixture of linear and branched polymers with a MW between 35 and 40 kDa and T around 80-
100 °C. However, in this case, the DA reaction was not solvent-free and was conducted in TCE.
The same strategy was applied to commercial epoxidized soybean oil and similar results were

obtained.
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Figure 1.7 — Transamidation and epoxy coupling of epoxidized linseed oil induced by furfuryl amine, reference
adapted by (Gandini, Lacerda, and Carvalho 2013).

On their continued efforts to develop greener processes, the reaction of commercial tung oil (TO)
with maleimides under solvent-free conditions was also explored. (Lacerda, Carvalho, and
Gandini 2014). This oil contains three conjugated unsaturations that can behave as dienes for the
DA reaction. The authors explored the reaction of this glyceride with methylmaleimide at 65 °C
resulting in a stable adduct not able to undergo the retro DA reaction. When combined with
different bismaleimides of varying flexibility, the DA crosslinking of TO resulted in gels with Tg
values between -10 and 75 °C (Figure 1.8). Again, the stability of these adducts was high and did

not offer the reversibility of the previously reported systems.
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Figure 1.8 — The DA cross-linking reaction of tung oil with bismaleimides, adapted from reference (Gandini et al.

In a second approach, the same transamination reaction reported for epoxidized plant oils was
performed and the resulting furan/triene difunctional DA dienes were cross-linked with the same
bismaleimides (Figure 1.9). In this case, the resulting polymers had one thermally labile
furan/maleimide adduct in each monomer unit and a thermally stable one formed by a maleimide
group with the a-eleostearic triene moiety, thus, the depolymerisation was successfully achieved
for the furan/maleimide adducts around 110 °C. The reported Tgs were higher than in the previous

system due to the amide-based hydrogen bonds, responsible of the stiffening of the polymer.
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Figure 1.9 — Linear DA polycondensation of a-eleostearic furfurylamide with an aromatic bismaleimide, adapted
from reference (Lacerda, Carvalho, and Gandini 2014)

Recently, some authors also prepared self-healing PUs based on soy oil polyol modified with
furfuryl alcohol via the DA reaction with 1,5-bis(maleimido)-2-methylpenthane (Zheng et al.
2018). The recycling ability of PU was studied using a solubility test. The material dissolved in
DMSO after heating at 180 °C from 6 to 9 min due to the thermoreversibility of the DA reaction.
The authors reported that when the PU film was cut into pieces, heated at 130 °C for 10 min, hot-
press under 10 MPa for 10 min and post-cured, a new film was successfully achieved (Figure 1.10).
The shape-memory properties of the obtained films were also evaluated. The film was heated at
40 °C for 10 min, rolled up and immersed into ice water for 10 min to fix the shape. After
introducing it into warm water, the original shape was recovered. The films showed a shape
recovery around 90%, higher than that of traditional soy oil-based PU. This increase in the shape
recovery was attributed to a more regular cross-linked network of the DA cross-linked PU due to
one-to-one correspondence between furan and maleimide. Finally, the self-healing ability of the
PU was investigated by cut, scratch and tensile testing. Preliminary healing was achieved at 70 °C

whereas deep self-healing occurs at temperatures above 120 °C.
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Figure 1.10 — Preparation process of recycled soy oil-based PU, reproduced with permission of Wiley (Zheng et al.
2018)

The DA reaction has also been used for the cross-linking of acrylated soybean oil (AESO), an easily
polymerizable monomer used for different applications such as coatings or flame retardant
products (Frias et al. 2015). Frias and co-workers reported the use of the DA reaction between
furfuryl functionalized AESO with a monofunctional N-phenylmaleimide and a bismaleimide, 1,1-
(methylenedi-4,1-phenylene) (Frias et al. 2015). The prepared materials showed one endothermic
transition at temperatures between 103 and 134 °C, indicating that both the endo and exo
adducts can be reverted at similar temperatures. The formation of the adduct resulted in more

rigid materials with an increased Tg.

Furan-functionalized fatty esters have been also prepared by Igbal and co-workers for their use
as oligomers for network formation (Igbal et al. 2018). Methyl oleate, methyl linoleate and
jatropha oil were epoxidized using in situ generated performic acid. Then, the epoxidized
compounds were reacted with furfurylamine and cross-linked with bismaleimides through DA

reaction. Furfuryl-amine functionalized jatropha oil was reacted with 1-1’-(methylenedi-4,1-
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phenylene) bismaleimide and the thermoreversibility was analyzed by DSC. An increase in the
heat flow was observed around 125 °C confirming the r-DA reaction. The authors observed that
the thermo-recovering degree for each cycle decreased when compared to previous cycles. This
behavior was attributed to short time for bond reconstitution and formation of the most stable
adduct isomer. Moreover, the high degree of cross-linking results in brittle materials. Finally, the
authors explored the use of furan-functionalized jatropha oil for partial substitution of (1,4)-
polyketone reacted with furfurylamine to improve the polymer properties and add a renewable
character to the material. The addition of 10% of furan-functionalized linoleate resulted in an
increase of the thermal stability and the temperature to achieve the reversible cross-linking of

the network.

5.1.2. Other diene/dienophile coupling

Some others examples of the DA reaction, involving different diene/dienophile couples,for the
modification or cross-linking of vegetable oils have been also reported in the literature. Huang
and co-workers reported the use of the DA reaction to cross-link a biobased epoxy monomer with
conjugated double bonds, glycidyl ester of eleostearic acid, synthesized from TO (Huang et al.
2014). The DA reaction resulted to be more active than the ring-opening of epoxy and anhydride.
The monomer was cured by using both maleic anhydride, nadic methyl anhydride and 1,1’-
(methylenedi-4,1-phenylene)-bismaleimide (Figure 1.11). The structures and cross-linking
densities of the prepared thermosetting polymers can be tuned by varying the anhydrides and

dienophiles structure.
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Figure 1.11 — Preparation of thermosetting networks using glycidyl ester of eleostearic acid and DA reaction,
adapted from reference (Huang et al. 2014). Reprinted with permission from (Huang et al. 2014).

Liu and co-workers reported the green microwave-assisted maleation of TO and investigated the
mechanisms involved in the reaction, namely DA reaction and free radical copolymerization (Liu
et al. 2015). This work points out another example of solvent and catalyst-free reaction, with low
reaction time and high yields. The obtained product was reacted with epoxidized glycidyl ester,
epoxidized soybean oil and epoxidized octyl soyate to produce fully oil-based epoxy resins. The
authors reported that when using low maleic anhydride: TO contents ratios, the dominant

mechanism for the maleation was the DA reaction.

As another example of green chemistry, sunflower oil can also be used for the DA reaction with
terpenes. Mangeon and co-workers reported the DA reaction in the presence of oxygen between
B-myrcene or B-farnesene and sunflower oil to design novel biobased networks (Mangeon et al.
2017). The DA reaction is considered as the main reaction mechanism for the preparation of the
materials. However, secondary reactions such as oxidation are also present and proved to be
necessary for the cohesion of the film prepared. Sunflower oil not only takes part in the DA
reaction but also increases the flexibility of the system. The resulting materials showed different

Tg, varying from 20 to 92 °C.
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5.2. Triazolinediones chemistry

As mentioned earlier, TADs have become interesting compounds in organic synthesis and, more
recently, in polymer chemistry. A recent review from Du Prez and co-workers reported the
versatility of TADs as an alternative click chemistry option in polymer chemistry (De Bruycker et

al. 2016).

Biswas and co-workers were the first to report the reaction of TADs with soybean oil (Biswas et
al. 2014). The authors reported the modification of a triglyceride oil through the reaction with 4-
phenyl-1,2-3-triazoline-3,5-dione. The increase in viscosity confirmed the formation of ene and
DA reaction products between the TAD and the oil, giving an example of self-curing vegetable oils

that could be used as additives in lubricants or as thickeners in a variety of formulations.

As mentioned, Du Prez and co-workers explored the use of TADs for the click cross-linking of
vegetable oils at room temperature and without catalysts (Tlrling et al. 2015). First, the reaction
was studied with natural FAs and monofunctional TAD moieties. Oleyl alcohol, elaidyl alcohol,
methyl ricinoleate, 10-undecenoic acid, methyl linoleate and methyl linolenate were used as
model FAs and reacted with phenyl-TAD. The same studies were also conducted with
polyunsaturated FAs such as methyl linoleate and methyl linolenate. This strategy was then
applied for the cross-linking of vegetable oils such as olive, sunflower, colza, corn, groundnut,
pumpkinseed, soybean and castor oils using a bifunctional TAD. Gelation took place within
minutes but the red color of the TAD compounds was observed for longer reaction times. The
differences in the gelation time observed for the different oils were attributed to the reaction
kinetics of the different FAs and the ene: TAD ratio. The Tgs of the resulting materials ranged from

60 to 124 °C revealing the rigidity imparted by the aromatic TAD cross-linker.

The same research group went on to report the first time use of TAD-based chemistry for the
preparation of nanoparticles using vegetable oils as the starting compound. (Figure 1.12)
(Chattopadhyay and Du Prez 2016). The preparation of nanoparticles was performed with a
simple water-based one-step procedure without surfactants being an example of greener
chemistry for nanoparticle synthesis. The nanoparticle size was controlled by varying the solvent

ratio and the plant oil/TAD ratio. The strategy was applied to different oils such as castor, olive,
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pumpkin, sunflower and hazelnut oils. The size of the resulting nanoparticles varied from 140 to
260 nm depending on the reaction conditions. When reducing the amount of TAD-based cross-

linker the size of the nanoparticle increased indicating that lower degrees of cross-linking resulted
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Figure 1.12 — Reaction scheme and illustration for the cross-linking of vegetable oil-based nanoparticles using TAD-
based cross-linkers, adapted from reference (Chattopadhyay and Du Prez 2016).

Multishape-memory materials have been also developed combining high oleic soybean oil and
TAD click chemistry (Wang et al. 2016). In this study, the double bonds of plant oil-derived
polymers grafted cellulose nanocrystals were cross-linked using TAD chemistry. The matrix is
prepared by surface-initiated atom transfer radical polymerization of soybean amide
methacrylate. Consequently, two types of cross-links were achieved. On one hand, permanent
TAD cross-links were produced. On the other hand, dynamic physically cross-links were also
achieved by the hydrogen bonds from the plant oil and the TAD groups. Therefore, TAD cross-
linking produces a permanent shape while the physical network ensures multiresponsive and

multishape-memory properties. Heating of the samples results in the deformation of the material
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due to decomplexation of hydrogen bonds. Upon cooling, the temporary shape is blocked. The
hydrogen bonds can be eliminated by further heating and the material recovers its permanent

shape.

5.3. Thiol — ene reaction

The first systematic study of the use of TEC on unsaturated fats and oils was brought forth by
Koenig and co-workers in the 1950s (Koenig and Swern 1957). Since then, the use of TEC for
synthesis of monomer, polymers and post-polymerization modifications has grown considerably
(Lligadas et al. 2013; Turling and Meier 2013; Gandini and Lacerda 2018). This section describes
the latest works based on TEC in three sub-sections: (i) monomer synthesis, (ii) polymer synthesis

and (iii) post-polymerization modifications.

5.3.1. Monomer synthesis

The use of TEC for monomer synthesis has been used for a wide range of polymers. The use of
synthesized AA and AB type monomers for polycondensation or polyaddition to obtain polyesters,
PA and non-isocyanate polyurethanes (NIPUs) has been of recent interest. Moreover, the
modifications of triglycerides and their derivatives by TEC to yield highly functional molecules has
also been studied for applications such as polyols for PU synthesis, epoxy resin curing agents,
monomers for coating applications and plasticizers for PVC. This section presents the AA and AB
type monomers for polyester, PA and NIPUs, and then, the polyfunctional architectures used in

PUs, epoxy resins, coatings and plasticizers.

The use of synthesizing AB type monomers for the synthesis of polyesters has been recently
explored by Cadiz and co-workers. In a recent study, the authors used the enone derivative of
methyl oleate (EMO) (methyl-9-oxo-10-octadecenoate and methyl-10-oxo-8-octadecenoate)
(Montero de Espinosa et al. 2008)) to obtain a hydroxyester containing a ketone via TEC (Moreno
et al. 2014). TEC was used to functionalize the EMO with primary hydroxyl groups using
mercaptoethanol (ME) and octanethiol. The highest functionalization conditions for both
reagents was achieved by the use of a basic/nucleophilic catalyst, at room temperature with
stoichiometric equivalents. This respects several ideals of green chemistry, most notably such as
atom economy and energy efficiency. As depicted in Figure 1.13-a, hydroxyester functionalized
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by ME was then used for polyesterification synthesis via enzymatic polymerization (with
Novozyme 435 -lipase CalB- as a biocatalyst) to exploit the use of safer catalyst rather than toxic
organometallic catalysts. The ketone moiety found on the polymer backbone could be further
modified via oxyamines (at room temperature) to yield oximes moieties as a functionalization
strategy for ligands to be covalently immobilized. In a subsequent study, the authors synthesized
AA and AB monomers for polycondensation using heptanal from the pyrolysis of ricinoleic acid
(Scheme 1.1) (Ruiz et al. 2019). Heptanal was modified by one pot sequential modifications via
Horner-Wadsworth-Emmons and thiol-Michael reactions to yield a branched diester (AA
monomer) and a branched hydroxyester (AB monomer) (Figure 1.13-b). Although these
monomers require purification by column chromatography, they can be used for
polycondensation via enzymatic-catalyzed means to yield MW of 15000 g mol with the use of
polyethylene glycol as co-monomer. These monomers underwent polycondensation via
enzymatic-catalyzed means to yield MW of 15000 g mol with the use of polyethylene glycol as
co-monomer. The copolymers containing pendant moieties self-assembled into micelles in
aqueous solution, exhibiting potential behavior for drug delivery applications. Yu and co-workers
also contributed to the development of AB monomers via TEC for the synthesis of polyesters. As
depicted in Figure 1.13-c, authors reported the use of UDC to synthesize methyl 3-((11-
hydroxyundecyl-thio-propanoate) (MHUTP), a hydroxyester (Wu et al. 2019). MHUTP was
obtained via TEC by previously reported method (Pang et al. 2014), where UDC was reacted with
3-mercaptopropionate, 2,2-Dimethoxy-2-phenylacetophenone (DMPA) (photoinitiator) under
UV in just minutes. MHUTP was used for polyesterification by lipase catalyzed means and the
influence of reaction time and temperature on the MW was studied. Methyl ricinoleate was also
investigated as a co-monomer in polyesterification reactions. The monomers reported in this
section synthesized by TEC were all further used for polycondensation via enzymatic catalyzed
further promoted and developing the use of CalB as alternative to organometallic catalyst for the

synthesis of polyesters.
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Figure 1.13 — (a) Synthesis of polyketoesters using Novozyme 435 (Lipase CalB) followed by modification by
oxyamine, adapted from reference (Moreno et al. 2014), (b) functionalization of heptanal for the synthesis of
poly(B-thioether ester)s, adapted from reference (Ruiz et al. 2019), and (c) synthesis of poly(B-thioether ester) and
poly(B-thioether ester-co-ricinoleic acid by enzyme catalyzed transesterication, adapted from reference (Wu et al.
2019).

Developing AA and AB monomers using TEC has also been used for the synthesis of PA. Meier and
co-workers develop a dimer FA to be used in PA and PUs (Unverferth and Meier 2016). The dimer
FA was synthesized using methyl oleate, ethane-1,2-dithiol in a 1.9 : 1 ratio, DMPA and UV
radiation at room temperature. Alternatively to industrial established procedure of obtaining
dimmer fatty acids, the reported procedure does not required further purification, respects atom
economy and reduced use of solvents. The authors observed the dimerization of OA by TEC was
much slower than methyl oleate. The developed dimer FA was used in collaboration with
hexamethylenediamine and dimethyl adipate to synthesize PA with varying ratios of dimethyl

adipate and dimer FA in copolymerization. PA synthesized using the novel dimer FA exhibited
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superior hydrophobic properties such as lower water intake compared to similar commercial
alternatives. Similarly, Seppala and co-workers synthesized di-acids containing sulphur units
within the backbone for the synthesis of PA (Nguyen, Spoljaric, and Seppala 2018). The di-acids
were synthesized using UDA and different length aliphatic dithiols via TEC using DMPA under UV
radiation with the slight use of solvent. These diacids were used in the synthesis of PA with MW
approaching 55, 0000 g mol* with higher dispersities, as well as superior material properties such
as higher impact, chemical resistance, increased ductility and lower water adsorptions.
Furthermore, used a melt condensation for polymerization without the use of dangerous
catalysis. Mostly recently, some authors synthesized PA via enzyme catalyzed synthesis using AB-
type functional monomer derived from methyl oleate (Finnveden et al. 2019). It was found the

using lipase CalB was as effective as the previously used toxic catalyst using less mole equivalents.

As of late, two different strategies were investigated for the synthesis of monomers using TEC to
obtain NIPUs. Cadiz and co-workers obtained NIPUs and non-isocyanate polyurea by synthesizing
AB monomers capable of transurethanization (Calle et al. 2016). As depicted in Figure 1.14-a,
from castor oil, more specifically UDA derivatives were used to synthesize two monomers with a
carbamate and either a hydroxyl or amine final group. The authors reported the synthesis of a
cysteamine methyl carbamate (MMC) that was reacted with two UDA derivatives, UDC and 10-
undecenylamine via TEC. The reaction was performed in bulk, using DMPA under UV irradiation.
NIPUs were synthesized by polycondensation using a conventional organometallic catalyst.
Although this work circumvents the use of isocyanates for PU synthesis, the use dangerous
reagents are indeed used for the synthesis of MMC and the polymerization process. In contrast,
Cramail and co-workers synthesized various biscyclic carbonates to be reacted with diamines to
obtain NIPUs by polyaddition. In an initial study, two different (bis) 6-membered cyclic carbonates
(bis6CC) were synthesized using MUDO by a four step synthesis (Maisonneuve et al. 2014). As
depicted in Figure 1.14-b, the last step for the synthesis of the bis6CC, UndS b6CC, was
accomplished via TEC using Und-6CC, 1,4-butanethiol under UV radiation. Although the synthesis
of UndS-b6CC used TEC in its final synthesis step, previous reaction steps for both bis6CCs
obtained required purification by chromatography, contradicting some aspects of green

chemistry. The two bis6CC were reacted with dodecane-1,12-diamine. Unexpectedly, networks
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were obtained by the side reaction of carbonate opening via hydroxyl functions. In a continued
work, the authors reported the design of (bis) 5-membered cyclic carbonates (bis5CC) from
thioglycerol, FAs and sugar derivatives using TEC (Lamarzelle et al. 2017). A panel of different
bis5CC were obtained from derivatives of castor oil (UDC, 1-bromo-10-undecene and UDA) and
sunflower oil (oleyl alcohol) by following the same general procedure (Figure 1.14-c); (i) terminal
di-ene structures were obtained using the appropriate chemistry, (ii) TEC coupling of terminal ene
with thioglycerol under UV radiation with the use of DMPA, and lastly, (iii) carbonation of
synthesized FA tetraols using dimethyl carbonate. Although some of the synthesis did required
the use of some dangerous solvents such as DCM, in comparison to their previous work on the
topic, the bis5CCs were obtained by rather direct pathways without laborious purifications
irrespective of green chemistry principles. The bis5CCs were successfully polymerized with the
use of diamines to yield NIPU with MW up to 14900 g mol. Depending on the bis5CC used, PHU
properties could be tuned. Moreover, two PHUs underwent post-functionalization by sulfonation
of the thioethers found on the polymer backbone and showed an increase in Tg and melting
temperature. In complement to this section, our group has recently published a review on

synthesis of biobased cyclic carbonates for the synthesis of PHUs (Carré et al. 2019).
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from reference (Lamarzelle et al. 2017).
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As PUs are a major polymer family, researchers have invested in the development of building
blocks from triglycerides and FAs via TEC in order to introduce reactive groups for synthesis of
PUs by classic polyaddition of hydroxyl and isocyanates groups. Thus required the synthesis of or
use of reagents containing isocyanate moieties a dangerous allergen for humans. Given its unique
structure, castor oil and derivatives (most notably UDA) have been reported for the synthesis of
monomers via TEC but as well as di-isocyanates. Shen and co-workers have been particularly
active developing derivatives for polyurethane synthesis using TEC for the development of
biobased waterborne PUs for coating applications (Fu, Zheng, et al. 2014). As shown in Figure 1.5-
a, TEC was used to introduce carboxylic acid groups on to UDA and castor oil triglycerides. The
modified UDA was then transformed from a di-carboxylic acid structure to a diisocyanate by Curtis
rearrangement and the modified castor oil was used as hydrophilic chain-extender. The same
authors went on to develop silanized castor oil via TEC to be used as a functionalized polyol (Fu,
Yang, et al. 2014) to be reacted with diisocyanates. As depicted in Figure 1.5-b, the functionalized
silane PU then underwent silane moiety hydrolysis through a sol-gel process by utilizing the
methoxysilane groups. The introduction of silane groups in the PU exhibited water-repellent
surfaces and the cross-linking nature of the PU with Si-O-Si units increased thermal stability and
mechanical properties. Other than the use of isocyanates, the general synthesis respected several
ideals of green chemistry most predominately atom economy. In their most recent work on the
topic, the research group modified cardanol to achieve polyols for PU synthesis (Fu et al. 2015).
Cardanol is a byproduct from the cashew processing industry and is extracted from cashew net
shell liquid. Cardanol is a phenolic compound with 15-carbon side chain in the Meta position with
varying degrees of unsaturation. The authors used ME to functionalize the cardanol fatty side
chain with hydroxyl groups via TEC (Figure 1.5-c). Similar to their previously mentioned work (Fu
et al. 2015), they used a radical initiator, UV light irradiation to react the unsaturations with the
reagents , with however with use of the hazardous solvent such as DCM. In this particular work,
degrees of functionalization were varied according to reaction time. The polyols were then
reacted with HDI to yield PUs with good thermal and hydrophobic properties. Cardonal has also
been solicited more recently by other research groups for the synthesis of polyols for PU

synthesis. Upshaw and co-workers similarly functionalized the C=C bonds of the fatty side chains
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by TEC, but also went on the protect the phenolic group by propoxylation to improve TEC reaction
conditions (Shrestha et al. 2018) and Zhou and co-workers went on to generate a panel of polyols
from variety of chemical reactions (epoxide ring opening and TEC using ME) demonstrating
varying PU properties with respect to their hydroxyl content (Wang and Zhou 2018). The similar
method of functionalizing ME onto soybean oil via TEC were also exploited to the obtain polyols
for PU synthesis (Alagi et al. 2016; Feng et al. 2017) and also without use of hazardous solvents in

line with the ideals of green chemistry (Feng et al. 2017).
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TEC can be used on triglycerides and FAs for the direct functionalization of reactive moieties in
high functionality. Based on TEC, different architectures with high functionality have be used as
curing agents for epoxy resins in the synthesis of coating and as plasticizers. Hardeners for the
curing of epoxy resins have been recently synthesized such as polyamines from FAs of rapeseed
oil (Cornille et al. 2014), or grapeseed oil (Stemmelen et al. 2015) and polyacids (Espinosa et al.
2020). For coating applications, polyfunctional acrylates from soybean oil have been achieved (He
et al. 2014), as well as acetoacetate-modified castor oil for the synthesis of ambient curable films
when reacted with amines (Zuo et al. 2019), aldehydes or acrylates (Xu et al. 2019). Furthermore,
Upshaw and co-workers successfully functionalized soybean oil with hydroxyl, amine, isocyanate,
isothiocyanate, epoxy and silane terminal groups by TEC for applications such as foams,
adhesives, coatings sealants and elastomers (lonescu et al. 2015). In the field of plasticizers some
interesting works have been published. For instance, some authors used alkyl thiols to be
substituted on the double bonds of technical OA and rapeseed oil by TEC (Montero de Espinosa
et al. 2014). The sulfur containing compounds where then oxidized to yield sulfoxide and sulfone
groups to be used as odorless, stable plasticizers. Alternatively, polyfunctional terminal epoxy

architectures are synthesized from TO via TEC as a substitute for dioctyl phthalate (Jia et al. 2018).

5.3.2. Polymer synthesis

The recent literature consisting of TEC based on polymerization can be subdivided in two main
areas: linear polymerization using AA or AB type monomers, or polyfunctional architectures for
the synthesis of thermosets. AA monomers consists of diene or dithiols, whereas AB monomers
contain one diene and one sulfur reactive moiety. Given the particular structure of castor oil and
its derivatives, they are abundantly utilized. UDA is classically used in the synthesis of a,w-dienes,

whereas castor oil triglycerides for the synthesis of polyfunctional molecules.

Developing AA monomers from (most notably) UDA for TEC polymerization has led to obtaining
polymer backbones containing amides, ethers and esters in addition the thio(ether) bonds.
Recently, Tang and co-workers developed very interesting sustainable ultra-strong elastomers by
TEC of a diamide diene monomers, derived from UDA, reacted with a di-thiol (3,6-dioxa-1,8-

octanedithiol) (Song et al. 2019). A first diamide diene was developed by amidation of MUDO with
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1,3-diamino-2-propanol to yield N,N'(2-hydroxypropane-1,3-diyl)bis(undec-10-enamide) (UDA-
1). UDA-1 can be further reacted with butyric anhydride via the pendant hydroxyl group to yield
1,3-di (undec-10-enamido)propane-2-yl butyrate (BUDA), introducing a longer pendant group
that can inhibit crystallization (Figure 1.16). Polymerization took place by thio-Michael addition
with varying amounts of UDA-1, BUDA, dithiol, azobisisobutyronitrile (AIBN) (radical initiator) at
70 °C for 12 h. The pendant polar hydroxyl and non-polar butyrate groups allowed for control
structuring of hydrogen bonding and tuning of crystallization, whereas thioether bonds induced
metal-ligand coordination. Unidirectional step-cycle deformation was applied to these materials
and enhanced to tensile strengths to over 210 MPa, while maintaining elasticity, mainly due to
rearrangement and alignment of crystalline microstructures. Furthermore, these materials
exhibited aggregation-induced emission when observed with strong luminescence due to the
formation of amide clusters with restrictive molecular motions. Other research groups obtained
o,w-dienes via similar means. Such structures can be obtained by transesterification of MUDO or
9-decenoate (obtained from the ethenolysis of methyl oleate) and diol (1,3-propanediol), or
diacids such as diethyl adipate were esterified by UDC (Dannecker et al. 2019). The esters of these
diene monomers were reduced via catalytic reduction to obtain ethers in the final polymer
backbone when these dienes were polymerized with dithiols. On the other hand, diene structure
have been obtained by the transesterification of 9-decenoic acid by ethylene glycol or UDC to

then undergo photo-polymerization with various dithiols (Moser, Doll, and Peterson 2019).
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(Song et al. 2019).

UDA based AA monomers with diene structures coupled with dithiols for TEC polymerization have
been particularly exploited for the synthesis of nanoparticles in miniemulsion. Araudjo and co-
workers obtained a diester diene monomer denoted DGU by the esterification of isosorbide and
UDA (Machado et al. 2017) (Figure 1.17-a). DGU was copolymerized by 1,4-butanethiol by thiol-
ene miniemulsion polymerization. The organic phased consisted of DGU and an organic-soluble
initiator (if used), whereas the aqueous phase contained distilled water and surfactants and was
added to the organic phase to form an emulsion under vigorous stirring. This was followed by the
addition of stoichiometric amounts of the dithiol followed by vigorous stirring to yield the final
emulsion at 60-90 °C for 4 to 8 h. This resulted in (poly(thioether-ester) nanoparticles in water.
Furthermore, coumarin 6 was encapsulated in polymer particles at efficiency of up to 98%. The
same authors continued their work on thiol-ene miniemulsion polymerization by synthesis a
different diester diene utilizing UDA but this time using 1,3-propanediol as the diol for
transesterification (Cardoso et al. 2018). Thiol-ene miniemulsion procedure proceeded as
previously described. The developed nanoparticles exhibited the potential to be used for
controlled release drug delivery vector for intravenous administration (Figure 1.17-b). The
authors most recent work on the topic consist of the development of a diene ester monomer, 2-

(10-undecenoyloxy)ethyl methacrylate (MHU), synthesized by enzymatic esterification of UDA
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and 2-hydroxyethyl methacrylate (Romera et al. 2019). MHU was used in two different synthesis
routes: i) direct thiol-ene polymerization with a dithiol or ii) underwent a Michael addition with a
diamine to yield a symmetrical diester diene consequently used for thiol-ene polymerization
when reacted with a dithiol. For the thiol-ene bulk polymerization of MHU and dithiol, the
presence of methacrylate and an alkene group with different reactivity led to a combination of
step- and chain-growth polymerization. These systems present high potential as drug delivery

nanoparticles or for transport of antimicrobial and antioxidant compounds.

a) 10-Undecenoic acid Isosorbide b) 0 0o
- NANANA AN OANANANNANNF
o
W ! <Ig ¥
Z
HO' » 4 HS\/\/\SH
PTSA 2
Toluene HO
Reflux H—O—H + AIBN
o
|
)\/\/\/\/\/ Q 2
S
OYé *\/\/\/\/\/Ko/\/\o)\/\/\/\/\/\s/\/\/ f\
/\/\/\/\/\[(O Dianhydro-D-glucityl diundec-10-enoate (DGU) " wave 2
4 high miniemulsion
shear polymerization
Initiator |~ HS A\
l . H i @
Butanedithiol (BDT)
i 1
( S. ST
o)J\/\),\/S\\/)‘\ poly(thioether-ester)

nanoparticles

$ 0 4 ~ -
| FRIR A
™Y J, b o
blood compatibility

Poly (DGU-BDT)

Figure 1.17 — (a) Dianhydro-D-glucityl diundec-10-enoate (DGU) synthesis followed by copolymerization with dithiol
via thiol-ene polymerization, adapted from reference (Machado et al. 2017), and (b) synthesis of biocompatible
polymeric nanoparticles via thiol-ene polymerization of a biobased monomer in miniemulsion exhibited blood
compatibility properties, adapted from reference (Cardoso et al. 2018).

Developing AB monomers containing an alkene moiety at one end and a sulfur moiety at the other
end for TEC polymerizations has also been explored. Du Prez and co-workers developed
thiolactone (five-membered cyclic thio-ether) derivative of UDA to yield an AB’ precursor by two
step synthesis (Goethals et al. 2014). First, UDA was rendered more reactive and converted to its
corresponding acid chloride and then reacted with DL-homocysteine thiolactone. It is important
to note that the synthesis of this AB’ monomer requires the use of dangerous chemical products

(SOCl,, DCM and isooctane) permitting high yields. The aminolysis of the thiolactone leads the
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AB’ precursor to generate pendant amide bond and an AB monomer with a free thiol moiety
which reacts with terminal double bonds by radical thiol-ene addition to yield PA structures by
UV radiation using DMPA at 40 °C. Different AB monomers were synthesized by the nucleophilic
aminolysis of the AB’ precursor using different primary amines, which led to diverse PA. The
sulfide linkages of the polymer backbone could undergo oxidation to lead to sulfoxides and
sulfones that consequently impact the final material properties. Thermoset networks were also
obtained by the use of diamines. More classically, other authors have developed a panel of AA
and AB monomers by the esterification of functional carboxylic acids such as UDA, 11-
mercaptoundecanoic acid, and lipoic acid by vinyl ether alcohols such as 1,4-butanediol vinyl

ether and 1,6-hexandiol vinyl ether by enzymatic catalysis (Finnveden et al. 2018).

CO is highly utilized for the synthesis of thermosets using TEC to obtain UV-curable coatings. Yang
and co-workers functionalized sulfur moieties onto castor oil via the secondary hydroxyl group by
esterification of 3-mercaptopropionic acid to yield a highly stable, self-initiated oligomer (CO-SH)
for photo-initiator free UV coating (Wang et al. 2017) (Figure 1.18). Thus, CO-SH simultaneously
possessed double bonds and thiols moieties. CO-SH exhibited temporal stability with only a slight
conversion of double bonds when stored for 7 days at 80 °C or at ambient temperature for 30
days. UV curable films were synthesized by photo-polymerization using CO-SH in conditions
respective of green chemistry. By using the same modified castor oil, the authors went on to
develop UV-curable coatings with built in flame retardancy (Wang, Li, Wang, et al. 2019). The
authors synthesized an organic flame retardant containing terminal double bonds on either side
denoted DA. The flame-retardant UV-cured coatings containing phosphorus, silicon, and sulfur
were prepared on wood surfaces using varying amounts of CO-SH, DA and 2,4,6-trimethyl-2,4,6-
trivinylcyclotrisilazane (TTC). With a molar ratio of 5:3:3 CO-SH: DA: TTC photo-polymerized films
(using 0.1 wt. % DMPA) would yield cured films on wood surfaces exhibiting appropriate adhesion
and flame retardant properties (Figure 1.18). The authors went to further study this formulation
to comprehend the synergistic effectiveness of DA and TTC on flame retardancy (Wang, Li, Wang,
et al. 2019). Contrastingly, some authors used CO for the synthesis of hyperbranched urethane
acrylate oligomer (CO20-IH). A tetrathiol monomer (PETMP), photoinitiator, a reactive diluent

(tripropylene glycol diacrylate) and CO-20IH were used in varying amounts to synthesize by TEC
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UV-curable films. The UV-curable films exhibited acid resistance, high hardness, and low water
adsorption. Furthermore, soybean oil (Zhang et al. 2015) and rapeseed oil (Fu et al. 2019) have
but utilized to obtain polyfunctional molecules to obtain UV-curable coatings via TEC. Terminal
double bonds were introduce onto these oils by epoxy-ring opening and were cross-linked by

thiols varying in functionality and structure via TEC.
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Figure 1.18 — Synthesis of CO-SH followed by the synthesis of UV-cured films via TEC using DTT and TTC on wood
surfaces adapted from reference (Wang, Li, Cao, et al. 2019).

5.3.3. Chemical modifications of the polymers

The thiol-ene reaction for the post-polymerization modification of polymer architectures has
become an important, conventional and easy tool for polymers functionalization. Heise and co-
workers were one of the first to exploit this concept on FA derived polymers (Ates, Thornton, and
Heise 2011). The authors synthesized polyesters using enzymatic ring-opening polymerization of
globalide, an unsaturated macrolactone synthesized from hydroxyl FAs. The polyester chains
were modified by of range of different thiols: butyl-3-mercaptopropionate, mercapto-1-hexanol,

and N-acetylcisteamine.

Recently, several groups have continued using thiol-ene reaction for post-polymerization
modifications. Some authors wused the Steglich esterication to synthesize 2-
(methacryloyloxy)ethyl oleate (MAEQ) (a methylacrylate derivative of OA) and it was polymerized
by reversible addition-fragmentation chain transfer (RAFT) to yield poly(2-methacryloyloxy)ethyl
oleate (PMAEQ) with the aid of a chain transfer agent (Figure 1.19-a) (Maiti, Kumar, and De 2014).

The Steglich esterification requires the use of dangerous products such as DCC, DMAP and DCM
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and perhaps other means of esterification could be favored to allow for this reaction to adhere
to green chemistry principles. The oleate side-chains of PMAEO were further modified via the
thiol-ene reaction with AIBN at 60 °C in THF, with quantitative conversions (Figure 1.19-b) for
ethanethiol, butanethiol, dodecanethiol, 3-mercaptopropanoic acid, whereas ME gave
approximately 90% modified product. Interestingly, the modified of PMAEO by 3-

mercaptopropanoic acid would render the polymer water-soluble.
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Figure 1.19 — (a) Synthesis of PMAEO by RAFT polymerization, and (b) GPC Rl curves of products from thiol-ene
reaction of PMAEO with different thiols. Adapted from reference (Maiti, Kumar, and De 2014).

Cramail and co-workers recently published on post-polymerization modifications utilizing TEC. In
an initial work (Durand et al. 2018), a polycarbonate polymer is obtained using a synthesized
carbonate monomer containing a pendant unsaturation originally derived from MUDO. As shown
in Figure 1.20-a, the carbonate monomer is obtained in two steps and further polymerized to
yield P(NH-Und-6CC) polycarbonate. The synthesis of the carbonate monomer and subsequent
polymer does require the use some dangerous solvents but nevertheless adheres other principles
of green chemistry such as energy efficiency. The pendant unsaturation belonging to a fatty chain
was functionalized via TEC by a synthesized cinnamate—thiol (Figure 1.20-a) to yield a
photoresponsive polycarbonate. TEC onto the polycarbonate took place using a radial initiator in
DCM at 40 °C. Functionalization of varying cinnamate-thiol contents onto polycarbonates was
achieved by varying the reaction time. Cross-linked polymers were achieved by utilizing the
cinnamate moiety. When exposed to UV light, cinnamate groups switch from trans to cis
conformation and the cis-cinnamate groups undergo [2+2] cyclo-addition reaction. Consequently,
the functionalized polycarbonates exhibited versatile mechanical properties ranging from tough

materials (lowest functionalized cinnamate content) to elastomeric networks (highest
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functionalized cinnamate content) with the potential of containing self-healing ability (due the
reversibility of the cyclobutane ring formed by two cinnamate moieties. The authors went on to
further exploit their synthesized polycarbonate P(NH-Und-6CC) by cross-linking this polymer
back-bone via TEC by the pendant alkene bond and different dithiols (1,6-hexanedithiol, 1,9-
nonanedithiol and 1,4-benzenedimethanethiol) utilizing a radical initiator and UV light for 4 h with
minimal use of hazardous solvents in comparison to their previous study. (Figure 1.20-b). The
resulting polycarbonates exhibited flexible properties influence by the structure of the dithiols or
by the varied thiol/olefin unit ratio used. Moreover, pendant thiol groups were obtained when

an excess of dithiols was used which can be utilized for further modifications.
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Figure 1.20 — (a) Strategy to access cinnamate-containing aliphatic polycarbonates from FA derivatives, reproduced
from reference (Durand et al. 2018), and (b) strategy for the synthesis of cross-linked polyester networks by TEC,
reproduced from reference (Durand et al. 2019).
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In recent work, TEC is used to modify polyhydroxyalkoanoates (PHAs) using UDA, octanoic acid
and/or soybean oil as substrates to yield poly(3-hydroxy undecenoate) (PHU), poly(3-hydrooxy
octatanoate-co-undecenoate) (PHOU) and poly(3-hydroxy octanoate-co-soybean oil) (PHOSy)
(Hazer 2015). With these different substrates, hydroxyl and carboxyl moieties are functionalized
on to these biopolymers via the thiol-ene reaction to improve the mechanical properties and
enhance the hydrophilic character of PHAs. Thiol-ene photo click reactions occurred with the use
of a radical initiator, the biopolymer and the thiol (3-thio glycerol or merpatopropionic acid) in

DCM under UV for 4 h. The functionalization of the PHAs were confirmed by different techniques.

5.4. Thiol —yne reaction

As previously mentioned, there has been limited use of thiol-ene/yne coupling (TEC/TYC) in
oleochemistry as acetylenic FAs rarely occur in nature. Several recent scientific works using
TEC/TYC have been published for e.g., the synthesis of PU (Gonzalez-Paz, Lligadas, Ronda, Galia,
and Cadiz 2012; Gonzalez-Paz, Lligadas, Ronda, Galia, Ferreira, et al. 2012; Lligadas 2013) and
functional comb-like polymers (Tirling and Meier 2012). The most recent work has continued

utilizing TEC/TYC for the synthesis of polyurethanes but well as polyesters.

The majority of work in oleochemistry explored by the TEC/TYC includes the synthesis of polyols
for PUs. OA and —a,w-diacids has been converted into propargylic esters. As is often the case for
the functionalization of lipids with alkyne moieties, the esterification of lipids reported herein
does not respect several green chemistry principles (use of solvents and dangerous reagents). The
propargylic esters were then modified by TEC/TYC using ME for the synthesis of two different
polyols using DMPA as the radial initiator and UV radiation (Pham et al. 2014). These polyols were
then utilized for the synthesis of PUs using methylene diphenyl diisocyanate (MDI). The reported
polyols did not possess dangling chains, consequently the Ty is increased compared to PUs using
plant-based polyols with dangling chains. More recently, the use of sunflower oil modified by
TEC/TYC to synthesize hyper branched polyols for thermoset PUs, has been reported (Omrani et
al. 2016). Generally, alkyne groups were functionalized on to sunflower oil derived triglycerides
by the ring opening of epoxides using propargyl alcohol. Although functionalization of

triglycerides took place by epoxy ring opening; this still ensued the need for dangerous catalyst
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and the use of solvent, however at ambient temperature. TEC/TYC was utilized for the
functionalization of primary hydroxyl groups on to the propargyl modified oil by the use of ME,
UV radiation at room temperature for 12 h to yield a polyol. The polyol and the subsequent PUs
synthesized by the use of isophorone diisocyanate (IPDI) and HDI, with varying NCO/OH ratios.
The biobased PU exhibited reasonable thermal stability and gave transparent films useful for the

coating industry.

Different research groups have pioneered the use of the TEC/TYC in oleochemistry. Their recent
works in the field are applied to the synthesis of polyols for PUs and polyesters. With respect to
utilizing TEC/TYC in PUs, the authors have focused their efforts in synthesizing polyols that could
further endure post-polymerization modifications. In an initial study (Gonzalez-Paz et al. 2013),
the authors synthesized a vinyl-sulphide-containing diol (VSD) from UDA by the pathway
described in Figure 1.21-a, utilizing successive bromination, dehydrobromination, esterification,
reduction and hydrothiolation. VSD was reacted with MDI to yield PUs. This PU was modified by
a successive thiol-ene reaction using 7-mercapto-4-methylcoumarin (Cm-SH), DMPA (dissolved in
ACN). In a follow up work (Lluch et al. 2014), the intermediate reaction products to yield VSD,
methyl 10-undecynoate (MUDY) and 10-undecynyl alcohol (UDYO), were reacted with 3,6-dioxa-
1,8-octandithiol and DMPA at room temperature for 1 h under UV radiation to yield different new
polyols (Figure 1.21-b). The polyols were reacted with MDI. The PUs were further modified by the
pendant ester moiety by aminolysis using Jeffamine M-600 followed by iodine complexation.
These modifications enhanced the hydrophilicity of PUs to impart antimicrobial properties. These
PUs could be used in applications such as medical devices, protective clothing, antimicrobial filters
and bandages. In their ultimate work pertaining to TEC/TYC and PUs, Cadiz and co-workers
synthesized diols from UDC containing allyl and propargyl groups (Comi et al. 2016). These diols
were polymerized using IDPI. The alkene and alkyne groups were reacted with thioglycerol via UV
radiation using DMPA, to enhanced hydrophilicity. The PUs exhibited highly tunable thermal and
mechanical properties. The mechanical properties of these bio-based polymers (modulus from
774 MPa to 6 MPa and elongation at break from 45 to 401 %, respectively) make the suitable

materials for a large range of applications.
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Figure 1.21 — (a) Synthesis of VSD, adapted from reference (Gonzalez-Paz et al. 2013), (b) synthesis of polyols by
TEC/TYC using MUDO and UDYO; and (c) functionalization of PU aminolysis and iodine complexation, adapted from
reference (Lluch et al. 2014).

Some authors have used TEC/TYC for the synthesis of polyester in recent publications. In an initial
work (Beyazkilic et al. 2014), 10-undecynoic acid is used to synthesize vinylsulfide-containing
hydroxyacid (VSHA) (Figure 1.22-a) by the use of ME and AIBN at 80 °C (1:1.05 alkyne to thiol
ratio) and obtained a moderate mixture of E/Z isomers. The polycondensation of this monomer
is accomplished via metal and enzymatic catalyzed means to yield polyesters (PVSHA). Higher
MWs were obtained via enzymatic polymerizations. Enzymatic copolymerizations of diblock
(VHSA and e-caprolactone (EL)) and triblock of (VHSA, EL and BDO) were also obtained (Figure
1.22-b). More interestingly, VHSA containing polymers could be further reacted via the thiol-ene
reaction by: (i) ME to yield pendant hydroxyl groups, (ii) 1,4-butanethiol to yield cross-linked
materials and lastly (iii) 7-mercapto-4-methylcoumarin to modify the surface of polyesters. In a
follow-up study (Beyazkilic et al. 2015), VHSA and a ketone-containing hydroxy ester (KHE)
(Moreno et al. 2014) (derived from methyloleate and synthesized as mentioned in section 5.3)
were used to synthesize a series of copolyesters via enzymatic polycondensation. As depicted in
Figure 1.22-c, polyesters could be modified after polymerization via the thiol-reaction in VHSA

containing segments and via oxyamine for KHE containing segments.
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Figure 1.22 — (a) Synthesis of VSHA, (b) copolymerization of VSHA with EL and BDO, adapted from reference
(Beyazkilic et al. 2014), and (c) post-polymerization modification of VSHA-KHE copolymers, adapted from reference
(Beyazkilic et al. 2015).

5.5. Huisgen 1,3-dipolar cycloaddition

Huisgen 1,3-dipolar cycloaddition represents an efficient method to produce polymers from
vegetable oils. The FA chain of epoxidized soybean oil can be functionalized with azide groups by
ring-opening nucleophilic addition of sodium azide to the epoxy group (Biswas et al. 2008). Later,
this strategy was applied to achieve highly cross-linked biopolymers through the copper-catalyzed
and the thermal polyaddition of alkynylated (ASBO) and azidated soybean oil (AzSBO) (Hong, Luo,
and Shah 2010). In this work two different approaches were studied. First, alkynylated soybean
oil was polymerized by CUAAC reaction with diazide linkers. Then, azidated soybean oil underwent
thermal polymerization with diyne moieties and with ethynylated soybean oil at 100 °C. The
functionalization of epoxidized soybean oil (ESBO) with azide and alkyl groups is shown in Figure
1.23-a. For this first approach, ASBO was polymerized with 1,6-diazidohexane and a,a’-diazido-p-
xylene at room temperature using copper sulphate and sodium ascorbate as catalysts. The
polymerization resulted in highly cross-linked polymers that were insoluble in common organic
solvents. AzSBO was in turn polymerized with 1,4-dethynylbenzene and 1,7-octadiyne and with

ASBO. The CuAAcresultsin a 1,4-disubstituted 1,2,3-triazole, whereas the thermal driven reaction

63



Chapter 1

is supposed to be non-stereoselective and results in the formation of both 1,4- and 1,5-
disubstituted 1,2,3-triazole rings. The T; of the polymers obtained by the CuAAC reaction was
higher than that of the polymers obtained by the thermal polymerization. We can show that the

catalyst-based and solvent free route was better than the pathway based on CuAAC.

New building blocks from castor, canola, corn, soybean and linseed oils were also used on this
thermal driven click reaction (Hong et al. 2012). The azidated vegetable oils underwent a step-
growth polymerization with ASBO under solvent and catalyst-free conditions (Figure 1.23-b). The
azidated oils also showed much higher viscosities than the epoxidized oils, attributed to the
presence of stronger intermolecular hydrogen bonds in the azidated ones. The sol fraction and
the swelling degree of the materials decreased with the increasing number of azide functionalities
in the monomer. A different behavior from azidated castor oil was also observed, showing a
higher Tg and elongation at break despite its lower cross-linking density. The higher degree of H-

bonding due to additional hydroxyl group per FA chain could explain this behavior. (Hong et al.

2015).
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Figure 1.23 — (a) Introduction of terminal alkyde and azide groups on FA chains, and (b) cross-linking of vegetable
oil-based polymers via triazole rings. Reprinted with permission from (Hong et al. 2012; Hong, Luo, and Shah 2010)
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More recently, the use of photo-induced CuAAC reaction was applied for the polymerization of
soybean oils at ambient conditions (Uysal, Acik, and Tasdelen 2017). In this way, the reaction was
achieved without solvent with rapid polymerization rates at low temperatures, in good
agreement with green chemistry principles. As reported above, azide and alkyne groups were
introduced into ESBO by simultaneous ring-opening between epoxides with sodium azide and
propargyl alcohol. Then these multifunctional azides and alkynes were polymerized in the
presence of a photoinitiator and Cu(l1)Br2/N,N,N’, N”’, N”’-pentamethyldiethylenetriamine. The
photoinitiator forms reactive free radicals that can reduce Cu(ll) into Cu(l), to serve as catalyst for

CuAAC.

Polytriazoles with melt-processing properties have also been obtained by the use of the Huisgen
cycloaddition without solvent or catalyst. Three thermoplastic polytriazoles were obtained from
diester dialkynes and a diazide monomer derived from OA (Floros, Ledo, and Narine 2014). The
mechanical and thermal properties of the polymer are clearly influenced by the chain length of
the ester employed. Polytriazoles have shown excellent coating properties due to their high
thermal stability, good mechanical properties and chemical resistance because of the presence
of the 1,2,3-triazole five-membered ring, with a high dipole moment and the ability to form
hydrogen bonds (Gholami et al. 2015). ASBO has been tested with two different propyfunctional
urethane monomers. For the preparation of ASBO, ESBO was reacted with sodium azide in the
presence of 1-methylimidazolium tetrafluoroborate as a catalyst. Propyn-terminated urethane
monomers were prepared by reaction of propargyl alcohol with isocyanate monomers. All the
materials prepared in this study showed only one Tg between 58 and 80 °C, indicating the phase
mixing of soft segment from soybean oil-derived structures and hard segment from 1,2,3-triazole

rings and urethane linkages.

Huisgen reaction was also used for the preparation of vegetable oil-based PUs for wound dressing
applications (Gholami et al. 2018). PUs were prepared from a mixture of castor oil and soybean
oil-based polyol containing 1,2,3-triazolium rings (QTSBO). QTSBO was prepared through N-
alkylation of 1,2,3-triazole functionalized soybean oil (TSBO) with methyl iodide. TSBO was in turn
prepared from an azidated soybean oil and propargyl alcohol through the click reaction. The

hydroxyl groups present in the structure of TSBO were employed for the synthesis of PUs. In this
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work, castor oil was also employed as co-reactant to impart flexibility and, thus, to tune the
physico-mechanical properties of the PU. The resulting materials showed good tensile strength
properties for wound dressing applications. Moreover, the presence of 1,2,3-triazolium rings

provided antimicrobial activity against different bacterial and fungal stains.

PUs has been also elaborated from 1,2,3-triazole modified soybean oil-based polyols (Bakhshi et
al. 2013). Sodium azide was used for the introduction of azides to ESBO and 1-methylimidazolium
tetrafluoroborate was selected as catalyst at 65 °C. Then, various alkynes (phenylacetylene,
propargyl alcohol and N, N-dimethylpropargyl amine) were used to conduct the cycloaddition in
the presence of copper sulphate and sodium ascorbate as the catalyst couple (Figure 1.24). The
alkylation of tertiary amine-containing polyol to obtain quaternary ammonium salt-containing
polyol to impart biocidal activity to the PU has been performed. The polyols were reacted with
IPDI and also mixed with PEG (molar mass of 1000 g/mol) to produce PUs. The results showed
that the incorporation of the triazole groups resulted in higher storage modulus at glassy state,
Te, and thermal stability and hardness of the PUs. However, lower adhesion strength and

hydrophilicity were also observed.

i A A fj oH OH ‘ /‘7 OH OH
%o 0 ‘ LT » 5 Y N %o Nyon Ny
NaN | N N 7NN | ! N
’ Y 3 [ ] NN N
o ~ = o - > 0
‘7 ° 0 Cat. [Hmim]'BF- | j o O Cat. CusO,+NaAs | = © NN o4~ OH
Lo 0 ‘ o |
Ny Ny Ny Ny
NN NN
7 OH
/\/ CH3|
Cat. CuSO,+NaAs Cat. CuSO,+NaAs
‘o CH OH
S ]
e Ny Ny 0 0% OH T OH OH
YN N
0 = OH ( e I
| 5 T . i o NyoH Ny %o NyoH Ny
o \ I o N|  oH I NT N NN
N 0 { c r
0 NoH o T" . N,’; o4 OH 0% NyoH ~ OH
L L/ - Lo A J N | :
0 ’ Ny Ny —o
N N Ny Ny
N N o N LN
A o HO. Nt N Nr N

AN

Figure 1.24 — Preparation of polyols from ESBO using Huisgen cycloaddition, reprinted adapted with permission
from reference (Bakhshi et al. 2013).

Copper-catalyzed Huisgen cycloaddition has been tested for the cross-linking of waterborne

polymer systems to improve their mechanical properties, adhesion strength and water/solvent
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resistance when compared with traditional coatings and adhesives (Hu et al. 2016). Clickable
alkyne or azide-functionalized monomers were incorporated to WPU, polyester dispersions (PED)
or polyacrylate emulsions (PAE). The authors observed that click reactions take place mainly on
the particle surface and after polymer diffusion process further cross-linking can take place. Click
cross-linked WPU improved the tensile strength and the Young’s modulus, whereas the water
absorption decreased. The improved mechanical properties were associated to a limitation of the
chains mobility. PED cross-linked films showed higher tensile strength and increased Tg.
Moreover, clickable groups are still available for further functionalization. The authors claimed
that this strategy could replace the use of hardeners, reducing the cost in the coatings

preparation.

6. Conclusion

Although plant oils have historically been the most abundantly exploited renewable resources for
the use of organic chemistry and polymer science, sustainable polymer production trails behind
that of petroleum derived ones. Many different strategies have been exploited to transform plant
oils and their derivatives into useful monomers and polymers and lately an emphasis on doing so
by green chemistry means has been increasingly important and rightly so. Coordinated with this
idea, this review presented the latest results of the utilization of click chemistry for the synthesis

of derivates and polymers to yield materials with advanced properties.

This review puts particular emphasis on examining the recent literature pertaining to the subject
and whether the chemistry to synthesize these materials abides green chemistry ideals. Click
chemistry are efficient and clean reactions from a green chemistry stand point, nevertheless,
functionalizing vegetable oils with the required moieties necessary for click chemistry does not

always abide by green chemistry ideals.

Thiol-ene addition has classically been the most predominately used of the click chemistry
reactions on fats and oils, nevertheless we fully cover the emergence of the Diels-Alder reaction
as well as triazolinedione chemistry for the synthesis of advanced sustainable polymers. Click
chemistry reaction are powerful reactions that have proven their ability to contribute to the

synthesis of sustainable polymers. This review should guide and inspire the uses of these
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reactions to develop novel biobased macromolecular architectures derived from vegetable oils,

towards several environmental applications for a greener future.
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Conclusion

The literature review of this chapter puts forth the notion that click chemistry is a known and
useful tool in organic chemistry and polymer synthesis for the elaboration of high-performance
macromolecular architectures. Consequently, the use of click chemistry to synthesize monomers
or polymers derived from vegetable oils further renders the use of vegetable oils and their
derivatives prevalent for a wide range of applications. Click chemistry reactions are efficient
reactions that quite commonly abide the principles of green chemistry. We further examined the
recently literature on the synthesis of materials using click chemistry from a green chemistry
stand point, as functionalizing vegetable oils with the required moieties necessary for click

chemistry does not always abide by green chemistry ideals.

In terms of the use of click chemistry reactions, thiol-ene additions has been the most common
exploited reaction on vegetable oils. Nevertheless we fully cover the emergence of the Diels-Alder
reaction as well as triazolinedione chemistry for the synthesis of advanced sustainable polymers.
This analysis of the literature made it possible to understand and foresee the intricacies of using
click chemistry as a means of synthesis, most notably the use of the DA reaction by the furan
maleimide coupling. The use of the furan-maleimide DA reaction for the synthesis vegetable oil-
based networks is in its infancy. As the furan-maleimide DA reaction is a thermally reversible click
chemistry reaction that instills itself well in the ideals of green chemistry, it is also an established
reaction for the synthesis of dissociative covalent adaptable networks (CANs). CANs have been
known to display advanced properties such as recyclability and controlled end-of-life of materials.
They contain dynamic cross-links which allows them to be reprocessed like thermoplastics, as well
as maintain the benefits of thermosets. In dissociative CANs, cross-links are cleaved back into

their individual reactive moieties before reforming again by exposure to a stimuli.

The thorough examination of the furan-maleimide DA reaction of this review was instrumental

for the development of the following experimental chapters.
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Introduction of Chapter 2

The literature review showed (i) the richness of click chemistry on vegetable oils, thus making it
possible to obtain materials with varied and original properties and (ii) the latest progress made

(academic and industrial) for the sustainable production of these architectures.

The objective of the work described in this chapter is to synthesize biosourced polyurethane
architectures with crosslinking points. These cross-linking points consist of a reversible click
covalent bonds, formed by the Diels-Alder reaction between a furan and maleimide functions that
can undergo a reversion reaction by the retro-Diels-Alder reaction. To achieve this, a diol
structure containing pedant furan rings is synthesized from oleic acid derived from sunflower oil
denoted the Furan Oligomer (FO). The purpose of synthesizing a molecule with such an
architecture is to utilize the hydroxyl groups to incorporate the molecule into the polyurethane
chain and use the pendant furan groups for cross-linking site with the use of widely available
bismaleimide molecules. The FO was synthesized in three reactional steps and fully characterized.
The furan group was first functionalized on the fatty acid via an esterification reaction with
furfuryl alcohol at the end of the carboxylic acid chain. The double bond located between the
ninth and tenth carbon of the fatty chain was then epoxidized. The FO was obtained by the ring
opening polymerization (ROP) by acid catalysis. Different polyurethane materials were
synthesized with varied crosslinking densities. They were prepared by varying the ratio between
the polyester polyol derived from fatty acids of rapeseed oil and FO reacted with hexamethylene
diisocyanate. These materials were crosslinked with a short bismaleimide based on polypropylene
oxide. The physical, mechanical and self-repair properties of these different materials were

studied.
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1. Abstract

A new chemical architecture from oleic acid, consisting of a diol structure containing pendant
furan rings denoted the Furan Oligomer (FO) was synthesized and fully characterized. The FO was
integrated into a linear rapeseed-based polyurethane (PU) backbone and cross-linked via Diels-
Alder (DA) reaction by using the pendant furan rings and a short polypropylene oxide based
bismaleimide. This is the first time a thermo-reversible PU network based on vegetable oil is
reported. The effects of varying proportions of FO in linear and cross-linked systems, by DA, were
studied. These materials were analyzed by classic characterization techniques. The stability and
recyclability of the cross-linked materials were shown by successive reprocessing cycles and
reanalyzing the mechanical properties. Self-healing properties were macroscopically exhibited
and investigated by tensile tests of healed materials. The resulting cross-linked materials present
a large range of properties such as tunable mechanical and thermoresponsive behavior, good

thermal recyclability and self-healing abilities.

Keywords: Renewable Resources, Oleic acid, Biobased polymers, Polyurethane, Diels-Alder Cycloaddition
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Chapter 2

2. Introduction

Nowadays, developing biobased and environmentally friendly materials is not enough. Science
has to face developing advanced materials with extended lifetimes and with a controlled end-of
-life. Polymer materials with innovative architectures allowing for cutting-edge properties such as
self-healing and reprocessability, do not only extend the life of end-user materials, but also allow
for the reduction of energy use, resources and waste. Polyurethanes (PUs) are of particular
interest to integrate these novel properties due to their global versatility. PUs are used for a wide
range of applications such as adhesives, coatings, and in the automotive and construction industry
(Haponiuk and Formela 2017). Their production is ranked 6™ among all polymers (Carré et al.
2019), with a planned production of approximately 23 million tons in 2019 (Akindoyo et al. 2016).
Although the biobased PU market is expanding, limited work has been conducted to explore the
development biobased PUs with particular architectures to allow for dynamic and adaptable
materials. Developing biobased materials and PUs is a starting point to a circular economy, but,
by designing biobased PUs with dynamic architectures, this truly takes in to account the cradle-

to-grave reasoning of materials to facilitate recyclability and the extension of material lifetimes.

To develop renewable materials, vegetable oils have a particular importance because they are
abundantly available at rather low costs, with attractive chemical structures for rich chemistry
(Lligadas et al. 2013). Soybean oil is the most abundantly produced vegetable oil and has been
particularly explored by academics and industrials for PU thermoset applications (Meier, Metzger,
and Schubert 2007; Desroches, Escouvois, et al. 2012; Lligadas et al. 2013). Studies reporting the
use of vegetable oils to synthesize diols for linear thermoplastic PUs (TPUs) include (i) the use of
methyl oleate and ricinoleic acid through transesterification, epoxidation, ring-opening of
epoxides and thiol-ene addition (Palaskar et al. 2012), (ii) methyl ester of rapeseed oil through
transesterification and thiol-ene coupling (Desroches, Caillol, et al. 2012), (iii) polyricinoleate diol
by polycondensation (Petrovic et al. 2008; Xu et al. 2008) and (iv) the dimerization of rapeseed oil
fatty acids at high temperature by a Diels-Alder (DA) mechanism (lonescu 2005). Consequently,
the use of vegetable oils for the development of biobased PUs is a favorable starting point.

Nevertheless, there is an apparent lack, particularly at the industrial level, in the development of
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advanced biobased PUs materials with dynamic architectures for a well-thought-out reflection of

the extension of polymer material lifetimes.

To extend the lifetime of polymers, many efforts have been made to develop dynamic and
reversible polymers. Such a behavior is based on the development of dynamic covalent bonds
that can be formed and cleaved by exposure to an external stimulus or autonomously. Cross-
linked polymers containing reversible covalent bonds are defined as Covalent Adaptive Networks
(CANs) (Kloxin et al. 2010) and can be further subdivide in two categories, dissociative and
associative systems (Denissen, Winne, and Du Prez 2016). Associative CANs consists of bond
exchange between polymer chains, where the overall cross-linking density is preserved because
a new covalent bond can only be formed if another has been broken, such as vitrimers (Montarnal
et al. 2011), which can also be biobased (Dhers, Vantomme, and Avérous 2019). Dissociative CANs
consist of chemical bond exchanges in which bonds are first broken and then formed again in
another place. Reversible covalent bonds such as the DA (Sanyal 2010) reaction or alkoxyamine
(Otsuka et al. 2007) chemistry can be used. As highlighted by the work of Gandini and co-workers,
the thermoreversible furan-maleimide [4+2] cycloaddition DA reaction is the most extensively
studied reversible covalent bond of dissociative CANs used in the synthesis of macromolecular
architectures (Gandini et al. 2018; Gandini et al. 2016; Lacerda and Gandini 2014; Gandini 2013).
The DA reaction between a furan and maleimide moiety is considered to be a click cycloaddition
reaction, which generally occurs at moderate temperature (below 90 °C) and the reverse reaction,
which is denoted as the retro-DA (r-DA) reaction, occurs between 110 and 130 °C (Chen et al.
2002). The reactivity and reversibility of the DA and r-DA reactions can be tuned significantly
depending on the substituents located on a furan and maleimide moiety (Boutelle and Northrop
2011). Several biobased CANs have been synthesized using the thermoreversible DA reaction
derived from lignins (Duval et al. 2015; Buono et al. 2017), tannins (Duval et al. 2017), alginate
(Garcia-Astrain and Avérous 2018), chitosan (Garcia Astrain et al. 2016; Guaresti, Garcia—Astrain,
et al. 2018; Guaresti, Garcia Astrain, et al. 2018), starch (Gonzalez et al. 2018) or vegetable oils
(Gandini et al. 2018).

Use of the DA reaction in PUs is of particular interest because it is believed that the shape memory

behavior of PUs facilitates the self-healing by DA reaction (Heo and Sodano 2014). Consequently,
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reversibly cross-linked PUs have been studied through a multitude of different strategies (Truong
et al. 2018; Truong et al. 2019; Willocq et al. 2017; Irusta, Fernandez-Berridi, and Aizpurua 2017
Dolci et al. 2015; Dolci et al. 2017; Lakatos et al. 2016; Du et al. 2016; Rivero et al. 2014).
Nevertheless, very few studies have explored the use of biobased PUs as a canvas to investigate
reversibly cross-linked polymers. Gu et al. synthesized a biobased TPU backbone using a
renewable polylactide copolymer diol and 2,5-furandimethanol as a soft segment and chain
extender respectively. The reversible covalent bonds were located in the hard segments where,
at which the DA reaction took place between the furan ring of the chain extender and
bismaleimide (BMI) (Gu and Wu 2018). Wilson et al. synthesized an original C11 difuranic diol from
furfural and 5-hydroxymethylfurufral, which they used to synthesize polyesters and reversibly

cross-linked polyurethanes networks with a BMI (Wilson and Chen 2019).

Herein, we produced reversibly cross-linked PUs based on vegetable oils using thermally
reversible furan-maleimide DA reaction. We synthesized a new chemical architecture from oleic
acid, consisting of a diol structure, containing pendant furan rings, which was thoroughly
characterized and denoted as the Furan Oligomer (FO). As depicted in Scheme 2.1, FO was
incorporated into the linear polymer backbone and further cross-linked with the use of a BMI
based on polypropylene oxide (PPO BMI). The corresponding materials with varying cross-linker

contents were tested as remendable and self-healing PUs.

Rapeseed-based Furan Hexamethylene

Polyol Oligomer diisocyanate
U rethane Bond

R Al —-//0_0{\/}0_0//0_0{\/}

faran— &' T 70°C, 4h

N
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HMO_O/ S/ H{\/} o
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Y @ /o
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PU Network

Scheme 2.1 — lllustration of the general synthesis of biobased thermoreversible PU-based systems from FO.
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3. Experimental Section

3.1. Reagents and materials

Octadec-9-enoic acid (OA) from sunflower oil was kindly supplied by ITERG. It is a technical grade
fatty acid with an acid value of 185 mg KOH per g. Furfuryl alcohol (FA, 98%), 4-
dimethylaminopyridine (DMAP, 99%), hydrogen peroxide (H.0,, 30% w/v aqueous solution), 2-
chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (CL-TDP, 95%), chromium(lll)
acetylacetonate (99.99%), cholesterol (>99%), [Ds]dimethyl sulfoxide (DMSO, 100%, 99.96% atom
D) were purchased from Sigma Aldrich; N,N’-dicyclohexylcarboiimide (DCC, 99%), HSbFs (65%
w/w aqueous solution) were purchased from Alfa Aesar; hexamethylene diisocyanate (HDI, 99%),
chloroform-d (CDCls, 100%, 99.96% atom D) were purchased from Acros Organics;
dichloromethane (dried over molecular sieve, DCM, >99%, stabilized with amylene), diethyl ether
(stabilized with BHT) were purchased from Carlo Erba; toluene (100%,) was purchased from VWR
Chemicals; glacial acetic acid (GAA, >99%), N,N-dimethylformamide (DMF, 99.8%) was purchased
from Fisher Scientific; and amberlite IR-120 H from Fluka Chemicals. Biobased polyester polyol
(purchased from Oleon) was derived from dimeric fatty acids from rapeseed oil with purity
greater than 98% and MW around 3 000 g mol™. Hydroxyl and acid values were 33 and 0.253 mg
per gram of KOH, respectively. The poly(propylene oxide) based bismaleimide (degree of
polymerization (DP) = 3) cross-linker was purchased from Specific Polymers (Castries, France).

2,3,4,5,6-pentafluorobenzaldehyde (PFB,98%) was purchased from fluorochem.

3.2. Syntheses and material processing

3.2.1. Esterification of Furan-2-ylmethanol and Octadec-9-enoic Acid from sunflower oil

The esterification of Octadec-9-enoic acid (OA) was adapted from Vilela et al. and Rauf et al.
(Vilela et al. 2011; Rauf and Parveen 2004), for an esterification conducted under mild conditions.
A solution included one molar equivalent of OA, N,N’-dicyclohexylcarboiimide (DCC, 1.1 mol
equiv.), 4-dimethylaminopyridine (DMAP, 0.1 mol equiv.) in 25% w/V of dried dichloromethane
(DCM) was stirred magnetically for 1 h in a two-necked round bottom flask at room temperature.

Furfuryl Alcohol (FA, 1.1 mol equiv.) was then added dropwise through a dropping funnel. The
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reaction mixture was left stirring overnight at room temperature and under nitrogen. N,N’ —
dicyclohexylurea (DCU) formed during the reaction, precipitated, and was filtered off. The filtrate
was washed twice with water, twice with 5% acetic acid solution, and finally again with water
until a neutral pH was attained. The organic phase was dried over anhydrous sodium sulphate.
The solvent was evaporated under reduced pressure. The ester formed, Furan-2-ylmethyl-
octadec-9-enoate (FMO) was then further purified over a silica gel plug using petroleum
ether/diethyl ether (95:5, v/v) as eluents to remove remnants of DCU. FMO was dried under

vacuum overnight vacuum, at 50 °C.

Furan-2-ylmethyl-octadec-9-enoate (FMO) - 'H NMR (400 MHz, CDCls): 6 = 7.41 (dd, 1H; 5-H of
2-furan)), 6.39 (d, 1H; 3-H of 2-furan), 6.36 (dd, 1H; 4-H of 2-furan), 5.34 ( m, 2H; CH=CH), 5.06 (s,
2H; OCH,) 2.32 (t, 2H; CH2C(=0)), 1.99 (m, 2H; CH=CHCH,) 1.62 (m, 2H; CH2CH,C(=0)), 1.37-1.18
(m, 20H; aliphatic CH;), 0.88 (t, 3H; CH3). 13C NMR (500 MHz, CDCls,): 6 = 173 (C=0), 150 (C-2 of
2-furan), 143 (C-5 of 2-furan), 130 (CH=CH), 130 (CH=CH), 111 (C-3 of 2-furan), 111 (C-4 of 2-
furan), 57.9 (OCH,—2-furan), 34.2 (CH,—C(=0)), 31.9-22.7 (aliphatic CH3), 14.1 (CH3)

3.2.2. Epoxidation of Furan-2-lymethyl-octadec-9-enoate (FMO)

The epoxidation of FMO was conducted by the in situ formation of peracetic acid from glacial
acetic acid (GAA) and H;0;, and was adapted from Arbenz et al (Arbenz, Perrin, and Avérous
2017). In a two-necked, round bottom flask, equipped with a magnetic stirrer and a dropping
funnel, FMO (1 mol equiv. of unsaturations), amberlite IR-120 H (25 wt% of FMO), GAA (0.2 mol
equiv.) was inserted into the flask and dissolved in toluene (12.5 wt% w/v). The solution was
stirred to 70 °C and then H,0 (1.2 mol equiv.) was added dropwise. The mixture was stirred at 70
°C for 7 h. In comparison to current literature (Petrovi¢ et al. 2002; Arbenz, Perrin, and Avérous
2017), a lower amounts acetic acid and H,0; but increased toluene content, are required to yield
a high conversion of the alkene bond into an epoxy moiety, while minimizing the hydrolysis of the
newly formed ester bond. Optimization trials of the stoichiometry of reactional components can
be found in Sl Table S2.5. Amberlite IR-120 H was filtered off and the solution was washed with
distilled water until a neutral pH was attained. The organic phase was dried with anhydrous

sodium sulphate and then filtered. The solvent was evaporated under reduced pressure.
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Epoxidized FMO (EFMO) was dried under vacuum overnight, at 50 °C. The reaction product,

Furan-2-ylmethlyl 8-(3-octyloxiran-2-yl)octonoate (FMOO), was clear yellow oil.

Furan-2-ylmethlyl 8-(3-octyloxiran-2-yl)octonoate (FMOO) - 'H NMR (400 MHz, CDCl3): 6=7.41
(dd, 1H; 5-H of 2-furan)), 6.39 (d, 1H; 3-H of 2-furan), 6.36 (dd, 1H; 4-H of 2-furan), 5.06 (s, 2H;
OCH.), 2.90 (m, 2H; CHOCH), 2.32 (t, 2H; CH2C(=0)), 1.62 (m, 2H; CH2CH,C(=0)), 1.37-1.18 (m,
24H; aliphatic CH>), 0.88 (t, 3H; CHs). 13C NMR (500 MHz, CDCls): § = 174 (C=0), 150 (C-2 of 2-
furan), 143 (C-5 of 2-furan), 111 (C-3 of 2-furan), 111 (C-4 of 2-furan), 57.9 (OCH,—2-furan), 57.2
(HC-0-CH), 34.2 (CH2—C(=0)), 31.9-22.7 (aliphatic CH2), 14.1 (CHs)

3.2.3. Oligomerization of epoxidized Furan-2-lymethyl-octadec-9enoate (FMOO)

H,0 (0.7 mol equiv.) was added to FMOO (1 mol equiv.) in a two-necked round bottom flask and
stirred mechanically. A cationic initiator, HSbFes (1.5 wt% of FMOO) was added dropwise. The
mixture was stirred at room temperature for 1 h. The reaction was quenched by the addition of
water and dissolved in diethyl ether. The organic solution was washed with a 5% sodium
bicarbonate solution and distilled water until a neutral pH was attained. The solution was dried
over anhydrous sodium sulfate and filtered. The solvent was evaporated under reduced pressure
and the oligomer was dried under vacuum overnight, at 50 °C. The oligomerization resulted in FO

as an orange, clear, viscous oil.

Furan Oligomer: *H NMR (400 MHz, CDCl3): 6 = 7.41 (dd, 1H; 5-H of 2-furan)), 6.39 (d, 1H; 3-H of
2-furan), 6.36 (dd, 1H; 4-H of 2-furan), 5.06 (s, 2H; OCHz), 3.80 - 2.82 ( m; polyether backbone),
2.32 (t, 2H; CH2C(=0)), 1.62 (m, 2H; CH2CH2C(=0)), 1.37-1.18 (m, 24H; aliphatic CH.), 0.88 (t, 3H;
CHs. 13C NMR (500 MHz, CDCl3): § = 174 (C=0), 150 (C-2 of 2-furan), 143 (C-5 of 2-furan), 111 (C-
3 of 2-furan), 111 (C-4 of 2-furan), 85.0-70.0 (polyether backbone C-O-C), 57.9 (OCH,—2-furan),
34.2 (CH,—C(=0)), 31.9-22.7 (aliphatic CH), 14.1 (CH3)

3.2.4. Model reaction between FO and N-methylmaleimide

FO (200 mg, 0.378 mmol of furan) was dissolved in [Dg]DMSO (2 mL)in a 10 mL round bottom
flask. N-methylmaleimide (0.378 mmol of maleimide) was added to obtain a furan/maleimide

ratio of 1:1 (mol/mol). The solution was placed in an oil bath regulated to 65 °C and samples (200
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uL) were taken at regular intervals over 5 days. The samples were further diluted to 650 uL and
analyzed by 'H NMR spectroscopy to determine the reaction conversion and endo/exo ratio of

the DA adducts.

3.2.5. Diels-Alder and retro-Diels-Alder Reaction between FO and a bismaleimide

FO and a PPO-based BMI were mixed together in a small flask at a 1:1 furan/maleimide ratio
(mol/mol) and dissolved in DMSO at 40 wt% concentration. The sample was heated in an oven at
60 °C without stirring. Once gelation occurred (typically after 24 h), sample were heated to 120
°Cfor 1 hin an oven to perform the r-DA reaction, and the mixture returned to a liquid state. The
sample underwent the same cycle one more time. After cross-linking in solution, the gel was
washed with water and dried in an oven at 40 °C under vacuum. The gel was analyzed by FTIR

spectroscopy comparison with the initial mixture of FO and BMI.

3.2.6. Synthesis of PUs containing FO

All glassware and reactants were previously dried. Four different kinds of polyurethanes films
were prepared with varying amounts of FO (0%, 10%, 20% and 30% of total the hydroxyl value
required was derived from the FO, for example, for FO-20%, 2.96 mmol OH from FO). Under
nitrogen, in a three-necked, round bottom flask, biobased rapeseed polyester polyol (11.8 mmol
OH) and FO (2.96 mmol OH) was added to hexamethylene di-isocyanate (HDI, 15.5 mmol NCO)
and the mixture was mechanically stirred at 70 °C for 3-4 h. The ratio -NCO/-OH functional groups

were fixed to 1.05 in all cases.

3.2.7. Cross-linking of PUs containing FO

The PU was dissolved in dry DMF. To this, BMI was added in a 1:1 furan/maleimide ratio
(mol/mol). The reaction mixture was stirred at 70 °C for 12 h to allow for the DA adducts to form.
The solution was poured into a polyetrafluoroethylene (PTFE) mold and put into the oven to
evaporate the solvent (70 °C, 48 h). Solvent traces were removed by placing material under

vacuum at 70 °C for 24h.
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3.2.8. Material reprocessing of cross-linked PUs

PU films are reprocessed by compression molding in a tile mold (10 cm x 10 cm x 1 mm) at 150 °C
in LabTech Scientific press hot press. First, the films were cut in several small pieces and placed
in the center of the tile and left to undergo a 10 min preheating cycle to soften the material. This
was followed by several venting steps and the material was pressed with a constant applied force
of 16 MPa between the two plates. The square materials were then cured at 60 °C in the oven for

48 h and post cured for 24 h at room temperature.

3.2.9. Study of the self-healing behavior

The macroscopic self-healing ability of material PU-FO-30XL was determined by observing how a
dumbbell-shaped sample cut in half healed. To accomplish this, a dumbbell-shaped sample was
cut in half in the middle and subsequently healed by placing the halves in contact for 1 h at 120

°C, followed by 60 °C overnight and 24 h at room temperature.

3.3. Methods

3.3.1. Acid value

Acid value (AV) was determined according to ISO 660. OA (=0.1 g) of was dissolved in a 50:50
solution (50 mL) of ethanol and diethyl ether. One drop of phenolphthalein solution, used an
indicator, was added to the solution. Then titration is performed with 0.1M potassium hydroxide
(KOH) aqueous solution. AV is express in mg of KOH per gram OA, according to Equation (1):

_ (Veq * C) * 56.1 a

AV
Ws

in which Veq (mL) is the titration equivalent volume, C (molL?) is the concentration of KOH solution

and W; (g) is the weight of OA.

3.3.2. lodine value

lodine value (1V), known as the measure of the double bond content, was determined using the
Wijs method. This result is expressed in grams |, per 100 g of sample. A sample (0.5 g) was

dissolved in a 50:50 mixture (20 mL) of cyclohexane and GAA. Then, the Wijs solution (25 mL,
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0.1M) composed of iodine chloride in GAA was added; the corresponding solution was stirred for
1 hin the dark. Then, a 10 wt% potassium iodide aqueous solution (20 mL) and water (150 mL)
was added to quench the reaction. The solution was then titrated with a 0.1 M solution of Na;S;03
with starch solution as indicator. IV (in |, g/100 g) was determined according to Equation (2):

_ (Vblank - Vs) *(C*126.9

v
Ws

«100 (2)

in which Vpiank (mL) and Vs (mL) are the volumes of solution of Na,S,03 required for blank and
sample titrations, respectively; C (molL™) is the concentration of Na2S5;03 solution; and Ws(g) is
the sample weight. It is important to note that Wijs method does not involve a reaction with the

conjugated double bonds of the furan ring.

3.3.3. NMR spectroscopy

All NMR spectra were recorded on a Bruker Ascend 400 or 500 MHz spectrometer. Sample were
dissolved in deuterated chloroform (CDCls) or deuterated dimethyl sulfoxide ([Ds]DMSO) with
concentrations varying between 8-10 and 20-30 mg mL* for *H-NMR and '3C-NMR spectroscopy,
respectively. The number of scans was set to 128 for 'H-NMR spectroscopy and 2048 for 13C-NMR
spectroscopy. The calibration of 'H-NMR and 3C-NMR spectra was performed using the

chloroform peak at & = 7.26 and 77.16 ppm, respectively and DMSO peak at 6=2.50 ppm.

31p NMR analysis was performed on FO and polyester polyol samples phosphytilated with 2-
chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane. Cholesterol was used as an internal
standard, as described in standard protocols (Spyros 2002). Scans (128) were recorded with a 15

s delay and a spectral width of 80 ppm (180-100 ppm).

For quantitative *H NMR spectroscopic analysis, FO (= 20 mg) was dissolved in [Dg]DMSO (0.5 mL)
before the addition standard solution (100 uL) of pentafluorobenzaldehyde in [Dg]DMSO; 32

scans were collected 10 s delay.
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3.3.4. Fourier transform infrared (FTIR) spectroscopy

FTIR spectroscopy was performed using a Nicolet 380 FTIR spectrometer in reflection mode
equipped with an ATR diamond module (FTIR-ATR). A background spectrum was collected before

each sample was analyzed (32 scans, resolution 4 cm™).

3.3.5. Mass spectroscopy — MALDI-TOF

Mass spectra were acquired on a time-of-flight mass spectrometer (MALDI-TOF-TOF Autoflex
Speed LRF, Bruker Daltonics, Bremen, Germany) equipped with a nitrogen laser (A =337 nm). An
external multi-point calibration was carried out before each measurement. Scan accumulation
and data processing were performed with FlexAnalysis 3.0 software. 2,5-dihydroxybenzoic acid
(DHB) was obtained from Sigma-Aldrich. Matrix solutions was freshly prepared: DHB was
dissolved to saturation in a H,O/CH3sCN/HCOOH (50:50, 1%) solution. Typically, a mixture (0.5 pL)

containing the sample solution and the matrix (1:1) was deposited on the stainless-steel plate.

3.3.6. Rheological measurements

Time required to form a gel between FO and BMI at 60 °C (gelation time, tgel) was determined by
dynamic oscillatory rheology measurements performed on a TA Instruments Discovery HR-3 using
ETC parallel geometry; 25 mm upper plate and 60 mm lower plate. The viscometer was equipped
with a Peltier system for temperature control. The evolution of storage (G") and loss (G”*) modulus
was measured at 60 °C at a constant shear strain (1%) and at 1 Hz. The gel point was considered
as the time where the curves of storage and loss moduli crossover at a fixed temperature and

frequency.

3.3.7. Thermal gravimetric analysis (TGA)

TGA was performed using a TA Instrument Hi-Res TGA Q5000 at a heating rate of 10 °Cmin from
room temperature to 700 °C under nitrogen atmosphere (flow rate 25 mL mint). Sample weighed

between 1-3 mg.

3.3.8. Differential scanning calorimetry (DSC)

DSC was performed using a TA Instrument Q200 under nitrogen flow (50 mL mint). Samples of 1-
3 mg were sealed in standard aluminum pans. Depending on the information to be acquired,

97



Chapter 2

different heating runs were performed. For the qualitative studies on the DA adduct and r-DA,
the FO and PPO-based BMI mixtures were heated up from -30 °C to 175 °C with a heating ramp
of 2.5 °C min‘. The glass transition temperature (Tg) of cross-linked materials were recorded using
a single heating ramp, from -80 °Cto 175 °Cat 10 °C min™'. The T, of the non-cross-linked materials
were recorded using cyclic procedure involving a heating ramp from -80 °Cto 175 °C at 10 °C min’
!, followed by a cooling ramp down to -80 °C at 5 °C min! and finally a second heating to 175 °C

at 10 °C min'l. The temperature was kept constant for 2 min at the end of each temperature ramp.

3.3.9. Uniaxial tensile tests

Tensile properties of materials were determined with an Instron tensile testing machine (model
5567 H, USA), at a rate of 20 mm min, using dumbbell specimens (dimensions: 30 X 5 X 1 mm?3).

For each formulation at least five dumbbell samples were tested.

3.3.10. Swelling Index and gel content determination

Swelling measurements of the polymer networks were carried out in DMF. The swelling
percentage was determined using the weight difference between dried and swollen samples. The
sample (written m; and ranging from 10 to 20 mg) was immersed in solvent (15 mL). After 24h,
the sample was removed from the solution, the surfaces were dried superficially with filter paper,
and the weight was recorded (ms). Three repetitions were conducted for each material. For each

sample, a swelling ratio (SR) was calculated according to the Equation (3):

ms —m;
SR =——"2%100 (3)

i
The sample was then dried in a vacuum oven at 40 °C for 24 h. The resulting weight was recorded

(m¢) and the insoluble fraction (IF) was calculated according to the Equation (4):

IF ! 100 (4
= — %k
, 0

L
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4. Results and Discussion

4.1. Analysis of the synthesis of FO

The acid moiety and alkene site of octadec-9-enoic acid (OA) were used as reaction sites to yield
an oligomer with a diol structure containing pendant furan rings (Scheme 3.1). OA was esterified
using furan-2-ylmethanol (FM) at ambient temperature to yield furan-2-ylmethyl-oleate (FMO).
The advantage of this type of esterification reaction (Steglich esterification) is that no energy
source is required; thus minimizing the global energy requirement, in agreement with one of the
main principles for a green chemistry (Vilela et al. 2012). Nevertheless, this esterification reaction
can also be accomplished using Candida Antarctic lipase B, an enzymatic catalyst, with greener
conditions as explored by Sengupta et al (Sengupta et al. 2012). More recently, Muthusamy et al.
used the same enzymatic catalyst to obtain furan based oligoesters (Muthusamy et al. 2018). The
use of enzymes as green catalysts for macromolecular synthesis has become prevalent in the
recent years, as highlighted by Kobayashi and co-workers (Shoda et al. 2016). The FTIR spectrum
of FMO exhibits a predominant band at ¥ = 1738 cm™, which confirms the presence of an ester
carbonyl group, and the furan heterocycle bands at V = 1503, 1375, 1347, 1228, 1080, 920, 885,
739 and 599 cm™ (Figure 2.1-b). The appearance of the resonances of the methylene protons of
the ester moiety at & = 5.1 ppm and the furan ring protons at & = 6.36, 6.39, and 7.41 ppm in the
'H NMR spectrum of FMO confirms the expected structure (Figure 2.2-b). The technical grade
oleic acid received contained small amounts of ethyl ester impurities because the saponification
of the triglycerides took place in ethanol. This is evidenced by the quartet signal associated with
the CH; of the ethyl ester at & = 4.21 ppm. The results of 3C NMR spectroscopic analysis of FMO
agreed with the assigned structure (Figure S2.11) in the supplementary information (Sl) in section

7.

99



Chapter 2

)

=t on

OA

0]

DMAP, DCC
CH,Cl,, 25°C HO/\@
O
M/:(\/))J\ O
Y
FMO

Amberlite IR-120H, CH3COCH, H;0,
Toluene,
70 °C

o o0
0
WO/\@

FMOO

HSbFg H,0
25°C

W@
W@

Scheme 2.2 — Global reaction pathway of FO. DMAP=4-dimethylaminopyridine, DCC=N,N’-dicyclohexylcarboiimide,
FMO=furan-2-ylmethyl oleate, FMOO=furan-2-ylmethlyl 8-(3-octyloxiran-2-yl)octonoate.

100



Chapter 2

a)
O-H stretch acid . trecti;%cm/'
C-H stretch / | c=0 _— L . .. | °
alkene ! ester stretch ' .
c) e !

O-H stretch
alcohol

"\ C-0

stretch ether

» = furan heterocycle bands

3775 3525 3275 3025 2775 2525 2275 2025 1775 1525 1275 1025 775 525

Wavenumber (cm')

Figure 2.1 — FTIR spectra of (a) OA, (b) FMO, (c) FMOO, and (d) FO.
Thereafter, FMO underwent an in situ epoxidation with the use of GAA, H,0,, and acid catalyst in
toluene to yield furan-2-ylmethlyl 8-(3-octyloxiran-2-yl)octonoate (FMOQ). GAA is converted to
the oxidizing agent peroxyacetic acid and is regenerated. This type of epoxidation is nowadays
routinely used on vegetable oils (Petrovi¢ et al. 2002). Compared to conventional academic
epoxidation based on meta-chloroperoxybenzoic acid (mCPBA) as an oxidizing agent in solvent
(Kim, Traylor, and Perrin 1998), in situ epoxidation uses milder oxidizing agents and globally
adheres better to green chemistry principles. The FTIR spectrum of FMOO (Figure 2.1-c) shows
the disappearance of the double bonds at ¥ = 3009 cm. By *H NMR spectroscopic analysis (Figure
2.2-c), the structure is confirmed by the disappearance of the vinyl and allyl protons at & = 5.35
and 1.99 ppm respectively, and by the appearance of the epoxide and protons alpha to the
epoxides at & = 2.90 and 1.45 ppm respectively. The results of 3C NMR spectroscopic analysis of

FMOO agreed with the assigned structure (Figure $2.12 in Sl).
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Figure 2.2 —*H NMR spectra of (a) OA, (b) FMO, (c) FMOO, and (d) FO.
An oligomer polyether diol was finally obtained by the acid-catalyzed ring-opening polymerization
(ROP) of FMOO and denoted as Furan Oligomer (FO). This cationic polymerization was
accomplished using fluoroantimonic acid, HSbFs, because it predominantly achieved oligoether
species (Lligadas et al. 2006). It was observed that 1.5 wt % of initiator was required to achieve
complete oligomerization. The reaction was performed in bulk and followed by H NMR
spectroscopic analysis. The FTIR spectrum (Figure 2.1-d) exhibits the broad stretch of the hydroxyl
groups at ¥ =3440 cm™. The FO structure was further confirmed by *H NMR spectroscopic analysis
(Figure 2.2-d) by the disappearance of the epoxide protons and protons in alpha to the epoxides
at & = 2.90 and 1.45 ppm, respectively, and the appearance of the formed polyether backbone
between & = 3.00-3.60 ppm (for detailed integration see Figure 5S2.13). By 1*C NMR and 3C NMR

DEPT 135 spectroscopy (Figure S2.14 and Figure S2.15 in the Sl respectively), carbons associated
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to the polyether backbone corresponding to ether and carbon containing secondary hydroxyl
groups clearly appear. Concurring with Lligadas et al. (Lligadas et al. 2006), water was introduced
in the oligomerization synthesis to suppress the occurrence of macrocyclization. This allowed for
the nucleophilic attack of water to compete with intramolecular attacks, consequently favoring
the proportion of linear species. Three different oligomers architectures were synthesized. As
highlighted in Table 2.1, introducing higher water equivalents limits the oligomerization and yields
overall higher hydroxyl values (HVs) of the synthesized oligomers. The oligomer hydroxyl
functionality was determined by using the Mn and HV and remains very close to two for all
oligomers synthesized. This was further confirmed by the MALDI-TOF MS analysis of Oligomer
Sample B (Figure S2.16 and Figure S2.17 in Sl), in which the repeating units, n, varied from two to
nine. The most intense signals belonged to the series of oligomers with n values of three to five.
The HV was determined using 3!P-NMR spectroscopic analysis and quantification results can be
found in Figure S2.18 and Table S2.6 in SI (Spyros 2002; Korntner et al. 2015). Quantitative 'H
NMR spectroscopy was used to determine the furan content (mmolfrang™) of FO and
guantification results are available in Figure S2.19 and Table S2.7 in SI. Oligomer B was then used

for the PU synthesis.

Table 2.1 — Synthesis and properties of different FO obtained by cationic ROP of FMO.

Hyel Furan
Oligomer HSbFs  H,O (m 1) AR Ml Bl Functionality® content!”
sample [wt%] [mol %] SKoHE [gequivl] [gmol?] y [mmol g
A 1.5 80 60 935 1179 1.75 1.90 1.89
B 15 70 55 1020 1983 1.69 1.94 1.89
C 1.5 60 49 1145 2222 1.94 1.94 1.74

[a] Determined from 3!P NMR spectroscopic analysis. [b] EW = equivalent weight, which was calculated
from HV. [c] Determined from size-exclusion chromatography analysis. [d] Dispersity = Mw/Mn. [e]
Obtained from Mn/EW. [f] Determined from 1H NMR spectroscopic analysis

4.2. Analysis of DA cycloaddition of FO and N-Methylmaleimide

FO was reacted with monofunctional N-methylmaleimide in DMSO at 65 °C to study the DA

adduct formation by 'H NMR spectroscopy in absence of gelation. 'H NMR spectroscopy results

103



Chapter 2

attest to the formation of the DA adduct (Figure 2.3 — (a) *H NMR spectra of mixture of FO and N-
methylmaleimide after 0 and 24 h. (b) Conversion and percentage of endo structure with respect
to time at 65 °C.Figure 2.3-a). Proton assignment was achieved using the 'H NMR spectra of initial
compounds and comparison to the literature (Froidevaux et al. 2015; Buono et al. 2017). To
quantify the conversion, proton signals, f1 and fs (in the furan) and m; (in the maleimide) and f1,
fsand my (in the adduct) were used because they are free from overlap with other signals (Figure
2.3-a). The conversion (X) was calculated in accordance with Equation (5) for proton set f;and f1

as follows; where Ints; and Ints represent the integral values of their respective protons:

Int

_ f1'
X O0= g Tt 100 Q)

Similar results could be obtained with proton sets fs, f4 and m2, m2. The evolution of the
conversion with respect to time at 65 °C is depicted on Figure 3b. An equilibrium conversion of
65% was attained after 121 h of reaction, as similarly reported in literature (Adzima et al. 2008;
Scheltjens et al. 2013). Furthermore, proton signals, fi and m, were used to quantify the
evolution of two diastereomers of the DA adduct (endo and exo) with respect to time (Figure 2.3-
b), because the chemical shift differed slightly for each diastereomer. The endo adduct, which is
kinetically favored (Froidevaux et al. 2015), is first formed at 62%. As the reaction progresses, the
thermodynamically stable exo diastereomer becomes the predominant entity (91 wt %) after 121

h.
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Figure 2.3 — (a) 1H NMR spectra of mixture of FO and N-methylmaleimide after 0 and 24 h. (b) Conversion and
percentage of endo structure with respect to time at 65 °C.
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4.3. Analysis of DA and r-DA reactions between FO and a BMI

To test and simulate the formation of DA adducts between PU chains, the FO was reacted with
PPOBMI. DSC was used to monitor the formation of the DA adducts and the r-DA reaction. A
stoichiometric mixture of FO and PPOBMI was heated from -30 to 175 °C. As controls, FO and
PPOBMI were separately investigated under the same conditions. As observed in the
thermograms reported in Figure 2.4-a, no thermodynamic phenomena take place for each
separate entity. However, in the thermogram of the mixture (orange), an exothermic peak begins
to appear between 50 and 60 °C, which indicates the DA reaction. Two endothermic peaks,
corresponding to the r-DA, follow the exothermic peak. The first one, between 90 and 120 °C,
corresponds to the r-DA of the endo diastereomer, whereas the second one refers to the r-DA of

the exo diastereomer, between 120 and 150 °C (Froidevaux et al. 2015).

The thermoreversibility of the network formed between the FO and the PPOBMI was further
qualitatively studied by dissolving the mixture in DMSO and exposing it to different heating cycles.
As depicted in Figure 2.4-b-i, the mixture is first completely soluble in DMSO. Once exposed to 60
°C for 24 h, a gel is formed by cross-linking (Figure 2.4-b-ii). The mixture was then exposed to 120
°Cfor 1 h, causing the disassembly of the network due to the r-DA reaction (Figure 2.4-b-iii). When
repeating the heating cycle, the same phenomenon took place (Figure 2.4-b-iv). To further
evidence the DA reaction, the mixture was studied prior and after gel formation by FTIR
spectroscopy. Before cross-linking, the FTIR spectrum of the mixture contains signals of free furan
(V = 739 and 1503 cm™) and maleimide rings (V = 695 and 826 cm™) (Figure 2.4-c). After gel
formation, the FTIR spectrum revealed a complete disappearance of the respective free furan and
maleimide ring signals. To quantitatively study the DA reaction and r-DA between FO and
PPOBMI, the rheological behavior of gel formation between the two entities was evaluated by a
dynamic experiment. As observed in Figure S2.20 the gelation reaction was analyzed by a time
sweep test at 60 °C at 1% strain and 1 Hz, while recording the variation of the two dynamic moduli.
Gelation occurs when the moduli cross over at 1740 s (29 min, G’ = G” = 650 Pa). Thereafter,
heating steps were imposed to evaluate the thermoreversibility of the gel; 60 °C for the DA
reaction and 120 °C for the r-DA. During the r-DA heating steps, the gel would disassemble and
the two moduli shoot back to zero. The gel was reassembled two more times; each time leading
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to quicker gelation times. This proves the thermoreversibility of the cross-linking points of the PU

materials made using these two building blocks.
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Figure 2.4 — (a) DSC thermograms of PPOBMI, FO, and a mixture of both, from 0 to 170 °C. (b) Photographs of i) the
initial mixture of FO and PPOBMI; ii) the mixture after 24 h at 60 °C; iii) the mixture after additional 1 h at 120 °C;
and iv) the mixture after additional 24 h at 60 °C. (c) FTIR spectra of the initial mixture (green) and final dried cross-

linked gel (orange).

4.4, Analysis of the synthesis of biobased cross-linked PU containing FO and

BMI

The synthesis of cross-linked biobased PUs containing thermoreversible DA adducts was achieved

by using FO and PPO BMI. Scheme 2.1 illustrates the route for the preparation of the control

(linear PUs, reaction 1) systems and cross-linked PUs (reactions 1 and 2). Different types of PUs

were prepared by varying the proportion of FO in a PU system by the polyaddition between the

biobased polyester polyol (structure given in Figure 2.5) and HDI. The FO content in the PU
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systems was varied from 0 to 30% of the total number of moles of hydroxyl required to synthesize
PUs with a final NCO/OH ratio of 1.05. PUs were obtained without hard segments (segments
synthesized with short diols and diisocyanates) to study the effect of the FO on a model of a
simple system. The nomenclature of all PU systems synthesized is summarized in Table 2.2.
Different control PU systems, with varying amounts of FO content were denoted as PU-FO-0, PU-
FO-10, PU-FO-20, and PU-FO-30. Thermoreversible cross-linked PU systems were obtained by
dissolving the corresponding linear PU in dry DMF, adding the required amount of PPOBMI and
letting the solution stir overnight at 70 °C, to allow the DA reaction to take place. These solutions
then underwent solvent casting in a PTFE square mold for 48 h at 70 °C followed by 24 h under
vacuum at 70 °Cto yield a cross-linked PU. Cross-linked PUs containing the required PPOBMI mass
toyield a 1:1 furan to maleimide ratio were denoted as PU-FO-10XL, PU-FO-20XL and PU-FO-30XL.
Two additional cross-linked PUs were synthesized using the linear PU-FO-20 but with
furan/maleimide ratios of 1: 0.7 and 1: 0.5, and denoted as PU-FO-20XL-0.7BMI and PU-FO-20XL-

0.5BM, respectively.

Table 2.2 — Linear PU (control) and cross-linked systems: nomenclature and corresponding formulations.

Rapeseed polyol

FO content @ PPO BMI

PU system Type of system (%] content [l [equiv.] ©
[%]
PU-FO-0 linear 0 100 0
PU-FO-10 linear 10 90 0
PU-FO-10XL cross-link 10 90 1
PU-FO-20 linear 20 80 0
PU-FO-20XL cross-link 20 80 1
PU-FO-20-0.7BMI cross-link 20 80 0.7
PU-FO-20-0.5BMI cross-link 20 80 0.5
PU-FO-30 linear 30 70 0
PU-FO-30XL cross-link 30 70 1

[a] The FO content in the PU systems was varied from 0 to 30% of the total hydroxyl moles required to synthesize
PUs with a final NCO/OH equivalent of 1.05. [b] Equivalents of maleimide moiety from PPOBMI with respect to
furan moiety of FO.
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OH
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Figure 2.5 — Structure of the biobased polyester polyol supplied by the provider. This polyol is based on dimeric fatty
acids found in rapeseed oil.

a)
/ C=0
O-H stretch alcohol ester stretch
b) « = furan heterocycle
) O-H stretch alcohol ester stretch/

/'

N-H stretch urethane ester stretch\. \N-H bend urethane

d) ‘\f\/\r—f C=0 ester urethane stretch
N-H stretch urethane W

) "=~ C=0 stretch maleimide

C=0
stretch

maleimide o= C H bend malelmlde ring

3775 3525 3275 3025 2775 2525 2275 2025 1775 1525 1275 1025 775 525
Wavenumber (cm)

Figure 2.6 — FTIR spectra of (a) FO, (b) rapeseed polyol, (c) PU-FO-30, (d) PU-FO-30XL, and (e) PPO BMI.
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All PU systems post curing (linear and cross-linked) were insoluble in conventional solvents (CHCls,
DMSO, THF, DMF) and thus, were examined by FTIR. Symmetrical diisocyanates, such as HDI,
increase the crystallinity and hard segment packing of PUs which may account for the lack of
solubility that occurs in the presented networks (Das et al. 2007). A comparison of the FTIR
spectra of FO, biobased polyester rapeseed polyol, PU-FO-30, PU-FO-30-XL and PPOBMI is
displayed in Figure 2.6. In FTIR spectrum PU-FO-30 (Figure 2.6-c), the disappearance the hydroxyl
stretches (at V = 3440 cm™) associated with the hydroxyls of FO and rapeseed polyol is observed.
Consequently, the appearance of vibrations at ¥ = 3380 and 1550 cm™ corresponding to -N-H
stretching and bending, respectively, of urethane group, whereas the ester urethane stretch is
presented as a shoulder at ¥ = 1700 cm™. The FTIR spectrum of PU-FO-30XL (Figure 2.6-d) displays
a similar spectrum than that of PU-FO-30. However, the addition of PPOBMI to yield a cross-linked
system results in the appearance of the carbonyl groups of the maleimides at ¥ = 1705 cm-1.
Moreover, as the PU-FO-30XL is cross-linked via DA reaction, the disappearance of furan

heterocycle and C-H bending of maleimide ring (V = 826 and 692 cm?) is observed.

4.5. Characterization of biobased cross-linked PUs

The thermal stability of all PU materials was evaluated by means of TGA. Detailed TGA results are
found in Figure S2.21 in SI. As exhibited in Table 2.3, the initial thermal degradation (Tsy) for all
materials begins at temperatures above that of the r-DA reaction. This is indicative that
reprocessing and disassembly of cross-linked points is thus possible without thermal degradation,
although the introduction of the FO seems to decrease the Tsy (from 337 to 250 °C for PU-FO-0
to PU-FO-30, respectively). Furthermore, the respective cross-linked materials have lower Tsy,
with except of PU-FO-10XL. The glass transition temperatures (Tg) were measured by DSC (Table
2.3). The T; of cross-linked materials were recorded using a single heating ramp, from -80 °C to
175 °Cin order to avoid any significant degradation, as indicated by TGA results. Upon comparing
control PU-FO-30 with its respective cross-linked PU counterpart (PU-FO-30XL), Tg increases due
to a high level of cross-linking. Furthermore, as observed in Figure 2.7, the thermograms of cross-
linked PUs exhibit the presence of an endothermic peak between 90 and 150 °C corresponding to
the r-DA reaction, whereas, their control PU counterparts are flat-lined as no BMI is present.
Materials containing increased amounts of FO, (and consequently increased cross-linking density)
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logically exhibit a more prominent endothermic r-DA peak between 90 and 150 °C. A slight

endothermic peak seems to appear in all cross-linked materials of Figure 6 between 30 to 60 °C.

As previously mentioned, cross-linked materials are evaluated by a single heating ramp from -80

to 175 °C. These endothermic peaks were present in linear material upon first heating, but

disappeared upon second heating as the thermal history of the material was erased. Thus, these

slight endothermic peaks appear to be associated the thermal history of the material. Detailed

DSC results are found in Figure S2.22.

Table 2.3 — Characterizations of synthesized biobased polyurethanes.

PU system TG,:A Tso DSOC T.  Young’s modulus ot el SR in DMF [Fld!

[°C] [°C] [MPa] [MPa] [%] [%] [%]
PU-FO-0 337 -50 0.39 +0.03 0.58+0.02  563+36 369+1.8 96.4+0.3
PU-FO-10 327 -51 0.14 +0.01 0.36+0.02  368+27 51.6+2.3 94.4+06
PU-FO-10XL 333 -51 0.32+0.01 0.51+0.03 409+54  443%0.6 95.0%0.9
PU-FO-20 298 -51 0.11+0.01 0.38+0.03 288 +4 585+3.4 92.9+06
PU-FO-20XL 267 -50 0.32+0.01 0.50+0.01 232+2 46.9+0.1 95.2%29
PU-FO-20-0.7BMI 287 -51 0.30+0.01 0.40 +0.02 208 %2 482+63 92.0%29
PU-FO-20-0.5BMI 293 -50 0.26 +0.01 0.32+£0.01 23211 55.7+3.0 90.6+1.2
PU-FO-30 250 -55 NAe] NAL] NAe] 146.1+7.4 77.5+0.8
PU-FO-30XL 234 -51 0.57 £0.09 0.49 £ 0.04 107 £9 704+27 92506

[a] Tensile strength. [b] Elongation. [c] SR=swelling ratio. [d] IF=insoluble fraction. [e] NA=not available
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Figure 2.7 — Thermograms of PUs: PU-FO-10, PU-FO-10XL, PU-FO-20XL, and PU-FO-30XL from 0 to 175 °C.

The mechanical properties of the PUs were evaluated by uniaxial tensile tests at room
temperature. The “sticky” and weak behavior of control PU, PU-FO-30, rendered the material
untestable because it was nonprocessable for dumbbell shaping because molding these samples
was impossible. Upon examining the results in Table 2.3 and more specifically control PUs results,
the incorporation of FO into the PU structure weakens the material as there is an apparent
decrease in tensile strength and Young’s modulus of PU-FO10, PU-FO-20 in comparison to PU-FO-
0. Furthermore, the addition of FO also reduces the elasticity of the material because the
elongation of PU-FO-10, PU-FO-20 is decreased with respect to PU-FO-0. Nevertheless, upon
examining the mechanical properties of cross-linked PU-FO-10XL, PU-FO-20XL and PU-FO-30XL,
cross-linking as a result of the DA reaction improves the tensile strength of the materials, but

most notably the Young’s modulus.

From the stress-strain curves of PU-FO-0, PU-FO-10XL, PU-FO-20XL and PU-FO-30XL, in Figure 2.8,
it can be deduced that, by increasing the portion of FO in the PU structure and cross-linking by

PPOBMI, the material properties vary from a thermoplastic elastomer (PU-FO-0) to a thermoset
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material (PU-FO-30XL). Furthermore, the mechanical properties can be further tuned by varying
the number of equivalents of PPOBMI introduced into the material. This is evidenced by the
mechanical properties of PU-FO-20XL-0.7BMI and PU-FO-20XL-0.5BMI, whereby varying the
number of equivalents of PPOBMI between 0.7 and 0.5, relative to the number of furan, resulted

in tensile strengths and Young’s moduli in an intermediate range between those of PU-FO-20 and
PU-FO-20XL (Table 2.3).
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Figure 2.8 — Stress-strain curves of PU-FO-0, PU-FO-10XL, PU-FO-20XL, and PU-FO-30XL.

All PU materials were finally characterized by swelling test in DMF. As observed from the results
in Table 2.3, upon first examining linear materials PU-FO-0, PU-FO10, PU-FO-20, and PU-FO-30, it
can be observed that the polymer networks experience higher swelling with an increasing amount
of FO in the polymer architecture. In contrast, due the cross-linking by the DA reaction, the results
of cross-linked PUs vyield considerably lower swelling ratios in comparison with that of their
respective control PUs. The most considerable effect of DA cross-linking is observed for the
highest cross-linked content, between PU-FO-30 to PU-FO-30XL, for which the swelling ratio
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decreased from 146 to 70%, respectively, and the insoluble fraction increased from 78 to 93%,
respectively. Except PU-FO-30, all PU material were relatively insoluble. Furthermore, the
swelling ratio of PU material PU-FO-20XL-0.7BMI and PU-FO-20XL-0.5BMI vyields intermediate
results between that of the cross-linked material, PU-FO-20XL and the linear control PU, PU-FO-
20. This is a testament to the tunablity of properties upon varying not only the FO content, but

also PPOBMI concentration.

4.6. Thermoreversibility of biobased cross-linked PU leading to remendable

and self-healing behaviors

Initial studies conducted to prove the thermoreversible between FO and the monofunctional N-
methylmaleimide or PPOBMI permitted to testing and simulating of the thermoreversibility of
cross-linked PU by the DA and r-DA reactions. To first evaluate the thermoreversibility of cross-
linked materials, PU-FO-20XL was examined by FTIR spectroscopy after exposing the material to
different heating cycles. As depicted in Figure 2.9, upon heating the material for 2 h at 120 °C,
free maleimide ring bands appear to be prevalent at ¥ = 692 and 825 cmdue the occurrence the
r-DA reaction. These free maleimide ring bands disappear once the DA reaction takes place, if the
material is reexposed to 70 °C for 20 h. This heating cycle was repeated and yielded the same
results (Figure 2.9), which indicates that the materials cross-linked by DA had the potential to be

reprocessable and could be self-healing.
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Figure 2.9 — FTIR spectra of PU-FO-20XL, PU-FO-20XL heated for 2 h at 120 °C, PU-FO-20XL heated for 20 h at 60 °C,
and PU-FO-20XL heated for 2 h at 120 °C.

Reprocessability was also studied on PU-FO-30XL, which was first processed by solvent casting
and then characterized (Table 2.4). This material was then reprocessed by compression molding
at 150 °C for 25 min. The material was cured at 60 °C in the oven for 48 h and post cured for 24 h
at room temperature. The uniaxial tensile test and Ty were studied for this material labeled PU-
FO-30XL-RP1. The material was then reprocessed, reevaluated, and labeled PU-FO-30XL-RP2. The
results are summarized in Table 4 and are conclusive that the material can indeed be reprocessed
without significant material degradation. The Tg of the reprocessed material is stable, as is the
Young’s modulus. Nevertheless, reprocessing does induce only some light decrease in the

material performances because the tensile strength and elongation at break slightly decrease.
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Table 2.4 — Characterization of biobased PU-FO-30XL reprocessed several times.

PU System D;i]Tg Youngi'l\sﬂl;/;c])dulus [Mc;a] [tyso]

PU-FO-30XL -51 0.57£0.09 0.49+0.04 107 +9
PU-FO-30XL-RP1 -50 0.62+0.03 0.47 £ 0.04 8315
PU-FO-30XL-RP2 -50 0.58 £ 0.02 0.40+0.03 74+6

As depicted in Figure 2.10-a, self-healing was studied by cutting a dumbbell sample of PU-FO-
30XL in half and exposing it to 1 h at 120 °C and 2 days at 60 °C; this is denoted PU-FO-30XL-HL1.
By utilizing the thermo-reversibility of the DA bonds, the breaking and reforming of the cross-links
allows a severed dumbbell sample to be healed upon exposed to such heating cycles. The initial
heating at 120 °C for 1 h allows to break the cross-links, thus enhancing network mobility.
Consequently, the polymer chains can locally flow, giving rise to adhesion to the two severed
pieces. The final heating step at 60 °C for 2 days allows the network to be reformed by the DA
reaction. As observed Figure 2.10-b, the healed materials show a novel integrity and recovery in
terms of Young’s modulus with around 0.5 MP; a value equivalent to the initial material. Only at
high elongation, a decrease of the performances is visible. This behavior is largely indicative that

the thermoreversible DA cross-linking of PUs allows the material to have self-healing properties.
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Figure 2.10 — Self-healing evaluation. (a) Photographs of (i) PU-FO-30XL dumbbell sample cut in half; (ii) healed
dumbbell sample of PU-FO-30XL after heating 1 h at 120 °C and 2 days at 60 °C; (iii) lifted healed dumbbell with
close-up on healed section, and (b) stress-strain curves of PU-FO-30XL and PU-FO-30XL-HL1.
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5. Conclusion

Thermoreversible and self-healing cross-linked biobased systems based on urethane groups and
clickable functions were successfully synthesized using vegetable oil derivatives and utilizing
Diels-Alder reaction to control the design of their macromolecular architectures. A new biobased
building block has been designed. The furan oligomer (FO) was developed from oleic acid in a
sustainable way, largely in agreement with different green chemistry principles. As a general
trend, cross-linked systems had characteristically higher Tg, and insoluble ratio and enhanced
stiffness and strength, and lower swelling ratio when compared with those of their control
polyurethane (PU) counterparts. The cross-linked materials exhibit modular mechanical
properties with respect to FO content. These biobased materials present a wide range of
behavior, from a typical thermoplastic elastomer-like material (least cross-linked material) to a
thermoset (most cross-linked material). Reprocessing cycles were successfully performed and
exhibited stable material properties. The systems also present self-healing properties. Dumbbell
samples were cut in half, healed by joining the pieces together and exposing them to 120 °C, and
cured at 60 °C. Both parts were able to recombine and considerably mend the material. To this
end, this work is a stepping-stone in developing vegetable oil-based architectures with integrated

dynamicity for evolution of high-performance and advanced biobased materials.

Future efforts will be dedicated to develop a greener chemistry with e.g. the reduction of the
solvent consumption and the use of more sustainable solvents. In the near future, similar cross-
linked vegetable oil based polyurethane formulation varying hard segment content can be studied
for material application such as adhesives and coatings; thus providing exciting perspectives for
a greener future with advanced behavior to decrease the global impact of these materials, with a

controlled end-of-life.
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7. Supporting Information

7.1. Synthesis of FO
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Table S2.5 — Epoxidation reaction conditions. Optimization of FMO content for the synthesis of FMOO.

Eqg. Glacial Toluene Double Bond EpOXY
. . ) Formation (%) Intact
Trial Eq. H,0, Acetic Amount Relative . Gl
. ) Relative Ester
Acid Conversion Cal
Conversion

1 1.5 0.5 0.5 ml /g oil 100 0 25

2 1.2 0.5 0.5 ml /g oil 100 63 63
0,

3 1.2 0.5 12.5 w.t. % 100 95 80
reactants
o)

4 1.2 0.5 8.0w.t. % 100 82 66
reactants
0,

5 1.2 0.2 12.5w.t. % 97 92 92
reactants

1
[a] Determined by H NMR relative conversion
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Figure S2.16 shows the MALDI-TOF MS spectrum of oligomer B, which is dominated by a series of
peaks ranging from 750 to 3400 Da, corresponding to linear hydroxyl-terminated oligomers
doped with Na* ions of type H-[0-C23H3304],-OH-Na* (mass = 379n + 18 + Na*); n values from 2-9.
The three most intense peaks belonging to series of oligomers with n values of 3-5. The oleic acid
received is isolated through the saponification of the triglyceride using ethanol as solvent and
thus traces of ethyl ester impurities can be observed. As traces of ethyl ester are observed in H
NMR and 3C NMR spectra and so can some peaks of these ethyl ester be detected by MALDI-TOF

MS. This is further addressed in the analysis of zoom on series n = 4 peaks in Figure S2.17.
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Figure $2.17 — MALDI-TOF MS spectrum of oligomer B zoom on series n = 4 on the ion. Matrix solutions was freshly
prepared: DHB was dissolved to saturation in a H20/CH3CN/HCOOH (50/50,1%) solution.

Figure S2.17 shows the MALDI-TOF MS spectrum oligomer B zoomed in series n = 4. The most
intense peak at 1555 DA corresponds to the linear hydroxyl-terminated oligomer doped with Na*
ions of type H-[0-C23H3304]2-OH-Na* (mass = 379(4) + 18 + Na*). The two following most intense
peaks corresponding to 1502 Da and 1450 Da correspond to linear hydroxyl-terminated oligomer
doped with Na*ions of type H-([0-Ca3H3804]3 + [0-C20H3803]1) -OH-Na* and H-([O-C23H3504]2 + [O-
C20H3803]2) -OH-Na*, respectively. As previously mentioned, the presence of ethyl ester impurities
is detected by MALDI-TOF MS and accounts for these lower intensity peaks with such masses.
When further analyzing series n = 4 of MALDI-TOF MS of oligomer B, it can be concluded that
mainly diol structures are achieved with very little occurrence of monohydroxyl or cyclic

architectures.
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Table S2.6 — HV of Oligomer B determined by 3P NMR (mg KOH/g) from Figure S2.18.
Secondary
Sample IE/In?gs]s Hydgoxyl Area mmol/g (mg E(\)/H/g]
[ppm]
146.5-147.8 2.28 0.91 55

Oligomer B 233
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Figure S2.19 — Quantitative H NMR of FO with integrations, internal standard PFB in DMSO.

Table S2.7 — Furan content in mmol/g of Oligomer B determined by Quantitative *H NMR from Figure 2.19.

Mass A
Sample Signal Area mmol/
P [mg] & (ppm) &
5-H of 2-furan  7.3-7.8 1.02 2.06
Oligomer B 24.8 3JH&AHof 0 ¢ 1.78 1.79
2-furan
2-Hof OCH,  4.7-53 1.80 1.81
Average -- -- -- -- 1.89
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7.2. Characterization of biobased PUs
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sold), PU-FO-20XL-0.7BMI (blue, dashed), PU-FO-20XL-0.5BMI (blue, dash-dot), PU-FO-20XL (blue, line-double dash),
c) PU-FO-30 (green, sold) and PU-FO-30XL (blue, dashed).

a) PU-FO-0
————  PUFO-10
— - PUFO-10XL
| 48.76°C
Q \_-53.30°C
TN50.70°C(1
5 ! . _cf)_ _________ 108.12°C
l 4876°C  TTTTo- + } 1 —t——
88.49°C
\ 0.8759J/g
.-52.40°C
\, .
-50.64°C(1) l
- i |
e 616J1 .
A7.62°C The— ! _J
N tt—
121.48°C |
T T T T T
-100 -50 0 50 100 150 200
Exo Up Temperature (°C)

133



Chapter 2

b)
PU-FO-20
53.56°C ——==  PU.FO-20XL-0.7BMI
———+ PU-FO-20XL-0.58MI
— -~ PU-FO-20XL
80.67°C
0.8727Jig
[53.89°C 11161°C
| 14 :51.07°C1) .
Higarc ==~ :
T
1 SN 83.25°C |
~~~~~~~ 13.37/g H
9 e
T |-s201C 138.33°C
< -50.35°C(1) i
-46.25°C™—- !
— —— 92.20°C
[ 12.29/g l
-51.91°C 131.43°C
'—}q.'i?f;il"ctn |
-4 ‘16*-’(:_‘“'—---—-.________‘ 88.79°C '
e—ee— 14.06/g '
-__+_ — !
141.93°C
T T T T T
-60 10 40 90 140 190
Exo Up Temperature (°C)
c)

PU-FO-30
| —_——— PU-FO-30XL
156.86°C
|\ -54.80°C()

51.69°C
7291°C
0.8819J7g
112.57°C
) 53.71°C
9
X M sosscn
< -
| "-\\
-A7.27°C™
S _ 104.04°C
- 19.44J/g
g
143.78°C
1] T T L T T
-60 10 40 90 140 190
ExoUp Temperature (°C)
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Conclusion of Chapter 2

The aim of this chapter was to synthesize cross-linked and reversible biosourced polyurethane
architectures as a proof of concept. To achieve this, a fatty acid-based diol derived from oleic acid
of sunflower oil, functionalized with pendant furan groups (called "Furan Oligomer" or FO) was
synthesized. The FO was incorporated into backbone of polyurethane chains and the pendant
furan groups were used as cross-linking sites with a short polypropylene oxide-based
bismaleimide. FO and synthesis intermediates were fully characterized. In order to model the
reversible linking of cross-linking sites and the thermo-reversibility of the polyurethane networks,
the Diels-Alder and retro-Diels-Alder reaction between the FO and the commercial bismaleimide

was studied by differential scanning calorimetry, gel formation and FTIR.

The cross-linked systems developed within the framework of this chapter have an increased glass
transition temperature, an insolubility ratio, improved rigidity and mechanical resistance as well
as a lower swelling ratios when compared to reference PUs. Cross-linked materials have modular
mechanical properties depending on the amount of FO added. These bio-based materials exhibit
a wide range of behaviors; from that of thermoplastics (low crosslinking) to that of the behavior
of thermosets (most crosslinked). Material recycling cycles have been successfully carried out and
has shown stable properties after the different cycles. The materials have self-healing properties.
For this, tensile test dumbbells were cut in half, repaired by joining the pieces together, treating
them at 120 ° C, followed by a heat treatment at 60 ° C. The two parts recombined by the means

of heat induced self-repair.

Consequently, cross-linked thermoreversible and self-repairing biosourced systems based on
urethane groups and clickable functions have been successfully synthesized starting from
vegetable oil derivatives by the Diels-Alder reaction by controlling the syntheses and

macromolecular architectures.
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Introduction of Chapter 3

The preceding chapter established the proof of concept of designing biobased polyurethane (PU)
responsive systems with dynamic cross-linking points to yield advance polymer properties.
Developing such systems was deemed possible by the synthesis of new biobased synthon
denoted as the Furan Oligomer (FO) and its interaction with a bismaleimide (BMI) in PU networks.
As previously explored in the preceding chapter, the FO consists of diol structure containing
pendant furan rings derived from oleic acid. Its diol structure allows for FO to react with
diisocyanates and be incorporated into PU backbone, whereas the pendant furan moiety end can
then react with a BMI to form dynamic cross-linking points via the Diels-Alder and retro-Diels-

Alder reaction.

This chapter aims to further examine biobased PU responsive cross-linked systems using the FO
while studying, (i) the effect of varying the BMI length and structure and (ii) the incorporation of
phase segregation by the of addition of 1,4 — butanediol (BDO) to produce hard segments (HS) in
the PU network. Four different types of bismaleimides were used: 1'-(Methylenedi-4,1-
phenylene) bismaleimide (MPBMI), poly(propylene oxide) (PPO) based BMI with a degree of
polymerization (DP) =6 (PPOBMI-DP6), PPO-poly(ethylene-oxide)(PEO)-based BMI with an overall
DP = 13 (PPOPEOBMI-DP13) and PPO-based BMI with a DP = 33 (PPOBMI-DP33). Two series of
materials were synthesized using simple PU structures (no HS). The first consisted of varying in
the amount of FO in PU structures and cross-linking by MPBMI. A second PU series involved
keeping the FO amount content constant and cross-linking the structures by the different
aforementioned BMIs. Lastly, a control and cross-linked system were synthesized using 20 % by
weight of HS by the incorporation of BDO. All PUs were characterized by different and
complementary techniques to better understand their structures and behaviors. For instance, the
effect of varying parameters on the thermal recyclability and heat induced healing of all cross-

linked architectures was also studied and shown.

139



Chapter 3

140



Chapter 3

Synthesis and behavior of responsive biobased polyurethane networks
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Chapter 3

1. Abstract

Distinct bismaleimides (BMIs) of differing molar masses and chemical architectures were studied
as cross-linkers of different polyurethane (PUs) backbones containing pendant furan rings via
Diels-Alder (DA) reaction to form responsive biobased networks. Pendant furan rings were
introduced during PU synthesis by addition of diol structures containing pendant furan rings
denoted as the Furan Oligomer (FO), which is derived from oleic acid. The effects of varying the
proportions of FO in cross-linked systems as well as the type of BMIs were particularly studied.
The corresponding materials were fully analyzed through several complementary approaches to
evaluate their performances. PUs cross-linked by an aromatic BMI yield superior mechanical
properties, whereas the chain length and structure clearly influenced the swelling,
reprocessability and heat induced healing of the networks. The introduction of hard segments
(HS) into the PU backbone was also examined in terms of micro-segregation. It was found that
the effect of hydrogen bonding of HS in combination with the cross-links by DA would vyield

superior mechanical properties with good thermal recyclability and self-healing behaviors.

Keywords: Renewable Resources, Oleic acid, Biobased polymers, Polyurethane, Diels-Alder-

Cycloaddition, Reversible network

142



Chapter 3

2. Introduction

The modern era was revolutionized by the invention of plastics and as such have gained
prevalence in most aspects of our daily lives, with its existence found amongst consumer and
industrial goods as well as medical devices. Consequently, its ubiquitous presence has hailed
emerging concerns for its increasing appearance in landfills and oceans (Thompson et al. 2009).
Furthermore, most plastics used are synthetic and originate from non-renewable petroleum
resources, and thus if their end-of-life is managed poorly, remain and effect natural environments
for decades. It is for this reason that polymer and material design should not only take in account
the origin of materials (by developing biobased and environmentally friendly materials) but as
well as factor in of advanced properties to manage the end-of-life as well as extending lifetimes
of materials. Cross-linked polymers (or thermosets) are the most present type of materials (up to
20% of the produced polymers (American Chemistry Council 2017)), mainly due to their high
strength and chemical stability, but, have been historically mismanaged in their end-of-life given
their inability to be recycled by traditional techniques. In contrast, the incorporation of dynamic
interactions in linear and polymer networks can give rise to advanced properties such as healing
and reprocessability which can extend the life of end user materials, but as well reduce the use

of energy, resources and creation of waste (Fortman et al. 2018).

Polymer networks with dynamic cross-links have recently skewed the frontier between the
conventional division of polymeric materials, thermoplastics and thermosets. The recent work of
Sumerlin et al. outlines the fundamental theory of these networks and provides a critical
assessment of their status (Scheutz et al. 2019). Generally, these networks are based on dynamic
covalent bonds which are assembled and disassembled by “associative” or “dissociative”
processes by the exposure to external stimuli (thermal) or autonomously (Denissen, Winne, and
Du Prez 2016). Cross-linked polymers containing dynamic covalent bonds were coined by Kloxin
et al. as Covalent Adaptive Networks (CANs) (Kloxin et al. 2010). Associative CANs consists of bond
exchange between polymer chains, with a preserved cross-linking density as a new covalent bond
can only be formed if another has been broken. As discovered by Liebler and co-workers, vitrimers

are an example of this (Montarnal et al. 2011) and can also be exclusively biobased (Dhers,
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Vantomme, and Avérous 2019). Alternatively, dissociative CANs exhibit chemical bond exchanges
where bonds are first broken and reformed again. Many networks containing thermoreversible
cross-linking covalent chemistries have been explored such as the Diels-Alder (DA) cycloaddition
(Chen et al. 2002), hindered urea exchange (Ying, Zhang, and Cheng 2014), and 1,2,3-trazolium
salts (Obadia et al. 2017). The thermoreversible furan-maleimide [4+2] cycloaddition DA reaction
is the most prominently studied reversible chemistry used to synthesize dissociative CANs (Canary
and Stevens 1992; Chujo, Sada, and Saegusa 1990; Gandini 2013). Regardless of the
corresponding chemistry, the association between the design of these thermosets and the notion
of recyclability at the end-of-life using dynamic cross-links allows to develop sustainable

materials.

Polyurethanes (PUs) are a versatile and major polymer family that can be tuned for a wide range
of applications e.g.; the construction, automotive and medical industry. Consequently, PUs are
ranked 6™ in term of worldwide production (Carré et al. 2016). In addition, their chemical
structures can be utilized for the incorporation of thermoreversible chemistry such as that of the
DA reaction to further enhance the sustainability of cross-linked PUs (Heo and Sodano 2014;
Rivero et al. 2014; Dolci et al. 2015; Lakatos et al. 2016; Du et al. 2016; Dolci et al. 2017; Willocq
et al. 2017; Irusta, Fernandez-Berridi, and Aizpurua 2017; Truong et al. 2018; Truong et al. 2019;
Oh et al. 2019) Nevertheless, to design truly sustainable materials, they must be derived from
renewable resources. Nowadays, the biobased PU market is expanding with a particular emphasis
on use of vegetable oils consisting of adequate architectures for the developments of polyols for
thermosets (Meier, Metzger, and Schubert 2007; Desroches, Escouvois, et al. 2012; Lligadas et al.
2013) or for thermoplastic PU applications (lonescu 2005; Palaskar et al. 2012; Desroches et al.

2012; Petrovic¢ et al. 2008; Xu et al. 2008), by controlling the corresponding functionality.

There seems to be an increasing research in developing biobased CANs from diverse biobased
resources such as lignins (Duval et al. 2015; Buono et al. 2017), tannins (Duval et al. 2017), alginate
(Garcia-Astrain and Avérous 2018; Garcia-Astrain and Avérous 2019), chitosan (Garcia Astrain et
al. 2016; Guaresti, Garcia—Astrain, et al. 2018; Guaresti, Garcia Astrain, et al. 2018), starch
(Gonzélez et al. 2018), 5-hydroxymethyfurfural (Yoshie, Yoshida, and Matsuoka 2019), natural
rubber (Feng et al. 2019) or vegetable oils (Lacerda and Gandini 2014; Lacerda, Carvalho, and
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Gandini 2014; Gandini, Lacerda, and Carvalho 2013; Vilela, Silvestre, and Gandini 2013; Vilela et
al. 2012; Vilela et al. 2011). Nevertheless, according to the literature, the development of dynamic
biobased PU architectures is until now largely limited (Gu and Wu 2018; Wilson and Chen 2019;
Zhang, Michel Jr, and Co 2019; Hu, Chen, and Torkelson 2019). Besides, in a recent work
(Tremblay-Parrado and Avérous 2019), we have addressed this challenge by synthesizing
reversibly cross-linked PUs based on vegetable oils using the thermally reversible furan-
maleimide DA reaction. The DA reaction between furan and maleimide functions is defined as a
click cycloaddition reaction and occurs at modest temperatures (below 90 °C), whereas the retro-
DA (r-DA) reaction, occurs between 110 and 130 °C (Chen et al. 2002). A PU cross-linked system
was proved to be thermally recyclable and self-healing by the incorporation of diol containing
pendant furan rings called the Furan Oligomer (FO), which was derived from oleic acid. The
pendant furan rings of the PU backbone were reacted with a short poly(propylene oxide) (PPO)

based bismaleimide (BMI) to form cross-linking points.

The aim of this study is to examine more particularly the effect the BMI structure and length
(Scheme 3.1 — Route 1) onto the polymer properties such as the thermal recyclability and heat
induce healing of the corresponding biobased PU networks. Besides, new macromolecular
architectures with increased hydrogen bonding concentration was developed (Scheme 3.1-
Route 2), by incorporation of hard segments into the PU backbone via the addition of 1,4 —

butanediol and studied.
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Scheme 3.1 — Illustration of the general synthesis of biobased thermoreversible PU-based systems using FO.

146



Chapter 3

3. Experimental Section

3.1. Reagents and materials

Octadec-9-enoic acid (OA) from sunflower oil was supplied by ITERG. Acid value is 185 mg KOH
per g. Biobased polyester polyol (purchased from Oleon) was derived from dimeric fatty acids
from rapeseed oil with purity greater than 98% and weight average molar mass (Mw) around 3
000 g/mol. Hydroxyl and acid values were 33.7 and 0.253 mg/g KOH, respectively.The different
cross-linkers such as poly(propylene oxide) bismaleimide (degree of polymerization or DP = 6 and
35) and poly(propylene oxide)-b-poly(ethylene oxide)-b-poly(propylene oxide) bismaleimide
were obtained from Specific Polymers (Castries, France). 4-dimethylaminopyridine (DMAP, 99%),
2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (CL-TDP, 95%), Furfuryl alcohol (FA, 98%),
hydrogen peroxide (H202, 30% w/v aqueous solution), chromium (Ill) acetylacetonate (99.99%),
[De]dimethyl sulfoxide (DMSO, 100%, 99.96% atom D) and cholesterol (>99%) were purchased
from Sigma Aldrich. N,N’-dicyclohexylcarboiimide (DCC, 99%), chloroform-d (CDCls, 100%, 99.96%
atom D), 1,1'-(Methylenedi-4,1-phenylene)bismaleimide (95%, MPBMI) and HSbFs (65% w/w
aqueous solution), were purchased from Alfa Aesar. Dichloromethane dried over molecular sieve
(DCM, >99%, stabilized with amylene) and diethyl ether (stabilized with BHT) were purchased
from Carlo Erba. N,N-dimethylformamide (DMF, 99.8%) Glacial acetic acid (GAA, >99%) and 1,4-
Butanediol (BDO, 98%) were purchased from Fisher Scientific.Amberlite IR-120 H, Toluene
(100%), 2,3,4,5,6-pentafluorobenzaldehyde (PFB,98%) and hexamethylene diisocyanate (HDI,
99%) was purchased from Fluka Chemicals, VWR Chemicals, Fluorochem, and Acros Organics,

respectively. Most of these reagents and solvents were used without additional purification.

3.2. Syntheses and material processing
3.2.1. Synthesis of Furan Oligomer from Oleic Acid

The Furan Oligomer was synthesized by a previously reported 3-step synthesis procedure
(Tremblay-Parrado and Avérous 2019). The detailed procedure can be found in the Supporting
Information (SI) section. First, the esterification of Octadec-9-enoic acid (OA) by furfuryl alcohol

in mild conditions by a Steglich Esterification was achieved. N,N’-dicyclohexylcarboiimide (DCC)
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was used as an activating agent, whereas 4-dimethylaminopyridine (DMAP) was used as a
catalyst. This was followed by the Prilezhaez reaction to accomplish the in-situ epoxidation of the
sole alkene bond on the fatty aliphatic chain by the use of H,0; and glacial acetic acid. Lastly, FO
diol structure was attained by the acid-catalyzed ring-opening polymerization (ROP) using

fluoroantimonic acid, HSbFs, and water to limit the polymerization.

3.2.2. Diels-Alder and retro-Diels-Alder reaction between FO and different BMls

To explore the dynamicity of the DA reaction between the furan moieties of the FO and maleimide
moieties of BMlIs, FO and each BMI were mixed together with a furan / maleimide molar ratio of
1, in a small flask and then dissolved in DMSO and exposed to different heating cycles. After 24 h
exposure to 60 °C without stirring gelation occurs due to the DA reaction. To prove the r-DA
reaction, the flask was exposed to 120 °C for 1 h. The mixture returns to a disassembled state.
Each heating step was repeated another time. Final gels were washed with water, dried and

examined by FTIR to compare with spectra of the initial system.

3.2.3. Synthesis of PUs containing FO

Rapeseed polyester polyol, FO as well as glassware were previously dried. PUs films were
synthesized using different amounts of FO under nitrogen flow. For the synthesis of PU containing
20% FO the formulation included 11.8 mmol of OH from rapeseed polyester polyol, 3.01 mmol
OH from FO and 15.5 mmol NCO from HDI, stirred mechanically for 3-4 h. The -NCO/-OH ratio

was established to 1.05 for all syntheses.

3.2.4. Synthesis of PUs containing FO and BDO

All glassware and reactants were previously dried. A single type of PU containing FO and BDO was
prepared with a -NCO/-OH ratio equal to 1.05: 1, with a hard segment (HS) content of 20 %. This
type of PU was synthesized by a two-step prepolymer process. In a first step, the polyol (15.8 g,
9.52 mmol OH,) FO (1.75 g, 2.38 mmol OH) and HDI (3.27 g, 38.9 mmol NCO) was reacted for 2 h
in a three-necked, round-bottom flask, under a nitrogen flow, mechanical stirring at 70 °C. During
the synthesis a sample was extracted to determine the NCO content to control the NCO

consumption during the reaction.
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A specific method has been performed to determine the amount of isocyanate that reacts
with on equivalent of N-dibutylamine, and gives NCO content by weight percent. A sample of the
prepolymer (= 1.2 g) of was diluted in a standard solution (20 mL) of dibutylamine 0.2M in THF
for a reaction between the residual diisocyanate. The excess amine was back-titrated with a 0.5

aqueous solution of HCI. NCO content by weight percent was determined using Equation (1):

(Vhiank—Vs)*42%0.1

mg

%NCO =

(1)

in which Vpjank (ML) is the HCI solution volume required for a blank titration of the dibutylamine
solution, while Vs is the volume required for the prepolymer titration and ms is the prepolymer
weight. It was calculated from this experiment that the NCO content for the prepolymer should
approximately 5.4%. This result was used for the addition for the precise amount of BDO (= 1.13

g of BDO). The BDO was added and left reacting for 3 h and followed by FTIR.

3.2.5. Cross-linking of PUs containing of FO and PUs containing FO and BDO

After the initial synthesis of linear PU, they were dissolved in dry DMF. The respective BMI was
added in the required amount (to yield an overall furan to maleimide moiety ratio 1:1 between
the FO and BMI). In order for the DA reaction and cross-linking to occur the contents were stirred
overnight at 70 °C. Then, the solution was transferred into a polytetrafluoroethylene mold for
solvent casting by slow evaporation of DMF for 48 h at 70 °C followed by 24 h at 70 °C under

vacuum to remove traces of solvent.

3.2.6. Material reprocessing of cross-linked PUs

Reprocessing of synthesized PUs was preformed using a LabTech Scientific hot press. PU we cut
into small pieces and placed in the middle of tile mold (10 cm x 10 cm x 1 mm) at 150 °C. The
material was softened by a 10 min preheating cycle, followed by venting cycles, a pressing cycle
of 15 min with applied force of 16 MPa. Prior to punching the film into dumbbell traction samples,

the film was cured at 60 °C for 48 h, followed by 24 h at room temperature.
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3.2.7. Study of the self-healing Behavior

Dumbbell-shaped samples where cut in two and put back in contact and exposed to 120 °C for 1
h, followed by a 24 h exposure to 60 °C. Prior to tensile test, the sample was left 24 h at ambient

temperature.

3.3. Methods and characterization techniques
3.3.1. lodine Value

lodine value (V) was determined using the Wijs method to quantify the double bond content

according to I1ISO 3961:2018(E)

3.3.2. NMR Spectroscopies

All NMR spectra were recorded on a Bruker Ascend 400 or 500 MHz spectrometer. Sample were
dissolved in deuterated chloroform (CDCls) or deuterated dimethyl sulfoxide ([Ds]DMSO) with
contents between 8-10 and 20-30 mg/mL for *H-NMR and 3C-NMR spectroscopy, respectively.
The calibration of 'H- and 3C-NMR spectra was performed using the chloroform peaks at 6 =7.26

and 77.16 ppm, respectively and DMSO peak at & = 2.50 ppm as references.

31p NMR analysis was performed by 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane as
phosphytilating agent. Scans (128) were recorded with a 15 s delay and a spectral width of 80
ppm (180-100 ppm). Cholesterol was used as an internal standard, as described in standard

protocols (Spyros 2002).

In the case of quantitative 'H NMR spectroscopic analysis, 20 mg was dissolved in [Dg]DMSO (0.5
mL) for each sample before the addition of a standard solution (100 puL) of

pentafluorobenzaldehyde in [Dg]DMSO. 32 scans were collected 10 s delay.

3.3.3. Fourier transform infrared (FTIR) spectroscopy

For FTIR spectroscopy of experimental samples, a blank background was performed prior to
examining samples (32 scans, resolution 4 cm™) on a Nicolet 380 spectrometer equipped with an

ATR diamond module (FTIR-ATR) in reflection mode.
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3.3.4. Rheological measurements

Dynamic rheological measurements were performed with a TA Instruments Discovery HR-3, using
plate-plate parallel geometry equipped with a Peltier temperature control system. The lower
plate had a 60 mm diameter whereas the upper plate had a 25 mm diameter. Gel formation
between FO and BMI studied by examining the progression of the (G") and loss (G"") modulus at
60 °C at a constant shear strain (1%), at 1 Hz. The gel point is defined at the gel time (tge)) when
the curves of G’ and G” crossover. The dynamicity of the gel formed on the viscometer was
evaluated by exposing it heating cycles of 120 °C to disassemble the gel (r-DA reaction) followed

by 60 °C to re-assemble it (DA reaction). This heating cycles were repeated.

3.3.5. Thermal Gravimetric Analysis (TGA)

Sample weighing between 1-3 mg were evaluated by TGA (TA Instrument Hi-Res TGA Q5000) at
a heating rate of 10 °C min'! from 25 to 700 °C, without oxidative atmosphere, under nitrogen

flow rate atmosphere at 25 mL min.

3.3.6. Differential Scanning Calorimetry (DSC)

In standard aluminum pans, samples between 1 to 3 mg by weight were examined by DSC (TA
Instrument Q200) under nitrogen flow at 50 mL min. To study the dynamicity between furan
and maleimide moieties by DSC, FO and PPOBMI-DP6 were mixed together in equimolar
equivalents of the moieties and placed in an aluminum pan and exposed to a heating ramp of 2.5
°C min from -80 to 165 °C. For cross-linked PUs, a single heating ramp of 10 °C min-! over the
same aforementioned temperature range. Non crosslinked materials were evaluated using a

cyclical heating ramp.

3.3.7. Uniaxial Tensile Test

Uniaxial tensile testing was performed on an Instron model 5567 H, USA at strain rate of 20 mm
min? on dumbbell specimens of approximately 30 X 5 X 1 mm3. For each synthesized or

reprocessed PU, five dumbbell samples were tested.
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3.3.8. Swelling Index and Gel Determination

The swelling ratio (SR) for each PU was determined between dried (m;) and swollen samples (ms)

in DMF according to Equation 2:

mg —m;
SR=——"24100 (2)
m.

l
PU samples of approximately 10-20 mg were swollen in 15 mL of solvent over an entire day. Three
repetitions were examined for each PU formulation. The insoluble fraction (IF) was determined
by drying the swollen sample (ms) according to Equation 3:

IF =—ZL4%100 (3
= — %
m; )

l

4. Results and Discussion

4.1. Analysis of synthesis of FO

The FO was synthesized from the acid moiety and alkene site of OA as per the previous procedure
(Tremblay-Parrado and Avérous 2019). OA underwent a Steglich esterification using DCC as an
activating agent, DMAP as the catalyst and FA as the reagent to yield FMO. FMO was subjected
to an in-situ epoxidation with the use of H,02, GAA and acid catalyst to yield the oxidizing agent,
peroxyacetic acid in toluene to yield FMOO. Finally, the oligomer diol, FO (Scheme 3.2), was
obtained by the acid-catalyzed ring-opening polymerization of FMOO using HSbFe (1.5 wt %) and
H20 (0.7 mol equiv.). FO was fully characterized by FTIR, 3P NMR and 'H NMR spectroscopy. The
corresponding data, which clearly confirms the successful synthesis is available in Supporting
Information (SI) (Figure S3.8). The furan content of the FO was calculated as 1.88 mmol furan/g
as an average of the quantitative *H NMR spectroscopic analysis of distinctive signals, whereas
the hydroxyl value was calculated to 54.1 mg KOH/g by quantitative 3P NMR spectroscopic
analysis, and was in accordance with our previous study (Tremblay-Parrado and Avérous 2019)

and the results are summarized in Sl Table S3.4
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@
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Scheme 3.2 — Chemical model structure of FO.

4.2. Analysis of DA and r-DA reactions between FO and different BMls

In order to verify the occurrence of the DA reaction between PU chains and consequently the r-
DA, the FO was reacted with each BMI according to a previously described procedure (Tremblay-
Parrado and Avérous 2019). Four different bismaleimides were used: 1,1'-(Methylenedi-4,1-
phenylene) bismaleimide (MPBMI), PPO-based BMI with a DP = 6 (PPOBMI-DP6), PPO-
poly(ethylene-oxide)-based BMI with a DP = 13 (PPOPEOBMI-DP13) and PPO-based BMI with a
DP =33 (PPOBMI-DP33). The dynamicity (DA and r-DA) of the corresponding structures (FO with
each BMI) was evaluated by dissolving FO and the respective BMI into DMSO under different
heating processes at controlled temperature and time. Figure 3.1-a shows the results of a system
between FO and PPOBMI-DP6 dissolved in DMSO and exposed to heating cycles. As observed in
Figure 3.1-a-i, the system is initially soluble is DMSO. Since the functionality in furan groups of FO
is greater than two, a gel is then formed by DA reaction after an exposure to 60 °C for 24 h (Figure
3.1-a-ii). This step was followed by exposing the gel to 120 °C for 1 h. The gel is disassembled by
r-DA reaction (Figure 3.1-a-iii). The heating cycle at 60 °C was repeated, and a gel network was
reformed by DA reaction (Figure 3.1-a-iv). All other systems and results between FO and other
BMlIs can be found in Sl Figure S3.9. Similar observations can be made. To confirm the DA reaction
took place, the system was evaluated before and after gel assembly by FTIR spectroscopy. The
initial mix contained signals of free furan (V = 739 and 1503 cm) and maleimide rings (V = 695
and 826 cm?) (Figure 3.1-b). Upon network assembly, the FTIR spectrum shows the loss of free

furan and maleimide ring signals.

In order to follow the occurrence of thermal reaction between FO and PPOBMI-DP6, DSC was
used. A stoichiometric system of FO and PPOBMI-DP6 was heated from -80 to 165 °C. Under the

same conditions, FO and PPOBMI-DP6 were separately investigated. No thermodynamic
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phenomena occurred in the case of separated reagents (Figure 3.1-c). In the thermogram of the
mixed system (Figure 3.1-c, orange), an exothermic peak spans between 40 to 90°C, marking the
DA reaction. This is followed by two endothermic peaks, corresponding to the r-DA. The peak of
r-DA of the endo diastereomer occurred between 90 and 120 °C, meanwhile the r-DA of the exo
diastereomer peak occurred by 120 and 145 °C (Froidevaux et al. 2015). This is highly indicative

of the thermo-dynamicity of the cross-linking linkages with in PUs from FO and each of the four

different BMls.
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Figure 3.1 — (a) Photographs of (i) initial mixture of FO and PPOBMI-DP6; (ii) mixture after 24 h at 60 °C, (iii) mixture
after additional 1 h at 120 °C; (iv) mixture after additional 24 h at 60 °C; (b) FTIR spectra of initial mixture (green)
and final dried cross-linked gel (orange), (c) DSC thermograms of PPOBMI-DP6, FO and the mixture of both, from 20
to 170 °C, and (d) rheological behavior of gel formation between FO and PPOBMI-DP6.
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To evaluate the rheological behavior of the gel formation between FO and liquid state BMls, and
to further study the DA reaction and r-DA between these reagents, dynamic experiments were
performed. Gelation between FO and PPOBMI-DP6 occurred as the moduli overlap at 3046 s (51
min, G’ = G” = 538 Pa) (Figure 3.1-d). To study the reversibility of the gel, heating steps were
induced; 60 °C for the DA and 120 °C for r-DA. Upon the 120 °C heating steps (r-DA), the gel
disassembled and the moduli descended back to zero. The network was assembled two additional
times with shorter gelation times. The same experiments were conducted between FO and
different viscous state BMIs and can be found in SI (Figure $3.10), with the exception of MPBMI
as it a powder that only melts at temperatures above 150 °C. Table 3.1 summarizes these
experiments. It was observed that as the length of the BMI increased, the longer the time interval
required to achieve initial gelation times (3046 and 7401 s for PPOBMI-DP6 and PPOBMI-DP35,
respectively) and the weaker these gels appeared (538 and 185 Pa for PPOBMI-DP6 and PPOBMI-

DP35, respectively).

Table 3.1 — Summary of rheological behavior of gel formation between FO and BMls.

Time to gel point  Moduli at gel point

Gel type
[s] [Pa]
FO-PPOBMI-DP6 3046 538
FO-PPOPEOBMI-DP13 3209 294
FO-PPOBMI-DP35 7401 185

4.3. Analysis of biobased cross-linked PUs from FO and different BMlIs

FO and different BMIs were used to obtain biobased PUs consisting of thermally dynamic DA
adducts as cross-linking points. Via route 1 (Scheme 3.1), the portion of FO in the PU network was
varied to prepare distinctive types of PUs. The FO content was varied from 10 to 30% of the total
number of moles of hydroxyl required to prepare PUs with a final NCO/OH ratio of 1.05. Cross-
linking took place by dissolving the PU backbone in dry DMF immediately after its synthesis, and
adding the appropriate amount of BMI and the solution stirred overnight at 70 °C. These solutions

then underwent solvent casting in a PTFE square mold for 48 h at 70 °C followed by 24 h under
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vacuum at 70 °C. Three different PUs cross-linked by MPBMI were synthesized and denoted PU-
FO10-MPBMI, PU-FO20-MPBMI or PU-FO30-MPBMI according to FO composition, 10, 20 or 30%
of the total hydroxyl moles required, respectively. To evaluate the influence of the BMI structure
and length on biobased PUs cross-linked mechanical, reprocessing and healing properties, PUs
with 20 % FO content were cross-linked via three different BMIs, PPOBMI-DP6, PPOPEOBMI-DP13
or PPOBMI-DP35 and denoted as PU-FO20-PPOBMI-DP6, PU-FO20-PPOPEOBMI-DP13 or PU-
FO20-PPOBMI-DP35, respectively. Two additional PUs were synthesized via route 2 (Scheme 3.1),
based on HS content. First a prepolymer was achieved using the rapeseed-based polyol, FO and
HDI. FO was substituted in order to represent 20% of the number of moles of hydroxyl required
for the synthesis of the prepolymer. Once the prepolymer synthesis was achieved (confirmed by
NCO content titration), BDO was added to yield a final PU with 20% of HS. The reference PU for
this route was denoted as PU-HS20-FO20. In order to cross-link this system via the pendant furan
rings of the FO in the soft segments of the PU, the reference PU was immediately dissolved in dry
DMF. Then PPOBMI-DP6 was added in stoichiometric equivalents and the solution was stirred
overnight at 70 °C, in order for the DA reaction to take place. This final PU system was denoted
PU-HS20-FO20-PPOBMI-DP6. Similarly, these solutions underwent solvent casting in PTFE square
molds. Table 3.2 summarizes the different nomenclatures and the detailed formulations of all PU

prepared systems.

157



Chapter 3

Table 3.2 — Linear PU (reference) and cross-linked systems: nomenclature and corresponding formulations.

FO Rapeseed Targeted HS [b]
Type of (a] polyol BMI
PU system content content )

system o content [%] [equiv.]

el %] °
PU-FO10-MPBMI cross-link 10 90 0 1
PU-FO20-MPBMI cross-link 20 80 0 1
PU-FO30-MPBMI cross-link 30 70 0 1
PU-FO20-PPOBMI-DP6 cross-link 20 80 0 1
PU-FO20-PPOPEOBMI-DP13 cross-link 20 80 0 1
PU-FO20-PPOBMI-DP33 cross-link 20 80 0 1
PU-HS20-F020 linear 20 80 20 1
(reference)

PU-HS20-FO20-PPOBMI-DP6 cross-link 20 80 20 1

[a] The FO content in the PU systems was varied from 0 to 30% of the total hydroxyl moles required
to synthesize PUs with a final NCO/OH equivalent of 1.05. For samples PU-HS20-FO20 and PU-HS20-
FO20-PPOBMI-DP6. [b] Equivalents of maleimide moiety from BMI with respect to furan moiety of
FO.

In order to characterize the successful synthesis of all PU systems, they were evaluated by FTIR
spectroscopy. Even, PU-HS20-FO20-DP6, a reference linear PU was found to be insoluble in
common solvents (CHCls, DMSO, THF, DMF). Figure 3.2 compares the FTIR spectra of FO, biobased
polyol, BDO, PU-HS20-FO20, PU-HS20-FO20-PPOBMI-DP6 and PPOBMI-DP6. In Figure 3.2-d of the
FTIR spectrum PU-HS20-FO20, the signals at ¥ = 3375 and 1555 cm™ correlating with the -N-H
stretching and bending appropriately of urethane group appear; the ester urethane stretch
presents itself at ¥ = 1690 cm™. The hydroxyl signals (at ¥ = 3440 cm™) corresponding to the FO,
rapeseed polyol and BDO disappeared due to the polyaddition reaction between —NCO/-OH.
Figure 3.2-e displays the FTIR spectrum of PU-HS20-FO20-PPOBMI-DP6 which is quite similar to
spectrum of PU-HS20-FO20. Nevertheless, the presence of the carbonyls of the maleimides at V =
1710 cm-! from the addition of PPOBMI-DP6 to achieve a cross-linked system becomes slightly
apparent. Furthermore, because the PU-HS20-FO20-PPOBMI-DP6 is cross-linked by the DA
reaction and a loss of free furan maleimide ring is observed. The FTIR spectrum of cross-linked
PUs without HS can be found in Sl (Figure $3.11, Figure S3.12, Figure S3.13 and Figure S3.14).
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Figure 3.2 — FTIR spectra of (a) FO, (b) rapeseed polyol, (c) BDO, (d) PU-HS20-FO20, (e) PU-HS20-FO20-PPOBMI-
DP6, and (f) PPOBMI-DP6.

4.4. Mechanical and thermal evaluations of the biobased cross-linked PUs

TGA was use to evaluate the thermal stability of the cross-linked PU materials. Table 3.3, displays
the material properties and it can be observed that the initial thermal degradations (Ts%) for the
prepared PUs commenced at temperatures greater than 120 °C. This suggests that a reprocessing
at temperature of 120 °C based on r-DA can occur without thermal degradation. Similarly to
previously reported results (Tremblay-Parrado and Avérous 2019), an increase in FO content,
decreases the Tsy in the PU networks. This is notable by the Tsy of PU-FO10-MPBMI compared to
PU-FO30-MPBMI. Furthermore, all PU materials synthesized with a consistent amount of FO (20
%) and cross-linked by the different maleimides, remained with a Tsy steadily around 330 °C. It is
known that degradation of PUs is a complex multistep process, nevertheless, it generally accepted
that an increase in HS also renders those materials more susceptible to degradation, suggesting
that initial degradation takes place predominantly in HS (Bueno-Ferrer et al. 2012). This is

consistent with the results of PU-HS20-FO20 and PU-HS20-FO20-PPOBMI-DP6 which observed
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decreased and similar Tsy in comparison to all other PU networks. The thorough TGA results are

found in SI (Figure S3.15).

Table 3.3 — Main results of the characterizations of cross-linked biobased PUs.

PU system TG[,S\C'{S% D[Sc’*\’é]'l'g You ng[;\s:qg;dulus [I\c,:l;;] F;f:i SR [i;{)]DMF I[I;;]
PU-FO10-MPBMI 344 -51 1.86+0.12 0.95£0.08 265127 36.8+1.0 97.5+0.2
PU-FO20-MPBMI 332 -51 2.40£0.22 1.10£0.04 1205 456+2.8 97.3+0.4
PU-FO30-MPBMI 314 -51 2.22+0.19 1.58+0.16 118+ 10 49.9+ 1.5 96.4£0.2

PU-FO20-PPOBMI-DP6 333 -50 1.65+£0.15 1.10+£0.03 129+ 8 49.5+£2.6 96.7+0.2
PU-FO20-PPOPEOBMI-DP13 324 -52 1.57+£0.21 0.86+0.01 1315 545+1.0 96.7+£0.3
PU-FO20-PPOBMI-DP33 326 -52 1.22+0.10 0.80£0.07 1207 71.5+1.6 96.0+ 0.2
PU-HS20-FO20 298 -50 11.84x1.16 1.15+0.11 309 50.1+1.7 95.6+0.3
PU-HS20-FO20-PPOBMI-DP6 299 -49 14.47+3.50 1.74+0.20 24 +10 52.1£2.5 96.1+£0.8

[a] Ultimate tensile strength. [b] Elongationat rupture. [c] SR=swellingratio. [d] IF=insoluble fraction.

TGA results show that no degradation occurs in the studied DSC temperature range. Main DSC
results are summarized in Table 3.3. Detailed DSC thermograms are found in Sl (Figure S3.16). The
Tg for all materials remains close to -51 °C. In a previous study (Tremblay-Parrado and Avérous
2019), it was observed that networks containing increasing amounts of FO, (and increased cross-
linking density) displayed more pronounced endothermic r-DA peak between 90 and 150 °C. This
was also observed in series of PUs cross-linked by MPBMI (PU-FO10-MPBBMI, PU-FO20-MPBMI
and PU-FO30-MPBMI) as shown in SI (Figure S3.16-a). Furthermore, for the series of PUs cross-
linked with varied BMIs and consistent amount of FO (20 %), as the length of the BMI increased,
a decrease is observed in the prominence of the endothermic related to the r-DA reaction (Figure
3.3-a). The increase in the length of the BMlIs decreased the cross-linking density by weight of the
materials. A slight decrease in the Tg of PU-HS20-FO20-PPOBMI-DP6 was observed, when
compared to its linear counterpart. Furthermore, as observed in Figure 3.3-b, the thermograms

of cross-linked PU-HS20-FO20-PPOBMI-DP6 displayed the appearance of an endothermic signal
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between 90 and 150 °C correlating to the r-DA reaction. Contrastingly, without BMI, the reference

PU counterpart remained unchanged.
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Figure 3.3 — Thermograms of (a) PU-FO20-MPBMI, PU-FO20-PPOBMI-DP6, PU-FO20-PPOPEOBMI-DP13, PU-FO20-
PPOBMI-DP33 and (b) PU-HS20-FO20, PU-HS20-FO20-PPOBMI-DP6 from 0 to 170 °C.

All PUs synthesized were evaluated for their mechanical properties by uniaxial tensile testing at

room temperature to analyze the influence of the structure and length of the BMIs. Main results
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were summarized in Table 3.3. The PUs series cross-linked by MPBMI with increasing amount of
FO displayed a similar trend as cross-linked PUs in a previous study (Tremblay-Parrado and
Avérous 2019) by a PPO-based BMI with a DP = 3. That is, with increasing amount of FO (and
consequently increasing cross-linking density), PUs materials displayed behaviors from
thermoplastic elastomer (PU-FO10-MPBMI) to thermoset (PU-FO30-MPBMI) with an increase of
tensile strength and a decrease of maximum elongation (Figure 3.4-a). Furthermore, in
comparison to previously published results (Tremblay-Parrado and Avérous 2019), the Young’s
modulus and tensile strength of this PU series considerably increased and this can be in part due

to the aromatic structure of MPBMI.

The material properties of PU series with FO (20 %) and then cross-linked by different BMIs (PU-
FO20-MPBMI, PU-FO20-PPOBMI-DP6, PU-FO20-PPOPEOBMI-DP13 and PU-FO20-PPOBMI-DP33)
yield interesting results. As seen in Figure 3.4-b, PU-FO20-MPBMI presents the highest Young’s
modulus and tensile strength, which can be due to the phenyl structure of the MPBMI. PUs
materials cross-linked with linear aliphatic BMIs yield very similar Young’s modulus, tensile
strength and elongation regardless of their varying lengths. Although PU-FO20-PPOBMI-DP6
claims the highest average Young’s modulus and tensile strength, and PU-FO20-PPOBMI-DP35
the lowest, the standard deviations of these results are overlapping and then can be considered
as similar. Although the cross-linking density by weight for this series of materials is varied, the
overall moles of cross-linking points remained the same. Furthermore, entanglements have a
higher prevalence of occurring for BMIs with the longest lengths and can be a contributing factor
to explain the similar results achieved between PU systems. Lastly, PUs containing HS, PU-HS20-
FO20 and its cross-linked counterparts PU-HS20-FO20-PPOBMI-DP6, exhibit superior mechanical
properties, as evidenced by the mechanical properties of the reference PU. As seen in Figure 3.4-
¢, the cross-linked counterpart, PU-HS20-FO20-PPOBMI-DP6, exhibited an increased Young's

modulus, tensile strength and decrease elongation due to the presence of cross-linking points.
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Figure 3.4 — Stress-strain curves of (a) PU-FO10-MPBMI, PU-FO20-MPBMI, PU-FO30-MPBMI (b) PU-FO20-PPOBMI-
DP6, PU-FO20-PPOPEOBMI-DP13, PU-FO20-PPOBMI-DP33 and (c) PU-HS20-FO20, PU-HS20-FO20-PPOBMI-DPé6.

The structures of the PU materials were evaluated by swelling tests in DMF and the results are
displayed in Table 3.3. As similarly observed in a previous study, although PU-FO10-MPBMI, PU-
FO20-MPBMI, and PU-FO30-MPBMI, consist of increasing cross-linking densities, it was observed
that the PU networks experienced higher swelling ratios (SRs), due to the affinity of the FO to
swell in the given solvent. Furthermore, PU networks cross-linked with the aromatic
bismaleimides reveal to have the lowest SRs for PUs with respect to FO content, in part because
MPBMI has the shortest length between maleimide functions. In the series of PUs prepared with
equivalent amounts of FO (20%), cross-linked with increasing lengths of the aliphatic
bismaleimides; it was observed that SRs increased with the BMI length. Nevertheless, this did not
affect the initial mechanical properties of these PU systems. Finally, PUs containing HS, reference
or cross-linked samples seemed to display statistically indifferentiable SRs despite the differences
they yield in mechanical properties. All prepared materials were relatively insoluble with lowest

insoluble fraction (IF) reported at 95.6 % for e.g., the linear reference PU-HS20-FO20.
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4.5. Evaluation of the remendable and self-healing behaviors

Previously published results (Tremblay-Parrado and Avérous 2019) suggest PU materials could
exhibit reprocessable and heat-induced self-healing behavior. Characterizing the reprocessability
of all PUs synthesized was evaluated by comparing the initial Tg and mechanical properties of
materials first processed by solvent casting, to that of PUs reprocessed by compression molding
over two compression molding reprocessing cycles. As mentioned in a previous study,
reprocessing by compression molding was conducted as follows: material was cut into several
small pieces and placed in a square mold and left to preheat at 150 °C for 15 mins (to soften the
material and allow for the r-DA reaction to take place), material was then compressed for 10 mins
at 150 °C, followed by 48 h at 60 °C (to allow for the DA reaction to take place). To add further
comparisons to the study, a dumbbell of each initial PU synthesized was exposed to 120 °C for a
2 h thermal treatment and cooled over 12 h at room temperature prior to uniaxial tensile testing.
The results of mechanical properties of PUs of initial and reprocessed materials exposed to 120
°C treatment are shown Figure 3.5 (PUs without HS) and Figure 3.6 (PUs with HS) and all detailed

results are summarized in Sl (Table S3.5).

The reprocessability of PU series containing varying FO contents and cross-linked by MPBMI were
generally reprocessable over one reprocessing cycle for all materials (PU-FO10-MPBMI, PU-FO20-
MPBMI and PU-FO30-MPBMI). However, PU-FO10-MPBMI and PU-FO20-MPBMI experienced a
notable loss in the Young’s modulus after a second reprocessing cycles, whereas PU-FO30-MPBMI
evidenced diminished mechanical properties after a second reprocessing cycle on all fronts. In a
previous study (Tremblay-Parrado and Avérous 2019), a PU material was synthesized with 30 %
substitution of FO and cross-linked with a PPO BMI DP = 3 would yield a confirmed reprocessable
material after two compression molding reprocessing cycles. Thus, it can be concluded that
although the aromatic nature for the MPBMI can yield superior mechanical properties, it can
affect the reprocessing ability of the material by this specified procedure of reprocessing by
compression molding. A contributing factor effecting the reprocessing ability can be the high
melting temperature of MPBMI (approximately 150 °C), this can effect the curing step (DA

reaction) of the reprocessing procedure as this limits the local mobility of MPBMI in the material.
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Figure 3.5 — Comparison of mechanical properties of biobased PUs: original, reprocessed and original heated to 120
°C, (a) Young’s modulus, (b) tensile strength (o), and (c) elongation ().

The effect of varying the BMI length and structure while keeping the FO content constant (20 %)
was seen most prevalent in the ability PU materials to be reprocessable by the specified
reprocessing procedure. PU materials PU-FO20-MPBMI, PU-FO20-PPOBMI-DP6 and PU-FO20-
PPOPEO-DP6 were generally reprocessable after one reprocessing cycles, with slight but
noticeable loss in Young’'s modulus. In contrast, PU-FO20-PPOBMI-DP33 experienced
considerably diminished mechanical properties after a single reprocessing single. Upon a second
reprocessing, PU materials PU-FO20-MPBMI, PU-FO20-PPOBMI-DP6 and PU-FO20-PPOPEO-DP6
experienced significant loss in mechanical properties and slightly superior results when compared
to an original sample exposed to a 120 °C thermal treatment. This is indicative that upon a second
reprocessing some cross-linking points are apparent. Nevertheless, these results contrast with
initially reported findings for similar PU systems cross-linked by a shorter PPO BMI DP = 3 and
which were deemed reprocessable. Thus, increasing significantly the length of the BMlIs can affect

the reprocessing ability, by this specific reprocessing procedure. Dissociative CANs often exhibit
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different cross-link densities after reprocessing and thus effect mechanical properties for a
multitude of reasons, such as: chain rearrangement, vitrification or cross-link degradation (Kloxin
et al. 2010). Furthermore, it is not to say that the PUs system cross-linked with longer chain BMls
could not exhibit enhanced reprocessing ability by a reprocessing procedure specifically adapted
to the network. As explained by Sumerlin and coworkers, two attributes profoundly impact the
temperature-dependent viscoelastic behaviour of dissociative CANs: the dynamic equilibrium of
dissociative bond exchange and the gel point in association with the gel-point temperature of the
system (Scheutz et al. 2019). Thus, the gel point temperature of these PU systems may have
varied with respect to the BMI introduced and can also be a contributing factor effecting the repro

cessing ability.

PU material containing HS, PU-HS20-FO20-PPOBMI-DP6, was deemed reprocessable as it
exhibited consistent mechanical properties over reprocessing cycles, as well superior results
when compared to an original sample exposed to a thermal treatment and control results. It
would be of interest to determine how the gel point temperature varied with by varying the HS
concentration and consequently for a fixed HS, determining if indeed the length and structure of

the BMI effects the gel point temperature of these systems.
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Heat induced self-healing experiments were conducted on dumbbells of initial synthesized PU
materials by (i) cutting a dumbbell in half, (ii) joining the cut ends of the dumbbell, exposing it to
1 h at 120 °C treatment to allow for the r-DA reaction to take place and for adhesion of two both
ends and lastly (iii) a final heating at 60 °C for 48 h allowing the network to be reformed by the
DA reaction. The integrity of these dumbbells was then evaluated by uniaxial tensile testing. In
contrast to previously reported results (Tremblay-Parrado and Avérous 2019), the heat induced
self-healing ability of PU materials synthesized in this study seem to be considerably affected by
the BMI length and structure. Detailed results of the self-healing ability of simple PU networks

(without HS) is summarized in Table S3.6.
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For the series of PUs containing increasing amount of FO cross-linked by MPBMI, sample PU-
FO10-MPBMI would yield the most prevalent recovery of original material properties. As depicted
in Figure 3.7-a, the sample PU-FO10-MPBMI appears to heal relatively well to the naked eye.
Nevertheless, uniaxial tensile test reveal healing of the sample with recovery of 64% of the
average original Young’s modulus, 41 and 47% of tensile strength and elongation, respectively
(Figure 3.7-b). For the series of PUs with 20% substitution of FO and cross-linked with different
BMls, materials seem to heal relatively similarly with an approximate recovery of mechanical
properties as follows: 39% of Young’s modulus, 31% of tensile strength and 50 percent elongation.
Similarly to sample PU-FO10-MPBMI, sample PU-FO20-MPBMI seems to heal relatively well to
the naked eye (Figure 3.7-c), but as illustrated in Figure 3.7-d, PU-FO20-MPBMI heals poorly with
a recovery of original material properties as follows of 33% Young’s modulus; 36% of tensile
strength and 58% of elongation. Although, PU-FO20-MPBMI exhibits the highest recovery in
tensile strength with comparison to the other PU of this series, it is still a result considerably
diminished when compared to that of reported healing results of a previous study (Tremblay-
Parrado and Avérous 2019). Thus, although PU-FO10-MPBMI and PU-FO20-MPBMI demonstrate
the most prevalent healing results due to the shorter chain length of the BMI, the aromatic

structure and consequently high melting temperature further impedes its healing ability.

For sample PU-HS20-FO20-PPOBMI-DP6, the stiffness of the dumbbell did not allow for adhesion
of the cut ends without an applied constant pressure. Given that the surface area of the
dumbbells, an adhesion test between an overlap of two pieces consisting of 1.5 cm? surface area
(Figure 3.7-e) was deemed appropriate. The two pieces of overlapped sample PU-HS20-FO20-
PPOBMI-DP6 were exposed to 120 °C for 1h with a 100 g weight to apply slight pressure to the
overlap. The overlap sample was then exposed to 60 °C for 48 h. As seen Figure 3.7-e, the
adhesion test displayed an overlap good adhesion and the overlap could be submitted to 250 g
which represented a shear stress of approximately 1.67 x 10*Pa (250 g x 10 N / 1000 g)/(1.5 cm?)).
The thermal treatment endured by the overlap allows for a network to be formed by chemical
association of the interfacial Diels-Alder moieties. This is a highly favorable result for adhesive

applications of such PU systems.
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Figure 3.7 — Observation of healing of materials (a) photographs of original, cut and healed dumbbell sample PU-

FO10-MPBMI, (b) stress-strain curves of PU-FO10-MPBMI original and healed sample, (c) photographs of original,

cut and healed dumbbell sample PU-FO20-MPBMI, (d) stress-strain curves of PU-FO20-MPBMI original and healed
sample, and (e) photographs of adhesion of PU-HS20-FO20-PPOBMI-DP6 films submitted to 250 g load.

5. Conclusion

This study examined the effect of various BMIs which varied in length and structure (four different
bismaleimides where used) on the materials properties, thermal recyclability and heated induced
healing of different biobased cross-linked PU networks. A PU material series containing varying
amount of FO substitution (10, 20 or 30%) cross-linked by MPBMI exhibited modular mechanical
properties and were as well superior to previous published works (Tremblay-Parrado and Avérous
2019). Nevertheless, the high melting temperature of MPBMI diminished the thermal recyclability
and heat induce healing ability of these PU materials. The PU material series with 20% substitution
of FO and cross-linked by the different BMIs showed that cross-linking by MPBMI would yield
superior mechanical properties compared to aliphatic counterparts. The distinguishment of PU
networks cross-linked by different BMIs was evidenced. The corresponding cross-linked materials

presented superior mechanical properties (when compared to linear reference counterpart) with
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good thermal recyclability and self-healing behavior. Lastly, the introduction phase segregation
in PU materials was examined. A control and cross-linked architecture was examined. Both
architecture would yield superior mechanical properties than all previously synthesized systems.
The cross-linked material presented good thermal recyclability and adhesion properties. The
corresponding preliminary results on these latter systems containing specific HS provides

interesting results to be applied to industrial applications such as adhesives and coatings.

Developing these PUs provides a thrilling prospect to the notion of reconceiving sustainable
material design by elaborating polymer architectures with advanced performances allowing for
intrinsic recyclability and a controlled end-of-life. Finally, this work constitutes a springboard in
the development of innovative, biobased and dynamic macromolecular architectures for a large

range of advanced domains.
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7. Supporting Information

7.1. Synthesis of FO
Esterification of OA by Furfuryl Alcohol to yield Furan-2-ylmethyl-octadec-9-enoate (FMO)

A solution including OA (1 mol equiv.), N,N’-dicyclohexylcarboiimide (DCC, 1.1 mol equiv.), 4-
dimethylaminopyridine (DMAP, 0.1 mol equiv.) in 25% w/v % dried dichloromethane (DCM) was
stirred magnetically for 1 h in a two-necked round bottom flask at room temperature. Then,
furfuryl alcohol (FA, 1.1 mol equiv.) was added dropwise through a dropping funnel. The reaction
mixture was left stirring overnight at room temperature and under nitrogen. N,N’ —
dicyclohexylurea (DCU) formed during the reaction, precipitated, and was filtered off. The filtrate
was washed twice with water, twice with 5% acetic acid solution and finally again with water until
a neutral pH was attained. The organic phase was dried over anhydrous sodium sulfate. The
solvent was evaporated under reduced pressure. The ester formed, Furan-2-ylmethyl-octadec-9-
enoate (FMO) was then further purified over a silica gel plug using petroleum ether/diethyl ether
(95:5, v/v) as eluents to remove remnants of DCU. FMO was dried under vacuum overnight

vacuum, at 50 °C.
Epoxidation of FMO

The epoxidation of FMO was conducted by the in-situ formation of peracetic acid from glacial
acetic acid (GAA) and H;0.. In a two-necked round bottom flask, equipped with a magnetic stirrer
and a dropping funnel, FMO (1 mol equiv. of unsaturations), amberlite IR-120 H (25 wt % of FMO),
GAA (0.2 mol equiv.) was inserted into the flask and dissolved in toluene (12.5 wt % w/v). The
solution was stirred to 70 °C and then H;0; (1.2 mol equiv.) was added dropwise. The mixture
was stirred at 70 °C for 7 h. The organic phase was dried with anhydrous sodium sulphate and
then filtered. The solvent was evaporated under reduced pressure. Epoxidized FMO (EFMO) was
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dried under vacuum overnight, at 50 °C. The reaction product, Furan-2-ylmethlyl 8-(3-octyloxiran-

2-yl)octonoate (FMOO), was clear yellow oil.
Oligomerization of FMOO

For a molar equivalent of FMOO, H,0 (0.7 mol equiv.) was added in a two-necked round bottom
flask and stirred mechanically. A cationic initiator, HSbFs (1.5 wt % of FMOO) was added dropwise.
The mixture was stirred at room temperature for 1 h. The reaction was quenched by the addition
of water and dissolved in diethyl ether. The organic solution was washed with a 5% sodium
bicarbonate solution and distilled water until a neutral pH was attained. The solution was dried
over anhydrous sodium sulfate, and filtered. The solvent was evaporated under reduced pressure
and the oligomer was dried under vacuum overnight, at 50 °C. The oligomerization resulted in an

orange clear viscous oil. A master batch of about 35 g was prepared.

Furan Oligomer: *H NMR (400 MHz, CDCls): & = 7.41 (dd, 1H; 5-H of 2-furan)), 6.39 (d, 1H; 3-H of
2-furan), 6.36 (dd, 1H; 4-H of 2-furan), 5.06 (s, 2H; OCHz), 3.80 - 2.82 (m; polyether backbone),
2.32 (t, 2H; CH2C(=0)), 1.62 (m, 2H; CH>CH2C(=0)), 1.37-1.18 (m, 24H; aliphatic CHz), 0.88 (t, 3H;
CHs. 13C NMR (500 MHz, CDCl3): & = 174 (C=0), 150 (C-2 of 2-furan), 143 (C-5 of 2-furan), 111 (C-
3 of 2-furan), 111 (C-4 of 2-furan), 85.0-70.0 (polyether backbone C-O-C), 57.9 (OCH,—2-furan),
34.2 (CH,—C(=0)), 31.9-22.7 (aliphatic CH,), 14.1 (CH3)
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Table S3.4 — Properties of FO used for the synthesis of PU materials.

Olicomer Samble HSbFe H.0 HVE! Furan Content®
& P [w.t. %] [mol %] [mgron/g] [mmol/g]
Batch 1 1.5 70 54 1.89

[a] Determined from 3P NMR spectroscopic analysis. [b] Determined from *H NMR spectroscopic analysis

a)

iii) iv)
b) i) iv)
c)

iv)

i)

Figure $S3.9 — (a) Photographs of i) the initial mixture of FO and MP BMlI, ii) the mixture after 24 h at 60 °C; iii) the
mixture after additional 1 h at 120 °C; and iv) the mixture after additional 24 h at 60 °C. (b) Photographs of i) the
initial mixture of FO and PPOPEOBMI-DP13; ii) the mixture after 24 h at 60 °C; iii) the mixture after additional 1 h at
120 °C; and iv) the mixture after additional 24 h at 60 °C. (c) Photographs of i) the initial mixture of FO and PPOBMI-
DP33; ii) the mixture after 24 h at 60 °C; iii) the mixture after additional 1 h at 120 °C; and iv) the mixture after
additional 24 h at 60 °C.
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7.2. Characterization of biobased PUs
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Figure $3.11 — FTIR spectra of (a) FO, (b) biobased polyol, (c) PU-FO10-MPBMI, (d) PU-FO20-MPBMI, (e) PU-FO30-
MPBMI, and (f) MPBMI.
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Figure $3.16 — Differential scanning calorimetry (DSC) thermograms of materials (a) PU-FO10-MPBMI (green, sold),
PU-FO20-MPBMI (blue, dashed), PU-FO30-MPBMI (pink, dash-dot), (b) PU-FO20-MPBMI (green, sold), PU-FO20-
PPOBMI-DP6 (blue, dashed), PU-FO20-PPOPEOBMI-DP13 (blue, dash-dot), PU-FO20-PPOBMI-DP6 (pink, dash-dot),
PU-FO20-PPOBMI-DP33 (red, line-dash), (c) PU-HS20-FO20 (green, sold), PU-HS20-FO20-PPOBMI-DP6 (blue,
dashed).
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Table $3.5 — Summary of Ty and mechanical properties data of all PUs materials: original, reprocessed, original
exposed to 120 °C heating and control.

. DSCT, Young’s modulus ofal gl
PU system Processing step (DC}E (MPa) (MPa) (%)
Original -51 1.86+0.12 0.95+0.08 265+ 27
Reprocessing 1 -51 2.09+0.14 1.02+0.07 208+ 32
PU-FO10-MPBMI
Reprocessing 2 -51 1.03+£0.06 1.02+0.13 193+ 24
120 °C Heating - 1.44 0.53 222
Original -51 2.40+0.22 1.10+£0.04 120+ 5
Reprocessing 1 -51 1.86+0.04 1.01+0.03 119+ 11
PU-FO20-MPBMI
Reprocessing 2 -50 1.22£0.08 0.91+0.11 121+14
120 °C Heating - 0.95 0.62 95
Original -51 2.22+0.19 1.58+0.16 118+ 10
Reprocessing 1 -52 1.74+0.21 1.42 +£0.07 101+6
PU-FO30-MPBMI
Reprocessing 2 -52 1.21+0.09 1.00+0.04 845
120 °C Heating - 0.80 0.61 106
Original -50 1.65+0.15 1.10+£0.03 129+8
Reprocessing 1 -48 1.36+0.09 0.901+0.02 119+9
PU-FO20-PPOBMI-DP6
Reprocessing 2 -51 1.03+0.11 0.63+0.03 108+ 10
120 °C Heating - 0.82 0.44 84
Original -52 1.57+0.21 0.86+0.01 13145
PU-FO20-PPOPEOBMI-DP13 Reprocessing 1 -50 1.21+0.05 0.75+0.06 128+ 9
Reprocessing 2 -52 0.76 £ 0.02 0.44£0.08 84 £15
120 °C Heating - 0.40 0.34 104
Original -52 1.22+0.10 0.80+0.07 120+ 7
PU-FO20-PPOBMI-DP33 Reprocessing 1 -52 0.70£0.07 0.45+0.04 91+7
Reprocessing 2 -51 0.59+0.01 0.36+0.04 88+9
120 °C Heating - 0.63 0.34 115
Original -49 14.47 £3.50 1.74+0.20 24 +£10
Reprocessing 1 -49 13.81+1.83 2.12+0.08 396
PU-HS20-FO20-PPOBMI-DP6 Reprocessing 2 -51 12.44+1.16 1.62+0.34 33+8
120 °C Heating - 12.12 1.42 34
Control -50 11.84+1.16 1.15+0.11 30+9

[a] Tensile strength. [b] Elongation.

Two tailed paired student t-test were used to determine whether the means of mechanical
properties of initial materials were significantly different to those of reprocessed materials. It was

found that statistically similar means include : the mechanical properties of the initial PU-FO10-
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MPBMI and PU-FO10-MPBMI-RP1 (reprocessed 1), the tensile strength (TS) elongation of PU-
FO10-MPBMI and PU-FO10-MPBMI-RP2, tensile strength and elongation of PU-FO20-MPBMI and
that of PU-FO20-MPBMI-RP1 and PU-FO20-MPBMI-RP2, the Young’s modulus and elongation of
PU-FO20-PPOBMI-DP6 and PU-FO20-PPOBMI-DP6-RP1, the elongation of PU-FO20-PPOPEOBMI-
DP13 and PU-FO20-PPOPEOBMI-DP13-RP1 and lastly the initial mechanical properties of PU-
FO20-HS20-PPOBMI-DP6 and FO20-HS20-PPOBMI-DP6-RP1 and PU-FO20-HS20-PPOBMI-DP6-
RP2. All reprocessed mechanical properties data were found to have statically different means

when compared to the mechanical properties of initial material.

Table $3.6 — Summary of mechanical properties data of original and healed samples of PU materials.

PU System Sample Young(;élggc}:dulus “\cns';]a} F’;:]}
Original 1.86+0.12 0.95+0.08 265+ 27
PU-FO10-MPBMI Healed 1 1.19 0.39 125
% Recovery (%) 64 41 47
Original 2.40+0.22 1.10+ 0.04 1205
PU-FO20-MPBMI Healed 1 0.80 0.40 70
% Recovery 33 36 58
Original 2.22+0.19 1.58+0.16 118+ 10
PU-FO30-MPBMI Healed 1 0.94 0.56 66
% Recovery 43 35 44
Original 1.65+0.15 1.10+0.03 129+ 8
PU-FO20-PPOBMI-DP6 Healed 1 0.63 0.31 75
% Recovery 38 28 58
Original 1.57+0.21 0.86+0.01 131+5
PU-FO20-PPOPEOBMI-DP12 Healed 1 0.63 0.25 42
% Recovery 40 29 32
Original 1.22+0.10 0.80+0.07 1207
PU-FO20-PPOBMI-DP33 Healed 1 0.52 0.25 61
% Recovery 43 31 51

[a] Tensile strength. [b] Elongation.
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Conclusion of Chapter 3

The aim of this study was to further expand on the proof of concept established in the previous
chapter. The previous chapter presented a thorough characterization of the furan oligomer (FO)
and proof concept of thermoreversible biobased cross-linked polyurethanes (PUs) via the Diels-
Alder reaction, using a short poly(propylene-oxide) (PPO) based bismaleimide (BMI) with a degree
of polymerization (DP) = 3 as a cross-linker. Chapter 3 explored the effect of various BMls which
varied in length and structure and the incorporate of hard segments (by adding 1,4 - butanediol
to increase the prevalence of hydrogen bonding) on the polymer properties, thermal recyclability
and heated induced healing of biobased cross-linked responsive PU networks. Four different
bismaleimides where used: 1,1’-(Methylenedi-4,1-phenylene)bismaleimide (MPBMI), PPO-based
BMI with DP = 6 (PPOBMI-DP6), PPO-poly(ethylene-oxide)-based BMI with an overall DP = 13
(PPOPEOBMI-DP13) and PPO-based BMI with a DP = 33 (PPOBMI-DP33).

It was generally observed that PUs cross-linked by the different BMIs showed that cross-linking
by MPBMI would yield superior mechanical properties compared to aliphatic counterparts. The
distinguishment of PU networks cross-linked by the different BMIs was evidenced in the swelling,
thermal recyclability and healing ability of PU networks. The introduction of further phase
segregation in PU materials by the addition of hard segments would yield cross-linked materials
with superior mechanical properties (when compared to linear control counterpart), good
thermal recyclability and adhesion. Future efforts should be dedicated to further developing
systems containing varying amounts of hard segments for the material applications such as

adhesives and coatings.
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Introduction of Chapter 4

In the previous experimental chapters, we examined and characterized the synthesis of the Furan
Oligomer and its incorporation into biobased polyurethane (PU) backbones. The effects of cross-
linking these PUs with different bismaleimides (BMls) as well as incorporating hard segments (HS)

in these architectures were also investigated.

In this experimental chapter, we continue along the same strategy of exploring different aspects
of biobased PUs cross-linked by Diels-Alder via furan and maleimides moieties. Similarly, biobased
PUs are synthesized using a polyester polyol derived from rapeseed oil and hexamethylene
diisocyanate, however furan moieties are incorporated into PU backbone via the use of Furan-
2,5-diyl-dimethanol (FDM) as a chain extender. FDM is a short and largely available diol,
containing a di-substituted furan-ring. The furan moiety can be reacted with maleimide groups
via the Diels-Alder reaction. Different PU materials and macromolecular architectures were
synthesized by varying the HS content, and cross-linking via different synthesized and
conventional bismaleimides was also accomplished. As the HS consists of the chain extender and
the diisocyanate, varying the HS content ultimately varies the cross-linking density. Two
conventional aromatic and aliphatic BMIs were used with 1'-(Methylene-di-4,1-phenylene)
bismaleimide and poly(propylene oxide)-based BMI with a degree of polymerization of 3. In the
frame of this study, an additional and original biobased bismaleimide derived from methyl oleate,
denoted methyl oleate bismaleimide (MOBMI) was fully synthesized and then used.
Corresponding properties were compared to the conventional BMIs. MOBMI was synthesized via
a three-step reaction pathway. MO was first epoxidized, followed by a ring-opening reaction by
1, 4-butanediol and lastly 6-maleimidohexanoic acid was used in the esterification reaction of two
newly accessible hydroxyl groups. Contrary to the previous studies presented in the last chapters,
we particularly examined the reversible cross-linking taking place in the HS of PUs. Different
behaviors such as the physical, mechanical and self-repair properties of these different materials

were studied.
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Renewable and responsive cross-linked systems based on polyurethane

backbones, from clickable biobased bismaleimide architecture.

Khantutta-Kim Tremblay-Parrado?, Clement Bordin?, Samuel Nicholls?, Luc Avérous*:*

(1) BioTeam/ICPEES-ECPM, UMR CNRS 7515, Université de Strasbourg, 25 rue Becquerel, 67087
Strasbourg Cedex 2, France

(*) Corresponding author: luc.averous@unistra.fr

1. Abstract

A new biobased bismaleimide architecture from methyl oleate, consisting of an aliphatic
branched structure, denoted methyl oleate bismaleimide (MOBMI), was synthesized and fully
characterized. MOBMI was used as a cross-linking agent to obtain networks using linear biobased
furan bearing PUs via the Diels-Alder reaction, and compared with more conventional aromatic
or aliphatic bismaleimides (BMIs). These networks can be defined as dissociative covalent
adaptable networks (CANs). Different linear biobased PUs were synthesized using rapeseed-
based polyol, hexamethylene diisocyanate and furan-2,5-diyl-dimethanol as a chain extender.
Furan content was controlled by varying the hard segment content. Compared to conventional
BMls, MOBMI as biobased cross-linker impacts particularly the materials performance and the
mechanical properties, with e.g. an increase of the elasticity. MOBMI also yields most consistent

advanced properties in terms of thermal recyclability and self-healing.

Keywords: Renewable Resources, Methyl Oleate, Biobased polymers, Polyurethane, Diels-Alder-

Cycloaddition, Reversible network
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Chapter 4

2. Introduction

Polymer science has been established as a distinct field of organic chemistry for over 100 years
(Staudinger 1920; Frey and Johann 2020). Since that era, the invention of plastics has drastically
changed our daily lives. However, most plastics are based on synthetic macromolecules that
originate from non-renewable petroleum resources (Bioplastics 2019). Recently, the worldwide
polymer industry has performed considerable progress to ensure the development of sustainable
polymers with lower environmental impact, using renewable feed-stocks. Nevertheless,
continued progress for these materials to contain advanced materials with properties such as a

controlled end-of-life to improved waste management is still required.

Renewable feed-stocks are very diverse such as vegetable oils, woods, sugars and polysaccharides
from annual cultures. Plant oils are of particular interest as their innate chemical architectures
allow for a vast panel of potential chemical modifications (Ronda et al. 2011). They are also of
interest from an industrial perspective, as they highly accessible at rather low production cost
with low toxicity (Lligadas et al. 2013). Vegetable oils as well as their fatty acid derivatives have
been widely used for the synthesis of polymers such as polyesters (Pan, Sengupta, and Webster
2011; Duarte et al. 2020), polyamides (Hablot et al. 2010; Tiirling et al. 2012), epoxy resins (Tan
and Chow 2010) and quite prominently polyurethanes (PUs) (Hablot et al. 2008; Bueno-Ferrer,
Hablot, Perrin-Sarazin, et al. 2012; Desroches et al. 2012; Pfister, Xia, and Larock 2011).

PUs are a leading polymer family, with their production ranked 6™ amongst all polymers (Carré et
al. 2019). Due to their wide structural variability, PUs are used for applications such as e.g., the
building, transportation and furniture industries (Haponiuk and Formela 2017). Although, the use
of plant oils for the synthesis biobased PUs is on the raise (Miao et al. 2014), limited research has
exploited these biobased structures to develop advanced materials, with for instance, dynamic

and adaptable materials with high recyclability and extended lifetimes.

In the last 20 years, the introduction of dynamic cross-links in polymers has developed a new
generation of polymer materials, which can be reprocessed like thermoplastics, all the while
maintaining the benefits of thermosets. This incorporated feature allows for the possibility of

advanced properties such as healing, reprocessability and then extended material lifetimes, can
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reduce the consumption of energy and resources, as well as reduce waste (Fortman et al. 2018).
These networks have been defined as covalent adaptable networks (CANs) (Kloxin et al. 2010)
based on dynamic covalent bonds that can assemble and disassemble by “dissociative” or
“associative” means when exposed to specific stimuli (Denissen, Winne, and Du Prez 2016). In
associative CANs, dynamicity occurs by a substitution reaction between an existing cross-link and
a pending reactive group, whereas in dissociative CANs, cross-links are cleaved back into their
individual reactive moieties before reforming again. Dissociative CANs have been predominately
studied (Gandini et al. 2018; Bergman and Wudl 2008; Sun et al. 2019), more specifically those
cross-linked via Diels-Alder (DA) adducts formed between furan and maleimide moieties. The DA
reaction between furan and maleimide functions is defined as a click cycloaddition reaction and
occurs at modest temperatures (below 90 °C), whereas the retro-DA (r-DA) reaction, occurs
between 110 and 130 °C (Chen et al. 2002). Although there have been increasing reports of
biobased CANs, associative (Dhers, Vantomme, and Avérous 2019) and dissociative alike (Duval
etal. 2015; Buono et al. 2017; Duval et al. 2017; Garcia-Astrain and Avérous 2018; Yoshie, Yoshida,
and Matsuoka 2019; Gandini et al. 2018), limited research has explored the use of the
thermoreversible DA in biobased cross-linked PUs (Tremblay-Parrado and Avérous 2019; Hu,

Chen, and Torkelson 2019; Zhang, Michel Jr, and Co 2019).

The aim of this study is to explore reversible cross-linked PUs based on vegetable oils using
thermal reversible furan-maleimide DA reaction, with a particular interest in studying the
changeability of cross-links localised on hard segments and the use of original and biobased
bismaleimide. As depicted in Scheme 4.1, furan-2,5-diyl-dimethanol (FDM) is used as furan
bearing chain extender incorporated into the linear polymer backbone and further cross-linked
with the use of different bismaleimides (BMils). In this frame, we report the synthesis of a new
methyl oleate based BMI which is compared to aromatic and aliphatic fossil-based BMIs. The
corresponding materials were synthesized with varying furan contents and different cross-linkers.

They are studied for advanced properties such as thermal reprocessability and self-healing ability.
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Rapeseed-based Hexamethylene Pre-polymer

Polyol diisocyanate
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Scheme 4.1 — lllustration of the general synthesis of biobased thermoreversible PU-based systems using furan-2, 5-
diyl- dimethanol and different BMls.

3. Experimental Section

3.1. Reagents and materials

Methyl Oleate (MO) from sunflower oil was kindly supplied by ITERG (France). It is a fatty acid
with an acid value of 0.34 mg KOH/g and iodine value of 77 g I,/ 100 g. Biobased polyester polyol
(purchased from Oleon-France) was derived from dimeric fatty acids from rapeseed oil with purity
greater than 98% and weight average molar mass (Mw) around 3 000 g/mol. Hydroxyl and acid
values were 33.7 and 0.253 mg/g KOH, respectively. 2-chloro-4,4,5,5-tetramethyl-1,3,2-
dioxaphospholane (CL-TDP, 95%), and 6-maleimidohexanoic acid (6-MHA, 95%), hydrogen
peroxide (H202, 30% w/v aqueous solution), chromium (lll) acetylacetonate (99.99%),
[Ds]dimethyl sulfoxide (DMSO, 100%, 99.96% atom D), chloroform-d (CDCls, 100%, 99.96% atom
D), amberlyst 15, 1,4-butanediol (BDO, 98%), oxalyl chloride (99%) and cholesterol (>99%) were
purchased from Sigma Aldrich. 1,1'-(Methylene di-4,1-phenylene)bismaleimide (95%, MPBMI)
were purchased from Alfa Aesar. N,N-dimethylformamide (DMF, 99.8%), chloroform (99.8%
stabilized with amylene), glacial acetic acid (GAA, >99%), and ethyl acetate (EA, 95%) were
purchased from Fisher Scientific. Amberlite IR-120 H from Fluka Chemicals. Poly(propylene
oxide)-based bismaleimide (PPO BMI) with DP, = 3 was obtained from Specific Polymers (Castries,

France). 2,3,4,5,6-pentafluorobenzaldehyde (PFB, 98%) and (Furan-2,5-diyl)dimethanol (FDM,
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97%) was purchased from fluorochem. Reagents and solvents from commercial suppliers were

used without additional purification.

3.2. Syntheses and material preparations

3.2.1. Epoxidation of methyl-oleate from sunflower oil

The epoxidation of methyl oleate (MO) was conducted by the in-situ formation of peracetic acid
from glacial acetic acid and H,03, and was adapted from Arbenz et al (Arbenz, Perrin, and Avérous
2017). In a two-necked round bottom flask, equipped with a magnetic stirrer and a dropping
funnel, MO (1 mol eq of unsaturations), amberlite IR-120 H (25 wt% of MQ), glacial acetic acid
(0.5 mol eq) was inserted into the flask and dissolved at 0.5 ml/g of MO in toluene. The solution
was stirred to 70 °C and then 1.5 mol eq. of H,0, was added dropwise. The mixture was stirred at
70°C for 7 hours. The solution was diluted in ethyl acetate. The amberlite IR-120 H was filtered
off and the solution was washed with distilled water until a neutral pH was attained. The organic
phase was dried with anhydrous sodium sulphate and then filtered. The solvent was evaporated
under reduced pressure. Methyl 8-(3-octyloxiran-2-yl)octanoate (MOO) was dried under vacuum
overnight, at 50 °C. The reaction product, Methyl 8-(3-octyloxiran-2-yl)octanoate (MQOO), was a

clear light yellow oil.

Methyl 8-(3-octyloxiran-2-yl)octanoate (MOO) - *H NMR (400 MHz, CDCls): 6 = 3.63 (s, 3H,
(C=0)OCHs), 2.9 (m, 2H, CHOCH), 2.3 (t, 2H, CH2C(=0)), 1.6 (m, 2H, CH2CHC(=0)), 1.3-1.0 (m, 24H,
aliphatic CH,), 0.9 (t, 3H, CHs). 13C NMR (400 MHz, CDCl3): 6: 174 (C=0), 57.2(0OCHs), 57.2 (HC-O-
CH), 51.4 (OCHs), 34.0 (CH2—C(=0)), 31.9-22.7 (aliphatic CH2), 14.1 (CHs)

3.2.2. Ring-opening by butane-1, 4-diol of methyl 8-(3-octyloxiran-2-yl)octanoate

In a round bottom flask, equipped with a magnetic stirrer, MOO (1 mol eq of epoxy), amberlyst
15 (4 wt% of MOO), butane-1,4-diol (10 mol eq) was introduced. The mixture was stirred at 75°C
for 10 hours. The solution was diluted in ethyl acetate and the amberlyst 15 was filtered off. The
solution was washed with distilled water until a neutral pH was attained and the excess of BDO
was removed. The organic phase was dried with anhydrous sodium sulphate, and then filtered.

The solvent was evaporated under reduced pressure. Methyl 10-hydroxy-9-(4-
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hydroxybutoxy)octadecanoate (MO-Diol) was dried under vacuum overnight, at 50 °C. The

reaction product, MO-Diol, was a clear light yellow oil.

Methyl 10-hydroxy-9-(4-hydroxybutoxy)octadecanoate (MO Diol) - *H NMR (400 MHz, CDCl3) &:
3.63 (s, 3H, (C=0)OCH3), 3.65 — 3.45 (m, 1H, CHOH) and (m, 2H, CH,OH), 3.47 (t, 2H, CH,OCH),
3.10 (g, 1H, CH,0CH), 2.3 (t, 2H, CH2C(=0)), 1.6 (m, 2H, CH2CH,C(=0)), 1.3-1.0 (m, 28H, aliphatic
CH>), 0.9 (t, 3H, CHs). 3C NMR (400 MHz, CDCls) 6: 174 (C=0), 83.0 (CH2CHOH), 72.7 (CHOH), 70.5
(CH2CHOH), 51.4 (OCHs), 34.0 (CH—C(=0)), 31.9-22.7 (aliphatic CH.), 14.1 (CH3).

3.2.3. Chlorination of 6-maleimidoheaxnoic acid

6-MHA (1 mol eq) was placed in a two-necked flame-dried round-bottomed flask flushed with
argon and charged with a magnetic stirring bar. Anhydrous ethyl acetate was then added and the
solution cooled down to 0°C under a flow of nitrogen. An excess of oxalyl chloride (1.5 mol eq)
was then added dropwise at 0°C (15 min) and finally heated at 50°C for 3h. The excess of oxalyl
chloride and solvent was evaporated under vacuum. The product, 6-maleimidhexanoyl! chloride

(6-MHC) was obtained as a low-melting yellow solid and used without any further purification.

6-maleimidohexanoyl chloride (6-MHC) - *H NMR (400 MHz, CDCls, & (ppm)): 6.69 (s, 2H, CH-
ring), 3.56 (t, 2H, CHz-N), 2.89 (t, 2H, CH2(C=0)Cl), 1.71 (m, 2H, CH>CH2(C=0)Cl), 1.60 (m, 2H,
CH2CH2-N), 1.3 ppm (m, 2H, CH2CH2CH,-N); 33CNMR (400 MHz, CDCls) &: 174 ((C=0)Cl), 170 (CO-
ring), 135 (CH-ring), 46.7 (CH2(C=0)Cl), 39.0 (CH2N), 29.3—-25.0 (aliphatic chain carbons).

3.2.4. Synthesis of MOBMI

MO Diol was esterified with 1.2 equivalents of 6-MHC with respect to the amount of total hydroxy
groups. In agreement with different green chemistry principles, the reaction was catalyst-free at
65°C. CHCI; was added to homogenize the reaction mixture. At the end of the reaction, a brown
viscous product was obtained. Methanol was added to quench the unreacted 6-MHC, and the
mixture was left stirring for an additional 30 min. The solvents were then evaporated under

vacuum and the resultant MOBMI products finally dried under high vacuum for 24 h

Methyl Oleate Bismaleimide (MOBMI) - *H NMR (CDCls, 400MHz) & : 6.69 (s, 4H, CH-ring), 4.61
(m, 1H, CHO(C=0)), 4.06 (t, 2H, (C=0)OCH5), 3.63 (s, 3H, (C=0)OCH3), 3.56 (t, 4H, CH2-N), 3.47 (t,
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2H, CH20CH), ), 3.25 (q, 1H, CH20CH), 2.30 (m, 6H, CH2(C=0)0), 1.20-1.80 (multi, 40H, CH2), 0.9
(t, 3H,CHs); 3CNMR (400 MHz, CDCls) 8: 174 (CH2(C=0)), 171 (CO-ring), 134 (CH-ring), 51.4 (OCHs),
39.0 (CH2N), 34.0 (CH,—C(=0)), 31.9-22.7 (aliphatic CH2), 14.1 (CHs).

3.2.5. Study of the DA reaction between MOBMI and FDM

MOBMI (200 mg) was dissolved in [Dg]DMSO (2 mL) in a 10 mL round bottom flask. Furan-2,5-
diyl-dimethanol (FDM) was added to obtain a furan / maleimide ratio of 1:1 (mol/mol). The
solution was placed in an oil bath regulated to 65 °C and samples (200 pL) were taken at regular
intervals over 4 days. The samples were further diluted to 650 pL and analyzed by *H NMR to

determine the reaction conversion and endo/exo ratio of the DA adducts.

3.2.6. Synthesis of PUs based on FDM

All glassware and reactants were previously dried. PUs were synthesized by a two-step
polymerization process. Three different kinds of PUs films were prepared by a two-step synthesis
process by varying the content of hard segments (HS) in wt%, based on di-isocyanate and FDM,
by 5, 10, and 20%. First, for the pre-polymerization step, in a three-necked round bottom flask
flushed with nitrogen, the biobased rapeseed polyester polyol was added to hexamethylene di-
isocyanate (HDI) and the mixture was mechanically stirred at 70 °C for approximately 2h, until

appropriate NCO value was attained.

During the synthesis, aliquots were extracted to determine the NCO content to control and follow
the NCO consumption during the reaction. A specific method has been performed to determine
isocyanate content by reaction with on equivalent of N-dibutylamine, to give NCO content (in
wt%). Prepolymer sample (= 1.2 g) was diluted in a standard solution (20 mL) of dibutylamine
0.2M in THF for the reaction with the unreacted diisocyanate. The amine excess was back-titrated

with a 0.5 aqueous solution of HCI. NCO content (wt%) was determined using Equation (1):

%NCO = (Vhlank—Vs)*42+0.1

mg

(1)

in which Vpjank (ML) is the HCI solution volume required for a blank titration of the dibutylamine
solution, while Vs is the volume required for the prepolymer titration and ms is the prepolymer

weight. This result was used for the addition for the precise amount of FDM. The appropriate
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amount of FDM is dissolved in anhydrous DMF (1 ml/g FDM) and added to the above mentioned
reaction system and stirred for 3 h. The ratio -NCO/-OH functional groups were fixed to 1.05 in

all cases.

3.2.7. Cross-linking of PUs by each BM|

The PU was dissolved in anhydrous DMF. The respective amount of each bismaleimide was added
in a 1:1 furan to maleimide ratio (mol/mol). The reaction mixture was stirred at 70 °C for 12 h to
allow for the DA adducts to form. The solution was poured into a polytetrafluoroethylene mold
and put into the oven to evaporate the solvent (70 °C, 48 h). Solvent traces were removed under
vacuum at 70 °C for 24h. Cross-linked PU systems using MOBMI were labelled PU-HS5-MOBMI,
PU-HS10, PU-HS20-MOBMI, respectively. Two additional cross-linked PUs were obtained using
linear PU-HS20 with cross-linked with a reference and conventional BMI: MPBMI or PPO BMI, and
denoted as PU-HS20-MPBMI or PU-HS20-PPOBMI, respectively.

3.2.8. Study of the reprocessability behavior of PUs

PU films were reprocessed by compression molded in tile mold (10 cm x 10 cm x 1 mm) at 140 °C
in LabTech Scientific press hot press. First, the films were cut in several small pieces and placed
in the center of the tile and left to undergo a 10 min preheating cycle to soften the material. This
was followed by several venting steps and the material was pressed with a constant applied force
of 16 MPa between both plates for 15 min. The square materials were then cured at 60 °C in the

oven for 48 h and post cured for 24 h at room temperature.

3.2.9. Study of self-healing behavior

The macroscopic self-healing ability of material was analyzed on a dumbbell-shaped sample cut
in half and then healed. The dumbbell was cut in the middle and subsequently healed by placing
the halves in contact for 1 hour at 120 °C, followed by 60 °C overnight, and then 24 h at room
temperature and 50% RH, and then tested by uniaxial tensile tests in order to evaluate the

recovery of the integrity of the self-healed dumbbells.
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3.3. Methods

3.3.1. lodine Value

lodine value (V) was determined using the Wijs method to quantify the double bond content

according to I1ISO 3961:2018(E)

3.3.2. Hydroxyl Value

Hydroxyl Value (HV) was determined by esterification method using a 1 M solution of phthalic
anhydride in pyridine (ASTM 4274-99) for the MO Diol and the biobased polyester polyol. The
appropriate mass of sample was dissolved (1.25 g for MO Diol and 7.5 g for the polyester polyol)
in 20 mL of phthalic anhydride solution and was heated to 130 °C under reflux for 45 minutes and
cooled at room temperature. Pyridine were added (10 ml) from the top of the reflux to collect all
reactions products, lastly 20 mL of pyridine and 30 mL of water was added. The solution was
titrated with 1 M potassium hydroxide (KOH) solution phenolphthalein solution as indicator.

Hydroxyl Value (HV) was determined in mg of KOH.g%, as described in Equation 2.

_ ((Vpiank—Vs) * C x 56.1)
Ws

HV (2)

Where Vpiank (ML) and Vs (mL) are the volumes of KOH solution required for blank and polyol
sample titrations, respectively. C (mol.L™?) is the KOH solution concentration and Ws (g) is the

polyol weight.
3.3.3. NMR Spectroscopy

All NMR spectra were recorded on a Bruker Ascend 400 or 500 MHz spectrometer. Sample were
dissolved in deuterated chloroform (CDCls) or deuterated dimethyl sulfoxide ([De]DMSO) with
contents between 8-10 and 20-30 mg/mL for H-NMR and '3C-NMR spectroscopy, respectively.
The calibration of *H- and 3C-NMR spectra was performed using the chloroform peaks at 6 =7.26

and 77.16 ppm, respectively and DMSO peak at & = 2.50 ppm as references.

31p NMR analysis was performed by 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane as

phosphytilating agent. Scans (128) were recorded with a 15 s delay and a spectral width of 80
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ppm (180-100 ppm). Cholesterol was used as an internal standard, as described in standard

protocols (Spyros 2002).

In the case of quantitative 'H NMR spectroscopic analysis, 20 mg was dissolved in [Dg]DMSO (0.5
mL) for each sample before the addition of a standard solution (100 puL) of

pentafluorobenzaldehyde in [Dg]DMSO. 32 scans were collected 10 s delay.

3.3.4. Fourier Transform Spectroscopy (FTIR)

For FTIR spectroscopy of experimental samples, a blank background was performed prior to
examining samples (32 scans, resolution 4 cm™) on a Nicolet 380 spectrometer equipped with an

ATR diamond module (FTIR-ATR) in reflection mode.

3.3.5. Thermal Gravimetric Analysis (TGA)

Sample weighing between 1-3 mg were evaluated by TGA (TA Instrument Hi-Res TGA Q5000) at
a heating rate of 10 °C min™! from 25 to 700 °C, without oxidative atmosphere, under nitrogen

flow rate atmosphere at 25 mL mint.

3.3.6. Differential Scanning Calorimetry (DSC)

In standard aluminum pans, samples between 1 to 3 mg by weight were examined by DSC (TA
Instrument Q200) under nitrogen flow at 50 mL min™'. For cross-linked PUs, a single heating ramp
of 10 °C min over the same aforementioned temperature range. Non-cross-linked materials

were evaluated using a cyclical heating ramp.

3.3.7. Uniaxial Tensile Tests

Uniaxial tensile testing was performed on an Instron model 5567 H, USA at strain rate of 20 mm
min? on dumbbell specimens of approximately 30 X 5 X 1 mm3. For each synthesized or

reprocessed PU, five dumbbell samples were tested.

3.3.8. Swelling and Index and Gel Content Determination

The swelling ratio (SR) for each PU was determined between dried (m;) and swollen samples (ms)

in DMF according to Equation 3:

206



Chapter 4

mg—m;
SR=——"4%100 (3)
m.

l
PU samples of approximately 10-20 mg were swollen in 15 mL of solvent over an entire day. Three
repetitions were examined for each PU formulation. The insoluble fraction (IF) was determined
by drying the swollen sample (ms) according to Equation 4:

IF L 4100 (4
= — %

L

4. Results and Discussion

Analysis of synthesis of MOBMI

The alkene moiety of methyl oleate (MO) was used as the reaction site to yield a MO based BMI
as depicted in Scheme 4.2. First, MO underwent an in-situ epoxidation with peroxyacetic acid as
the oxidizing agent to yield MOO. This type of epoxidation is routinely used on vegetable oils
(Petrovic¢ et al. 2002). Other pathways for epoxidations using e.g., pre-synthesized oxidizing
agents such as meta-chloroperoxybenzoic acid (mCPBA) require large quantities of solvents. Thus,
the in situ epoxidation method abides more precisely the principles of green chemistry. The FTIR
spectrum of MOO (Figure 4.1-b) shows the disappearance of the double bonds at ¥ = 3009 cm*
and the appearance of the C-H bending associated to appearance of epoxides at ¥ = 825 cm™. By
'H NMR spectroscopic analysis (Figure 4.2-b) the structure is confirmed with the disappearance
of the vinyl and allyl protons at & = 5.35 and 2.0 ppm respectively, and by the appearance of the
epoxide and protons alpha to the epoxides at & = 2.90 and 1.45 ppm respectively. The results of
the 13C NMR spectroscopic analysis of MOO agreed with the assigned structure as depicted in

Figure S4.9 in supporting information (SI).
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Scheme 4.2 — Global reaction pathway of MOBMI.
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Thereafter, MOO underwent a ring opening reaction with BDO to give MO Diol as the main
product along with a diester diol as a side product (chemical structure in Figure S4.10 in Sl). This
diester as a side product is apparent by size exclusion chromatograms (SEC) as depicted in Figure
S4.11 in SI. The protocol developed by Palaskar et al. was slightly altered and improved (Palaskar
et al. 2012). The reaction was for instance limited to 10 h compared to 20 h, since the
transesterication between the ester moiety and BDO largely took place after 10 h. Figure S4.12
illustratesin Slthat at 10 h, all epoxy moieties have been opened by BDO and the transesterication
reaction begins to take place. Furthermore, the purification step for the removal of BDO consisted
solely of water-based washing as oppose to vacuum distillation to avoid further side reactions.
The HV was determined by two methods: a chemical esterification titration method using phthalic
anhydride and quantitative 3P NMR which gave similar and reproducible results (Figure S4.13
and Table S4.3). HV of MO Diol is 223 mg KOH/ g. This is relatively close to the theoretical value
of 258 mg KOH/g if only the MO Diol product was achieved without diester side product. The FTIR
spectrum of MO Diol (Figure 4.1-c) shows the disappearance of C-H bending associated to the
epoxides at ¥ = 825 cm, the appearance of a broad band between ¥ = 3600 to 3100 cm*
corresponding to the hydroxyl groups, as well as the appearance of C-O stretch of newly formed
alcohols. The *H NMR spectrum of MO Diol along with proton assignments is presented Figure
4.2-c. The chemical structure of MO-Diol is confirmed by the appearance of peaks at & =3.65 ppm
(e) (CH20H), 3.60 ppm (h) (CH-OH), 3.47 ppm (f) (CH20CH) and at 3.10 ppm (g) the proton adjacent
to ether bond. The results of the analysis of 3C NMR of MO Diol agreed with the assigned

chemical structure as depicted in Figure $4.9 in SI.

209



Chapter 4

a)
C-H stretch / C=0 /
alkene ester stretch
b) _
!
c) C-H bending
oxide
O-H stretch

alcohol m = C-O stretch

alcohol

N-C=0

amide stretcV

maleimide

* = C-Hbend
maleimide ring

3775 3525 3275 3025 2775 2525 2275 2025 1775 1525 1275 1025 775 525
Wavenumber (cm-)

Figure 4.1 — FTIR spectra (a) MO, (b) MOO, (c) MO Diol, and (d) MOBMI with the assignations of the main peaks.
MOBMI was finally synthesized by the esterification of the hydroxyl groups of MO Diol by 6-MHA.
Similarly to previously reported work (Buono et al. 2017; Duval et al. 2015), 6-MHA was
transformed into an acyl chloride derivative, 6-MHC, to increase the reactivity of the reaction
(Scheme S4.3 in Sl). The success of this transformation reaction is attested by the *H NMR spectra
of 6-MHA and 6-MHC and corresponding proton assignments found in Figure S4.14 in SI. The
derivatization of MO Diol was then conducted by using 1.2 of 6-MHC under catalyst free
conditions to yield MOBMI products. The success of the reaction is evidenced by FTIR (Figure 4.1-
d), *H NMR (Figure 4.2-d), 13C NMR (Figure S4.9 in Sl) and quantitative *"H NMR ( Figure $4.15 in
Sl) to determine the maleimide content of MOBMI reported to be 1.83 mmol/g. The FTIR
spectrum of MOBMI evidences the disappearance of a broad band between vV = 3600 to 3100 cm”
! corresponding to the hydroxyl groups and C-O stretch of alcohols. Furthermore, the N-C=0
amide stretch of the maleimide ring is detected at ¥ = 1701 cm™, as well as the C-H bend
associated to the maleimide ring at ¥ = 826 cm™ and 696 cm™. The 'H NMR spectrum of MOBMI
was analyzed and evidenced by appearance a strong signal at & = 6.7 ppm belonging to the
maleimide ring double bond protons. Quantitative *H NMR (in [Dg]DMSO) was used to determine

the maleimide content using the C-H bending signal at & = 7.1 ppm as this signal is free from
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overlap from other MO Diol signals. This calculation is further depicted by Figure S4.15
and Table S4.4 in SI. The SECs for the raw material and all reactions steps are presented in Figure
S4.11in SI. The molar mass distribution are progressively shifted towards higher molar masses as

a result of success reaction pathway.
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Figure 4.2 —*H NMR spectra of (a) MO, (b) MOO, (c) MO Diol, and (d) MOBMI, with the assignations of the main
signals and the corresponding chemical structures.

In order to confirm and study the DA adduct formation by *H NMR of MOBMI when exposed to
furan moieties, MOBMI was reacted with FDM in DMSO at 65 °C (Figure 4.3-a). As depicted in
Figure 4.3-b, the *H NMR spectrum and proton assighment confirms the formation of the DA
adduct. Proton assignment was confirmed using the 'H NMR of initial reactional entities and
compared to the literature (Froidevaux et al. 2015). To quantify the conversion, proton signals, f1

(in the furan) and f1’ (in the adduct) were used as they are free from overlap with other signals
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(Figure 4.3-b). The conversion was calculated by Equation 5 for proton set f1 and f1” as follows;

where Ints1 and Ints’ represent the integral values of their respective protons:

X (%)=

Int. /s

f1
Intgy + Intflr

*100 (5)

In Figure 4.3-c, the trend of the conversion with respect to time at 65 °C is shown. As similarly

reported in literature, an equilibrium conversion of 88% was obtained after 78 hours of reaction

time. Moreover, proton signals, fi were used to assess the presence of the two diastereomers of

the DA adduct (endo and exo) with respect to time (Figure 4.3-b), as the chemical shift differs for

each diastereomer. The kinetically favored endo adduct is first formed at 80%. An equilibrium

between the two diastereomers starts after 78 hours (50 w.t. %)
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Figure 4.3 — (a) Reaction scheme between FDM and MOBMI, (b) *H NMR of spectra of mixture of FDM and MOBMI
after 10 min and 24 h, and (c) conversion and percentage of endo structure with respect to time and 65 °C.

Cross-linked biobased PUs containing thermoreversible DA adducts were synthesized. Scheme

4.1 depicts the synthesis of (i) the control systems (linear PUs —reaction 1 and 2) and (ii) the cross-

linked PUs (reactions 1 to 3). Different PUs were obtained by varying the HS % in the PU structure.
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The HS % is the mass of HDIl and FDM, with respect to the mass of the global structure. The HS %
in the PU systems was varied either as 5,10 or 20%. The nomenclature of all PU systems prepared

is summarized in Table 4.1. The chemical structure of these both BMls are illustrated in Figure 4.4

Table 4.1 — Linear PU (control) and cross-linked systems: nomenclature and corresponding formulations.

HS content Type of BMI cross-
PU system Type of system [%] linker
PU-HS5 linear 5 N/A
PU-HS10 linear 10 N/A
PU-HS20 linear 20 N/A
PU-HS5-MOBMI cross-link 5 MO BMI
PU-HS10-MOBMI cross-link 10 MO BMI
PU-HS20-MOBMI cross-link 20 MO BMI
PU-HS20-MPBMI cross-link 20 MP BMI
PU-HS20-PPOBMI cross-link 20 PPO BMI (DP=3)
O O
N N
\ /
0] 0]
MP BMI
0] 0]
O
N N
\ n /
O O
n=3
PPO BMI

Figure 4.4 — Chemical structure of both conventional maleimide-terminated BMls used as cross-linkers.
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All PU networks after post curing (linear and cross-linked) were insoluble in conventional solvents
(CHCI3, DMSO, THF, DMF) and were thus examined by FTIR. In Figure 4.5, a comparison of the
FTIR spectra of PU-HS5, PU-HS10, PU-HS20, polyester polyol and FDM is presented. In the spectra
of the three linear control PUs (Figure 4.5 a to c), no peak was found at ¥ = 2270 cm™ (NCO
stretching band) and the disappearance the hydroxyl stretches (approximately at ¥ = 3600 to 3025
cmt) associated to the hydroxyls of polyester polyol and FDM is observed. Furthermore, the FTIR
spectra of PU-HS5, PU-HS10, and PU-HS20 could be used to highlight the main structural
differences between them. As expected, the main variations are related to the increasing content
of HS %, leading to higher concentration urethane groups (-NH-C=0-0-). This is highlighted by the
increasing vibrations of =NH stretching and bending (V = 3335 and 1550 cm™, respectively) as well

as the C=0 stretching from the urethane group (V = 1680 cm™) from PU-HS5 to PU-HS20.

) S S — _
D R et goa @RS PRI 5 \ N-H bend urethane _
\ "’ 1 ! ’ l/ LN o~ '
\| ;l ! : I, : \\" "
() e m———— i n i NV s G R GO ST S N v
v \W ) v
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N-H stretch Y ‘| ’ \,/\\/f“\ myl VS
urethane ‘\/ \ |,“f e \,/
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stretch polyol\‘
e)
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alcohol
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Figure 4.5 — FTIR spectra of, from top to bottom, (a) PU-HS5, (b) PU-HS10, (c) PU-HS20, (d) rapeseed-based polyol,
and (e) FDM.
The FTIR spectra of all cross-linked PU networks compared to their control PU and bismaleimides

is displayed in Figure 4.6 and Figure S4.16. Figure 4.6 displays the FTIR spectra of PU-HS20 (Figure
4.6-a) compared the cross-linked PU networks: PU-HS20-PPOBMI (Figure 4.6-b), PU-HS20-MPBMI
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(Figure 4.6-d) and PU-HS20-MOBMII (Figure 4.6-f) with their respective BMIs, PPO BMI (Figure 4.6-
c), MP BMI (Figure 4.6-e) and MOBMI (Figure 4.6-g). The FTIR spectrum of MP BMI distinguishes
itself by the C-C stretches of the aromatic ring at ¥ = 1500 cm™ (Figure 4.6-e). It is observed that
in PS-HS20-PPOBMI and PU-HS20-MPBMI lose the prevalence of the peaks associated to the HS
concentration (N-H stretch, bend and urethane C=0 (V = 1550 cm™). In Figure S4.16 it can be
observed that for each PU network cross-linked with MOBMI, PU-HS5-MOBMI (Figure S4.16-b),
PU-HS10-MOBMI (Figure S4.16-d) and PU-HS20-MOBMI (Figure S4.16-f) the carbonyl stretch
corresponding to the urethane of the control PU-HS5 (Figure S4.16-a), PU-HS10 (Figure S4.16-c)
and PU-HS20 (Figure S4.16-e) becomes masked by the carbonyl stretch of the amide of the
maleimide. Furthermore, the N-H stretch of the urethane at (¥ = 3335 cm™) becomes slightly less
prevalent, most specifically in the case PU-HS20-MOBMI. Moreover, as all PU cross-linked
networks are cross-linked via DA reaction, the disappearance of the C-H bending of maleimide

ring (V=826 and 692 cm™) is observed.
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Figure 4.6 — FTIR spectra of, from top to bottom, (a) PU-HS20, (b) PU-HS20-PPOBMI, (c) PPOBMI, (d) PU-HS20-
MPBMI, (e) MPBMI, (f) PU-HS20-MOBMI, and (g) MOBMI.
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TGA was used to evaluate the thermal stability of PU materials. Detailed TGA results can be found
in Figure S4.18 in Sl. In Table 4.2, the initial thermal degradation (Ts«%) is reported. The Tsy for all
materials is considerably above the r-DA reaction of approximately 120 °C, allowing for the r-DA
reaction to take place without any significant thermal degradation of materials. Control PUs (PU-
HS5, PU-HS10 and PU-HS20) exhibit decreased Tsy with increasing HS ratio. As described in a
previous study of our group, for equivalent biobased PU materials (Bueno-Ferrer, Hablot,
Garrigds, et al. 2012), initial degradation takes place in the HS domain and the thermal
degradation is directly linked to the HS content. When comparing control PUs with their
respective cross-linked materials, the Tsy decreased for cross-linked entities. Furthermore, when
comparing Tsy of control PU-HS20 to cross-linked PU materials, the lowest Tsy reported is that of
PU-HS20-MOBMI whereas PU-HS20-PPOBMI and PU-HS20-MPBMI were observed to be 30 °C
higher. This can be linked to the long-chain aliphatic nature of MOBM I as well as traces of reagents
from synthesis of MOBMI. In contrast, PU material PU-HS20-MPBMI exhibits the highest Tsy in
comparison to other cross-linked PU-HS20 materials and this could be related to the aromaticity

of the cross-linker.

The glass transition temperatures (Tg) were determined by DSC. To avoid degradation, the Tg of
cross-linked PU materials were recorded using a single heating ramp from -80 to 175 °C as
reported in Table 4.2. Detailed DSC thermograms can be found in SI, Figure S4.19. The Tg of all PU
materials were observed in a very small window, from -51 to -48 °C. As a general trend, the T of
cross-linked materials increased (due to cross-linking) when compared to their control
counterpart with the exception of PU-HS5-MOBMI. Endothermic peaks corresponding to the r-
DA reaction did not seem to appear clearly in any cross-linked PU due the consequently

predominant Tg related to the HS domains and could not be studied.
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Table 4.2 — Main characterizations of synthesized biobased PUs.

PU system TGAT,;, DSCT, Young’s modulus glel glol SR!9 in DMF |FLel

[ d [ d [MPa] [MPa] [%] [%] [%]
PU-HS5 348 -50 2.33+0.21 0.55 #0.01 91+ 14 40 =3 97.6 + 0.1
PU-HS10 322 -50 2.73 +0.15 0.88 = 0.01 155 = 4 167 = 18 97.5 = 4.4
PU-HS20 281 -49 5,64 +1.12 1.73 = 0.08 74 + 8 137+ 6 935+ 1.0
PU-HS5-MOBMI 339 -51 1.80 = 0.12 0.57+0.02 102+ 13 42 + 1 96.4 + 0.1
PU-H510-MOBMI 298 -48 3.80 £0.05 0.35+0.01 299+ 15 105 +2 912+ 1.6
PU-H520-MOBMI 230 -49 0.17 £0.01 0.15 + 0.01 114+ 9 116 £ 5 84.8+3.0
PU-H520-PPOBMI 261 -48 6.20 +1.03 2.28+0.21 114+ 9 70 =11 97.1+1.3
PU-HS20-MPBMI 268 -49 13.4 +1.81 2.07 £ 0.06 97 + 12 69 2 96.1+ 0.6

[a] Tensile strength. [b] Elongation. [c] SR=swelling ratio. [d] IF=insoluble fraction.

The mechanical properties of all PUs were evaluated at room temperature by uniaxial tensile
tests. They were reported in Table 4.2 and Figure S4.17. For control PUs, results indicated that
increased HS content led to increased tensile strength and decreased elongation, with the
exception of PU-HS5, which exhibited a predictable lower tensile strength but also surprisingly
lower elongation at break. As expected, the Young’s modulus increased due the increasing HS
content of the control PUs materials. For PU materials which are cross-linked by MOBMI (Figure
S4.17-a), the building block MOBMI tends to have a softening effect compared to the others
systems. These PU materials presents an increased elongation break and a strong decrease in
Young’s Modulus and tensile strength. This behavior was most apparent in PU-HS10-MOBMI and
PU-HS20-MOBMI. This can be explained by the aliphatic and branched long chains of MOBMI.
Furthermore, as MOBMI was synthesized with an excess of 6-MHC, the neutralized 6-MHC by
methanol gave the corresponding methyl ester, which certainly impacts on the softness of the
materials. Nevertheless, the cross-linking does not counter this softening effect due to MOBMI
architecture, nor that of remnant reagents. In contrast, PU-HS20 cross-linked by conventional
BMls, PPOBMI and MPBMI, led to the expected increase in Young’s modulus and tensile strength,
but surprisingly similar with some elevated elongation at break (Figure S4.17-b). Other research
groups have used FDM as part of synthesis of polymer backbones, such as polyesters (Zhang et

al. 2017) and PUs (Gu and Wu 2018), both cross-linked by varying amounts of MPBMI, where the
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PU study exhibited similar behavior. This could perhaps be explained by the fact that the cross-
linking took place in the HS domain. This could be further developed in studying PU networks with
constant HS content and cross-linked by varying amount of BMI. Given that the cross-linking takes
places in the HS, there is an interplay between the phase segregation of the materials and the DA
reaction, especially evident with short BMIs. Nevertheless, it is apparent the structure of the BMls
played an evident role in improving the material properties, as PU-HS20-MPBMI reported higher
Young’s modulus than PU-HS20-PPOBMI. However, the PUs cross-linked with different

conventional BMls reported similar tensile strength.

Lastly, all PUs were characterized by swelling tests in DMF. Results are reported in Table 4.2. The
PUs cross-linked by MOBMI appear to have decreased swelling ratios (SRs) with respect to the
linear counterpart, but as well experienced a decrease in insolubility fraction (IF). This is highly
likely due to remnants reagents and by-products carried over from the MOBMI synthesis, as
depicted in the *H NMR and *3C NMR spectroscopic analyses (Figure 4.2 and Figure S4.9). Some
guestions stay open and at this level, it is difficult to fully conclude whether the decreasing in
swelling is solely due to cross-linking or rather soluble mass transferred to the organic solvent
phase. Additional investigations could be needed on this point. In contrast, a significant decrease

in SRs and increase in IFs is evidently apparent in PUs cross-linked by the conventional BMls.

As an advanced property, reprocessability was studied using PU materials cross-linked by
conventional BMIs and PU-HS10-MOBMI and reported in Figure 4.7 and Table S4.5. The
reprocessability of these PUs was evaluated by comparing the mechanical properties of original
materials processed by solvent casting, to materials reprocessed by compression molding. Of all
materials evaluated, PU-HS10-MOBMI seem to best preserve its static mechanical properties over
two hot press reprocessing cycles, with only experiencing a loss in Young’s modulus after a second
reprocessing cycle. PU-HS20-PPOBMI seems to preserve its Young’s modulus over all processing
cycles whereas PU-HS20-MPBMI evidenced an apparent decrease over reprocessing cycles.
Although the aromatic nature for the MPBMI yields superior mechanical properties, it can affect
the reprocessing ability of the material by compression molding. The high melting temperature
of MPBMI (approximately 150 °C), can be effecting the reprocessing ability of materials,

specifically during the curing step (DA reaction) of the procedure as this limits the local mobility
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of MPBMI in the material. Nevertheless, PU-HS20-MPBMI loss in Young’s modulus and tensile
strength remains quantitatively superior than PU-HS20-PPOBMI for the respective reprocessing
step. The notable lack of preservation of material properties over processing cycles can be
attributed to the inability of the material to maintain its cross-linking density when exposed to
this thermal treatment. As previously mentioned, dissociative CANs often exhibit varying cross-
link densities after reprocessing, which in turn effect the mechanical properties due to chain
rearrangement, vitrification and cross-link ruin (Kloxin et al. 2010). Furthermore, since there is an
interplay between the hydrogen bonding due to the phase segregation of the materials and the
DA reaction, exposing the material to different reprocessing procedures could enhance
reprocessability. For example, higher curing temperatures than 60 °C but lower than 90 °C, for
the DA reaction to take place, could increase the kinetics of the DA reaction in the material but

as well enhance local mobility.
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Figure 4.7 — Uniaxial tensile tests to compare the mechanical results of initial and reprocessed materials: PU-HS20-
MPBMI, PU-HS20-PPOBMI, PU-HS10-MOBMI, (a) Young’s modulus, (b) tensile strength (o), and (c) elongation (g).

220



Chapter 4

As an advanced property, the self-healing ability of PU-HS10-MOBMI was also evaluated. The
initial 120 °C heating allows the r-DA to take place but as well as promotes adhesion, whereas the
60 °C heating cycle allows for the network to be reformed by the DA reaction. After thermal
treatment, the cut dumbbells have recovered their integrities. As depicted in the stress-strain
curved of the initial and healed sampled displayed in Figure 4.8, the healed sample seems to
almost fully recover in Young’s modulus and attain about 50% of the initial tensile strength. Due
to their toughness, PU-HS20-PPOBMI and PU-HS20-MPBMI samples could not be easily tested for
self-healing. In contrast, an adhesion test could be further developed to further characterize these
stiffer materials by examining the adhesion between two pieces of these material on larger

surfaces areas.
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Figure 4.8 — Uniaxial tensile tests: Stress-strain curves of healed samples PU-HS10-MOBMI.

5. Conclusion

A new approach of producing cross-linked vegetable oil based PUs via the thermoreversible furan-
maleimide DA reaction was studied and successfully developed. Linear PUs were synthesized
using rapeseed-based polyol, HDI and FDM, a furan containing chain extender. By using FDM as
chain extender, the cross-linking of PUs in the HS domain can be explored. The furan content was
varied in PUs by varying the HS content (5, 10 and 20 %). Furthermore, to ultimately avoid the use

of fossil-based BMlIs and provide a new branched BMI, an original biobased methyl oleate BMI
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derived from sunflower oil was synthesized and fully characterized. The PUs were cross-linked by
MOBMI as well as two conventional and fossil-based BMils: 1,1'-(Methylenedi-4,1-
phenylene)bismaleimide and PPO-based BMI. Control PUs (without BMI cross-linking) generally
exhibited increase Young’s modulus and tensile strength and decreased elongation with
increasing HS content. However, when these PUs were cross-linked by MOBMI, MOBMI tends to
have a softening effect on the material, with increased elasticity. The long branched aliphatic
chains of MOBMI as well of short-comings of its synthesis process can be attributed to the
reported behaviour. In contrast, PUs cross-linked with shorter linear BMIs would yield increased
Young’s modulus, tensile strength, Tg, IF and decreased SR. PUs cross-linked by MOBMI exhibited
the most consistent thermal recyclability and heat-induced self-healing. Nevertheless, PUs cross-
linked by conventional BMIs showed promising thermal recyclability that requires further
optimization by modified thermal treatments. Future efforts consist of further examining the
temperature-dependent viscoelastic behaviour of these CANs to further improve thermal

recyclable behaviour

These PU networks are reported for the first time with such a high biobased content (90 wt%).
Synthesizing such networks provides a holistic approach to sustainable material design by
incorporating sustainable raw materials but as well as attempting to control the end-life of
materials, as a means to reduce energy and waste. This innovative work contributes to the
development of biobased intrinsically dynamic architectures for a wide range of material

domains.
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Table $4.3 — HV of MO Diol determined by 3'P NMR (mg KOH/g) from Figure 54.13 and chemical titration.

Primary &
Secondary Hv
Mass HV [mg KOH/g]
Sample (mg] Hydgoxyl mmol/g [mg KOH/g] Chemical
Titration
[ppm]
MO Diol 22.4 146 - 148 3.97 223 220
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Table S4.4 — Maleimide content in mmol/g of MOBMI determined by quantitative *H NMR from Figure $4.16

Mass o)
Sample Area mmol/
P [mg] [ppm] &
MOBMI 20.1 7.01 1.49 1.83
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Figure $4.19 — Differential scanning calorimetry (DSC) thermograms of materials (a) PU-HS5 (green, solid), PU-HS10,

(blue dashed),and PU-HS20 (red, dash dot), (b) PU-HS5-MOBMI (green, solid), PU-HS10-MOBMI (blue, dashed), and

PU-HS20-MOBMI (red, dashed dot), and (c) PU-HS20-MPBMI (green, solid) PU-HS20-PPOBMI (blue, dashed) and PU-
HS20-MOBMI (red, dashed dot).

To reprocess material by compression molding, initial materials are cut into several small pieces
and placed in the center of square tile mold. In a hot press, the material is left to preheat at 150
°C for 15 mins, followed by 10 mins under compression at 150 °C. The material is then left at 60

°C for 48 h in order for DA cross-links to be reformed
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Table S4.5 — Summary of mechanical properties data (initial and reprocessed) of PU-HS20-MPBMI, PU-HS-MPBMI,
and PU-HS10-MOBMI PUs materials.

PU system Processing step Young[;élglc])dulus [I\ilrll:a’;] [EE:;

Initial 3.88 =+ 0.05 0.35 +0.01 300 * 15

PU-HS20-MPBMI Reprocessing 1 3.16 = 0.20 0.47 #+ 0.05 293 =+ 31
Reprocessing 2 0.26 &= 0.02 0.38 = 0.04 222 £ 26

Initial 6.23 = 1.00 2.28 +0.21 114+ 9

PU-HS20-PPOBMI Reprocessing 1 6.45 + 1.08 1.36 * 0.06 57 + 16
Reprocessing 2 6.73 = 1.23 1.36 = 0.11 46 = 8

Initial 13.44 *+ 1.83 2.07 = 0.06 98 + 12

PU-HS10-MOBMI Reprocessing 1 9.45 +=1.00 2.55 +0.28 50 +9
Reprocessing 2 7.46 = 1.23 1.67 = 0.22 285

[a] Tensile strength. [b] Elongation.
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Conclusion of Chapter 4

The aim of this last experimental chapter was to explore another strategy to obtain cross-linking
biobased PUs by the DA reaction. This chapter uses FDM as chain extender in PU synthesis, to
explore the cross-linking in the HS domains of PUs. Furthermore, to ultimately avoid the use of
fossil-based BMIs and provide a new branched BMI, an original biobased methyl oleate BMI
derived from sunflower oil was synthesized and fully characterized. The furan content of PU
backbone was controlled by varying the HS content (5, 10 and 20 %). The PUs were cross-linked
by MOBMI as well as two conventional and fossil-based BMlIs: 1,1'-(Methylenedi-4,1-

phenylene)bismaleimide and PPO-based BMI.

It was generally observed that MOBMI brings a softening effect when used as a PU cross-linker.
When compared to control PUs counterparts, PU cross-linked with MOBMI has considerably
increased the elasticity materials. This is hypothesized to be due the long-chain branched nature
of MOBMI but as well as shortcomings of the MOBMI synthesis in which remnant reagents could
have played a role in softening the materials. Perspectives include further improving the MOBMI
synthesis. Nevertheless, PUs cross-linked by the conventional BMIs would yield increased Young’s
modulus, tensile strength, Tg, IF and decreased SR. Although, PUs cross-linked by conventional
BMIs showed promising thermal recyclability that require further optimization by modified
thermal treatments, PUs cross-linked by MOBMI exhibited the most consistent thermal

recyclability and heat-induced self-healing.
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This PhD thesis took place within the BioTeam group directed by Pr. Luc Avérous, at the Institut
of Chemistry and Processes for Energy, Environment and Health (Institut de Chimie et Procédés
pour I'Energie, 'Environnement et la Santé, ICPEES), a joint research unit (UMR 7515) between
University of Strasbourg and CNRS. Moreover, this work also involved in the frame of Mutaxio, a
joint research entity between the BioTeam and the R&D of Soprema France. Soprema is world
recognized leader in the construction industry. In the context of this thesis, Soprema and the
BioTeam took part in the Trans’alg consortium funded by BPI-France, with the aim of developing
advanced water proof membranes and insulation from biosourced molecules. In the context of
this project, Soprema did not impose materials specifications or specific objectives. This PhD had
the liberty of creative freedom in context of research and innovations for the development of

new adaptive biobased PUs derived from vegetable oils.

This PhD thesis situates itself within a historical research thematic of the BioTeam — developing
polyurethanes (PUs) with innovative renewable macromolecular architectures from diverse
biomass such as vegetable oils. As this research thematic evolved in time, a reflection around
sustainable polymer design concluded that although materials should increasingly integrate
renewable raw materials, they should also be designed with advanced properties to facilitate
recyclability and a controlled end-of-life. Covalent adaptable networks (CANs) have been shown
to display such properties. They contain dynamic cross-links which allows them to be reprocessed
like thermoplastics, as well as maintain the benefits of thermosets. CANs networks can subdivided
into two categories: associative and dissociative. In associative CANs, dynamicity occurs by a
substitution reaction between an existing cross-link and a pending reactive group, whereas in
dissociative CANs, cross-links are cleaved back into their individual reactive moieties before
reforming again. Combining the emergence of CANs with our historically acquired knowledge in
biobased PUs; the objective of this work was to develop reversibly cross-linked PUs based on
vegetable oils. The synthesized and achieved biobased networks were studied for their physico-
chemical properties and for their advanced performances such as thermal recyclability and self-

healing ability.

The manuscript is structured with chapters and publications. Each publication acts as the

backbone of each chapter. This thesis is built under publications format for the submission of
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three scientific articles as well as a bibliographic review to peer-reviewed journals. One
publication linked to the second chapter has already been fully published in ChemSusChem (2020,
Vol. 13, p. 238).

Following a general introduction, the manuscript consists of four chapters. In the first chapter,
an exhaustive bibliographic review of the use of ‘green’ click chemistry for the synthesis of
polymers and networks derived from vegetable oils was accomplished. This allowed us to explore
the most prevalent chemical modifications on vegetable oils as well as comprehend the
importance of click chemistry reactions as a powerful tool for the synthesis of innovative
architectures. Furthermore, the analysis of the literature allowed us to apprehend the main
problematics associated with this means of synthesis, most notably the use of the DA reaction by
the furan maleimide coupling. The use of the furan-maleimide DA reaction for the synthesis
vegetable oil-based networks is in its infancy, when compared to a more established reaction
such as thiol-ene addition. Nevertheless, the furan-maleimide DA reaction is a thermally
reversible click chemistry reaction that instills itself well in the ideals of green chemistry and is an
established reaction for the synthesis of dissociative CANs. Thus, the development of reversibly
cross-linked PUs based on vegetable oils would be achieved by utilizing the thermally reversible
furan-maleimide DA click reaction. Vegetable oil-based building blocks, containing furan and
maleimide moieties were synthesized and could readily integrated to precedently established
biobased PUs of our group. The review highlights emergence of the DA reaction and
triazolinedione chemistry for the synthesis of sustainable polymers with advanced properties and
the potential of click chemistry for the synthesis of vegetable oil-based polymers for a wide range

of applications.

Chapters 2, 3 and 4 consist of the experimental part of this manuscript. In the second chapter, a
new biobased furan bearing building block derived from sunflower oil, denoted the Furan
Oligomer (FO), was synthesized for the first time, according our knowledge, and fully
characterized. This original FO consists of diol structure with pendant furan rings. Due to its
structure, the FO can integrate PU backbones. The FO alongside a conventional bismaleimide
(BMI) was used in the synthesis of thermoreversible cross-links in PUs. The dynamicity solely

between the FO and BMI was first studied and proved by different means. Then, the FO and BMI
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were integrated in to the synthesis of PUs, which led to advanced dynamic architectures with

advanced properties such as thermal recyclability and self-healing.

In a follow-up study of this work, the third chapter studies the dynamicity of the FO with other
conventional linear BMlIs that varied in the length and structure, as well as the integration of these
different BMls in renewable biobased PU structures. It was concluded that aromatic BMIs would
yield superior mechanical properties in comparison to their linear aliphatic counterparts.
Nevertheless, varying the length of linear aliphatic BMIs did not yield a significant effect on the
mechanical properties, but rather on the ability of the materials to be thermally recycled.
Increasing the length of BMIs led to a decreased ability of materials to be thermally recycled.
Furthermore, the introduction of hard segments in the linear backbone of the PUs showed that
these PUs could have enhanced mechanical properties by DA cross-links and showed promising

thermal recyclability and adhesion.

Lastly, the fourth chapter put forth the synthesis and characterization of fatty acid BMI, methyl
oleate BMI (MOBMI) and its use as a cross-linker in PU architectures. In chapter two and three,
the dynamic cross-links were introduced in the soft segments of PU architectures. In chapter four,
dynamic cross-links were introduced in the hard segments (HS) of biobased PU architectures and
was explored for its effect on physico-chemical properties polymers and on advanced properties
such as thermal recyclability and self-healing. It was concluded that the MOBMI had a softening
effect when used as cross-linker, most probably due to its long aliphatic branched nature. Cross-

linking PUs with conventional BMIs led to improved mechanical properties.

Finally, it has been made clear that there is interest in developing CAN networks using the furan-
maleimide DA reaction for the synthesis of advanced biobased PU architectures. This work allows
for the valorization of vegetable oils and the thermoreversible DA reaction for synthesis of
complex biobased PUs. We have acquired numerous scientific findings on the development of
biobased building blocks containing furan and maleimide moieties, as well as understanding their
effect once integrated into PU architectures. Further understanding on the temperature
dependent visco-elastic behavior of these biobased PU architectures during thermal reprocessing

opens a path to future developments.
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The experimental work in this manuscript provides a stepping stone in the development of
innovative, biobased and dynamic architecture for a wide range of applications. The PU-based
thermo-reversible networks derived from vegetable oils are the first of their kind to be examined.
The interesting and promising results obtained in the framework of this study has allowed for the

potential of numerous perspectives for the synthesis of advanced biobased CANs.

Firstly, significant work remains to be accomplished to acquire more refined knowledge on the
different materials synthesized to answer the still open scientific questions. For instance, dynamic
mechanical testing must be carried out to further understand the temperature-dependent visco-
elastic behavior of the materials and better interpret the thermal recyclability is required.
Furthermore, climate ageing analyses (UV, temperature, humidity) as well as life cycle analyses
are necessary to complete our studies before preparing the transfer to industry facilities through
along scaling-up step. In order to adhere to societal ambitions and facilitate a transfer to industry,
the syntheses involved would require a more stringent application of green chemistry principles,
such as eliminating the use of solvents and greener modifications (such as e.g., chemo-enzymatic

reactions).

Secondly, throughout this study we examined two main strategies of cross-linking biobased PUs;
(i) introducing pedant furan rings into soft segments of PU backbones and cross-linking with a
BMI and (ii) introducing furan rings in line with the PU backbone in the HS and cross-linking with
a BMI. Nevertheless, many different perspective strategies for cross-linking and can also be
envisioned and have yet to be explored. For example, (i) synthesizing a building block containing
both furan and maleimide moieties for a one pot cross-linking process (Figure C.1-a), (ii)
synthesizing maleimide containing building block that can be integrated in to PU backbones and
cross-linked by bis-furan or multi-furan linkers (Figure C.1-b), and (iii) synthesizing PU
prepolymers terminated by furan or maleimide moieties to be cross-linked via multi-maleimide
or multi furan linkers (Figure C.1-c), respectively. Cross-linking by different strategies ensues a
multitude of characterization and studies to determine how these different strategies impact the
physico-chemical properties of polymers as well as thermal recyclability and heat induced self-

healing.
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Figure C.1—Alternative cross-linking strategies (a) building block containing furan and maleimide moieties, (b)
building block containing maleimide moieties cross-linked with multi-furan linkers, (c) prepolymer terminated furan
cross-linked with multi-maleimide linkers.
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During the course of this work, we developed new biobased building blocks, such as FO and
MOBMI. As the FO consist of diol structure with furan pendant rings, the architecture could be
integrated into other polymer backbones such as polyesters and polyethers for the cross-linking
of other polymer architectures. Furthermore, the synthesis of FO and MOBMI could be adapted
to other readily accessible vegetable oils such soybean rapeseed oil. Moreover, fatty acids derived
from micro-algae are becoming an increasing and appealing renewable resources. Microalgae can
be grown in bioreactors under controlled environments without competing with land or food
uses. The synthesis of MOBMI can be readily adapted to eicosapentaenoic acid (C20:5) or
docosahexaenoic acid (C22:6) which are main constituents of fatty acids derived from microalgae
oil. These fatty acids contain carbon chains that are 20 to 22 carbons long and high level of
unsaturations (5 to 6 double bonds) which can readily be used for the synthesis of multi-

maleimide linker by the same route to attaining MOBMI.

Lastly, this work utilized the thermoreversible furan-maleimide DA reaction for the synthesis of
biobased PU dissociative CANs. Nevertheless, there exists a panel of reversible chemical reactions
that can be integrated for the synthesis of associative and dissociative biobased PU CANs and
more largely biobased CANs. Several thermoreversible cross-linking chemistries for synthesis of
CANs have also been explored such as triazolinedione Alder-ene reactions, hindered urea
exchange, oxime-enabled transcarbamoylation, transesterification, transamination of vinylogous
urethanes and many more. These reactions should be studied and integrated in the synthesis of

biobased PU CANs as well as biobased CANs for a holistic approach to sustainable polymer design.
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o Synthése par chimie click de réseaux
biosourcées de polyuréthanes performants aux
propriétés avancées.

Résumé

Notre époque a connu une révolution avec I'émergence des matieres plastiques qui ont
désormais une importance inégalée dans notre vie quotidienne. Cependant, ce fort
développement entraine de trop nombreux déchets dans I'environnement avec de forts impacts
environnementaux et ceci de fagon croissante. Pour répondre a cela, I'élaboration de polymeéres
durables avec I'utilisation de ressources renouvelables et des propriétés avancées pour gérer la
fin de vie des matériaux est attendue. Le développement de réseaux covalents adaptables (RCA)
est apparu comme une alternative intéressante pour répondre a ces attentes en développant des
applications dans le domaine des polyuréthanes (PUs) biosourcées. Dans ces travaux, nous
utilisons la réaction de Diels-Alder thermoréversible avec un couplage furanne-maléimide pour la
synthése de PUs dérivés d'huiles végétales et des points de réticulation thermoréversibles. Deux
nouveaux synthons dérivés de I'huile de tournesol, portant des groupes furane et maléimide, ont
été obtenus et incorporés dans des réseaux PU biosourcées. Les réseaux obtenus donnent des
résultats prometteurs en termes de propriétés, de recyclabilité thermique et d'autoréparation
thermo-induite. Les réseaux PU synthétisés et analysés constituent un tremplin dans le
développement de RCA biosourcées a plus faible impact environnemental.

Mots-clés : Polyméres biosourcées, polyuréthane, réaction de Diels-Alder, huiles végétales

Abstract

The modern era was revolutionized by the invention of plastics and as such have gained
prevalence in most aspects of our daily lives, causing an increasing appearance in landfills and
oceans. For this reason, sustainable polymer design should not only require the use of renewable
resources, but also factor in advanced properties to manage the end-of-life materials for the
reduction of energy use, resources and waste. Developing covalent adaptable networks (CANs)
has emerged as an interesting alternative to address this problematic, but with little to no
application in the domain of biobased polyurethanes. In this work, we utilize the thermoreversible
Diels-Alder reaction of the furan-maleimide coupling for the synthesis of vegetable oil derived
polyurethanes (PUs) with thermo-reversible cross-linking points. Two new building blocks derived
from sunflower oil, bearing furan and maleimide moieties, were obtained and incorporated into
the synthesis of biobased PU networks. The obtained PU networks yield promising results in terms
of polymer properties, thermal recyclability and heat-induced self-healing. The synthesized PU
networks provide a stepping-stone in the development of biobased CANs.

Keywords: Biobased Polymers, Polyurethane, Diels-Alder Reaction, Vegetable oils




