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Abstract

Thermosetting materials are a class of polymers used intaaay applications or
fields where superior mechanical properties are needed, such as automobiles,
coatings or construction areas. Notwithstanding their rekable thermomechanical
performance and chemical resistance, their irreversible crosslinked structure prevents
them from being recycled or reprocessed once cured. Consequently, a significant
volume of waste is generated after the completion of its usefiespan, which mostly
ends up in landfills or is incinerated, causing a severe problem from the sustainability
point of view. This pressing issue underscores the substantial and urgent challenge
faced by academic and industrial spheres to develop strasetpeprevent waste
buildup and ensure the preservation of the planet's environmdiftere are several
strategies at hand to craft environmentally conscious and sustainable thermosets.
These options encompass click chemistry and -dushg approaches, the
exploitation of monomers sourced from biomass or synthesizing covalent adaptable
networks (CANS).

In this work, all these approaches have been used to design different types of
thermosetting materials with different characteristics and properties, always
highlighting the sustainable point of view.

Chapter 3 establishes a novel dwalring system based on a first thermal epayine

and a second thermal or photoinitiated homopolymerization of methacrylates. The
curing procedure is studied and characteriaeging norisothermal isoconversional
and rheological analysi®epending on the curing conditions and careful selection of
the monomers, gelled or viscous intermediate materials and final highly crosslinked
thermosets can be obtained.

Subsequently, in Cipter 4, commercially available monomers are used to design a
first homopolymerization of (meth)acrylates and a further théploxy reaction dual
curing system. During the first stage, the occurrence of different reactions leads to an
imbalance in the stoliometry that affects the second thermal step. Nevertheless, by
adequately selecting the feed ratio of the initial formulation, the thermal and
mechanical properties of the final materials can be tailored to specific requirements.

Then, a fully renewable uhlcuring procedure based on eugenol, glycerol and
pentaerythritol derivatives is described in Chapter 5. By using clickMiibael and
thiol-epoxy reactions, thermosets with high homogeneity dgdalues around room
temperature are prepared. Moreovei,is found that a ratio between two of the initial
monomers determines the thermal and mechanical performance of the intermediate
and final materials.

A different sustainable perspective is explained in Chapter 6. Glutaric, suberic and
dodecanedioic dihgrazides, are synthesized. Combined with an epoxy derivative of



vanillin, they are used to prepare biobased poly(acylhydrazone) CANs. The associative
dynamic nature of imine metathesis between acylhydrazone bonds enables the
materials to be mechanicallyecycled and reprocessed. Furthermore, this exchange
reaction allows to selheal small damages in the samples.

In Chapter 7, a biobased diimiaéglycidyl derivative of vanillin is synthesized and
cured with several Jeffamines with different chain lengthise thermal, mechanical

and dynamic behavior is studied, revealing good thermal stabilis/,above room
temperature and rapid stress relaxation. The mechanical recycling is achieved, and the
chemical degradation of imine bonds is tested.

In Chapters 8rad 9, aliphatic disulfide dynamic materials from renewable resources
and commercially available monomers, respectively, are prepared. First, the catalytic
effect of the covalently bonded tertiary amines on the disulfide metathesis is
investigated. By vamig proportions of two amines, different viscoelastic behaviors
are obtained and characterized. Chapter 9 focuses on developing materials with
extremely fast relaxation rates while maintaining a certain creep resistance. Extensive
creep studies on all the aterials are performed to understand the behavior of the
materials in a wide range of temperatures. Finally, the-seHling and selfvelding
abilities are evaluated.

Chapter 10 is devoted to developing two reversible vitrimeric adhesives based on
epoxy and thiol commercially available monomers. The mechanical characterization is
performed to understand the range of possible applications. Thanks to the dynamic
transesterification, the dismantling and debonding are easily accomplished at high
temperatures. Moreover, the rebonding ability is confirmed by comparing the
adhesion strength to the original adhesive.

In the last chapter, a fully bibased duaturing system using an epoxy acrylate
derivative of eugenol, the triacrylate derivative of glycerol and cystamine, has been
established. Click lotemperaturetriggered azeMichael addition and high
temperature g@oxy-amine reactions are combined to achieve sequentiality in the
curing system. Viscous or gelled intermediates and highly crosslinked final materials
with multiple dynamic bonds are obtained. The dynamicity of the network is
demonstrated, and the assotiee or dissociative behavior is proved through
rheology. In addition, the mechanical properties are evaluated, and the possibility of
mechanical recycling is brought out by comparing the chemical and thermal properties
of the virgin and recycled samples.
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1.1Green chemistry and sustainable development

The exponential growth of the human population and their diverse needs inevitably
lead to increased resource utilization and environmental degradation. Pollution,
global warming, ozone depletion, deforestation, and loss of biodiversity are among
the most ugent environmental challenges faced bymanity. These issues emerged

in the late 19th century due to urbanization, industrial development, and the

expansion of chemical research and industrial productidn

In response to thespressing concerns, radical solutions involving industry, academia,
and governmerdg became necessary, giving rise to the emergence of green and
sustainable chemistry. The concept of green chemistry revolves around twelve
principles aimedt makingfuture chemistry safer and more environmentally friendly.
This approach includes waste preventiogjngrenewable feedstock, designing safer
chemicals, andideally, creating degradable substanocasce thetheir purposeis
fulfilled [2].

One significant environmental challengencerns the aed for thedegradability and
persistence of plastics in the environment. Mgssduced plastic products, like
plastic bags, are often intended for shderm single use buaccumulag in the land
and oceans for hundreds of yedid. Despite their adversenvironmentl impact,
plastics are indispensablie modern life due to their unique properties, including
versatility, low cost, strength, light weight, flexibility, and durability. They find use in
various sectors such as packaging, construction, textiles, transportatiamd
electronics, and hold potdial for future technological and medical advandés
Global production of fastics has exponentially increastedm 2 million metric tons
(Mt) in 1950 to almost 350 Mh 2017[5].

Nevertheless, this great demamtoducesseveral amounts of plastigollution and
waste According to Geyest al. about G000 Mt of plastic waste has been generated
from 1950 to the presentq]. Of this amount, approximately,00 Mt ended up or
discarded in landfills, 800 Mt have been incineratadd only 600 Mt havdeen
recycled.If current practices regarding plastic waste management are perpetuated, it
is projected that an alarming 1200 Mt will be accumulated in the environment. Thus,
many efforts still need to bemadeto change thigperspective

For this reasonbalancing the demand for plastics in society with the need to reduce
their environmental footprint is crucial. Sustainable approaches can be adopted to
achieve this balance. For example, substituting plastics derived from fossil fuels with
bio-renewable alternatives, recycling emd-life polymeric materials, or designing
them to be biodegradable at the end of their useful life are essential steps in mitigating
the impact of plastics on the environmefif]. Finding this golden mean is of utmost
relevance to ensure a sustainable future for society and the planet.
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1.2 Thermoplastic and thermosets

In general, plastic is the term commonly used to describe polymeric mateoial
polymers which are large molecules (macromolecules) composed of repeating units
called monomers that are chemically bonded into a chain or netwbikerent
factors such as the arrangement, chain length, branching, crosslinking, or the type of
congituent monomers determine their wide range of application§hese materials

can be classified according to different criterfathe classification of polymers is
based on the source of availability, they can be classified as natural, syntinetgni
synthetic If they are classified according to their structure, they can be divided into
linear, branchedor crosslinked polymerdhey can even be divided by their typef
polymerization mechanism, like polyaddition, polycondensatarring-opening|[8].

Finally, they camlsobe classified according to their behavior in front of temperature
which relies on the existence dffferent transition temperatures depending on their
molecular structure andvill be the classification used in this thedfalymers can be
divided into two main groups depending on their thermal behavior: thermoplastics or
thermosets.

Thermoplastics ar@ighrmolarmass macromolecular chains that are novatently
linked but rather entanglé. These entanglements lead to topological constrgihat
limit the molecular motion due to interactions with neighboring chdiiRigure 11a).

Entanglements

FAN
; [N
a e [N
TN
~ ! \ S
S ] Y

Figure 1.1a)Molecular structure of thermoplastic b) Someexamplesof daily-life
applications of thermoplastics.

Themoplastics are linearor branchedpolymer chains that can be either amorphous
or semicrystalline ina solid state and they can flow when heated above a
characteristic temperatureAmorphous polymersanflow when heatedwell above
the glass transition temperaturély), experiencingfirst a transition from glass to
rubber and then to a viscous melDifferently, semicrystalline thermoplasticswill



behave as glassy materials until they are heatbdve ther melting temperature Tm),
in whichthe chains are free to move antherefore, able to flow.

Thanks to thisbility to flow, thermoplastics cadeal withseveraheating and cooling
cycles withoutsignificantlyaltering their molecular structure or propertiesvhich
makes them able to be recycled or regedat high temperaturegaboveTgor Tm) as
well as to be processeda industrial techniquesuch as extrusion or injection molding
[9]. However thermoplasticsare usuallyweak which results in poor chemical and
solvent resistanceeasy degradabilitypy heat and poor mechanical propertieghen
increasing the temperatureDespite this the family of thermoplastics represent
almost 80% of the plastibemand nowadaysince they are widely used in many daily
life applicatiors (Figure 1.1b)Y10]. The most commorexamples of thermoplastics
used in manufacturing are polyethylenepolypropylene, polyvinyl chloride,
polystyrene polyethylene terephthalateand polycarbonatg11].

Contrarily, thermosetsire crosslinked structeswith strong covalent bondsrming

a threedimensionalnetwork that has become hardened permanentlythrough a

polymerization process called curifigigure 2.1a)This procedure is irreversibnd

can be generally achieved by treating the initial migtwf polyfunctional organic
molecules with heat, pressure, suitable irradiati@am curing agent@nd occursn a

mold designed with théinal desired shapelhe resulting rigidinfusible and densely
crosslinkechetwork architecture of thermosets is theiticaldriver for their strength

superior mechanical and thermal properties, dimensional stab#ityd high solvent
resistance

a) , b)
.:‘7,, g \ ) h o
~ ""\ “.v.,,
,‘./_/ \ ‘ \ "
P /) e
S N \

@ = Cross-linking point

Figure 1.2a) Molecular structure of thermosets. b) Some examples of titelypplications
of thermosets

Unlike thermoplastics, thermosetting polymers are usually amorphdws to the
impossibilityof orderin the network structurebecause ofhe restrictions imposed by
the presence of crosslink§ome exceptions existhen rigid monomersexhibiting
nematicisotropic transitions are usefd 2].
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Dueto crosslinking poirgt, thermosets do not flowwhen heated above th&, but they
adopt a rubbe-like behaviorwhen this emperatureis overpassedGenerally these
materialsshow Ty values above room temperatuy@nd high Ty is usuallyrelated to
high mechanical and thermal performance robustness and rigidity These
outstanding propertiesmake them very interestingor dayto-day usage and
applications Vinere superior mechanical properties &levated temperatures are
required, such asadhesivescoatings, building and constructiamdustry, or aviation
applicationgFigure 1.2b)13]. This is whyhermosets production accousfor roughly
20% of theworldwide annual polymeric productiodhmongthe most commonly used
thermosetting resins are epoxies, phensligolyesters, vinyl esterpolyimides or
bismaleimides14].

As previously mentiorgs theirreversible covalent linkagdsamper their solubility in
any organic solventhus, a suitable solvent willonly swell the polymerbut it will
never dissolve them unless the action of temperature or reactive solvents
compromises thenetwork integrity.Moreover, their impossibility to flow at elevated
temperaturesmakes them unable to be recycle@processegdor reshapedeading to
serious environmental issueBor thesereasors, careful strategiesnvolvingthe use
of sustainable synthesis and renewable feedstoctee employment of curing
methodologiesthat minimize the generation of wastend the energeticalcost
production, or adeeperinvestigation ino the recyclability or reprocessability of these
materials must be selectedto design thermosettingpolymersin a greener ecc
friendly and energyefficient way.

1.3 Strategiesfor a sustanable design of thermosets

Despite theexcellent mechanical propertieend chemical resistance of thermosets,
they cannd be recycled oreprocessednce cureddue to their permanently cross
linked structue, which leads to several amourdg of wasteaccumulatingin landfills
after the endof their sewice lifethat possibly may needhundredsof yearsto be
degraded Thisproblem evidenceshe big current challergythat the academic and
industrial worlds have to face to preventdtaccumulation of littemand protect the
planeQa Sy JANRY YSy i

The European Union has adopted its first movements towardgewsanagement by
publishing a directive encouraging the prevention, reuse, careful treatment, and
recycling of polymer wastgl 5].

In any case, different strategies can bsedto designthermosetsin a green and
sustainable way.These can be the use of clickemistry, adopting duakcuring
methodologiesor taking advantage of monomers derived from biom&sprepare



thermosetting polymers. The following sections will be addressaxkplaining these
methods.

1.3.1Dual curing

Ore methodology to obtaimigh-addedvaluethermosetting polymers withailorable
properties isthe dualcuring methodologyThis procedurecombinestwo different
polymerization processesequential or simultaneoyghat can betriggeredby an
external stimulus sucls heat or UVlight [13]. Simultaneas duakcuring is notas
interesting since both reactions take place at the saime, so it is only focusedn
the properties of the final materialConversely sequential dual curingallows
obtaining a first intermedate material with specifiproperties ard a final material
with totally different characteristicsafter a second curing reactiormaking this
procedurehighly interestingn the scientiic community (Figure 1.316¢19)].

Mixture of monomers Intermediate material Final material i
= e
o ° e ® o i 1stcuring 2nd curing i
e o ¢ * [ Trigger 1 . ° Trigger 2
° ° i
: 1
I
I
|

Liquid-like + Processingrequirements Applicationrequirements
Solventfree @ % == == = e —

Figure 1.3Schematic representation of a dual curing procedure extracted fish [

The network structureandthe properties of the intermediate and final materials can
be designed by controlling the monon@& ¥ dzy’ Gcheni2zay dtrdcturgaddfeed
ratio in the initial formulation Dependingon the previous parametersfter the first
curing stageit is possible to obtaia viscous intermediate material in whichetbhains
are not totally bondedn the structure which isuseful for example in the adhesion
field [20] or a gelled intermedi® material in which a network has been formed
However,some more functionabroupsstill have to react which can be a good
advantagein programming a desired final shap21]. Moreover, offstoichiometric
mixtures canalso enhance thethermal and thermomechanical properties of the
prepared thermosets42,23.

For these reasons, sequential dual curing can be considered an evolutmthesf
thermoset synthetic methodologiessuch as prepolymecrosslinkingor B-stage
processesB-stage procesing is a multistagéabricationtechnology that is used for
dry bond adhesives or complex composite pat4,Rg. Neverthelessthis procedure
is subjected to tighttime-temperature specificatios to control the extent of
polymerization which maximies the possibility of oveturing compared to dual




curing in whichthe intermediate material will not react unless the corresponding
stimulus istriggered Comparedto prepolymer synthesisprocessing can be made
mucheasierin dualcuring systems since the prepolymeolstained in the first curing
stage with lowmolecularweight monomers rather than mixing large amourds
polymeric componentsHowever dualcuring extends well beyond these concepts,
allowing the creation bbespoke materials with adaptable processing capabilities,
making them extremely valuable for various advanced applicatiéms additional
advantage of duaturing systems is the potential for solveinée processing, utilizing
liquid monomers and mild ewlitionsto prepare the materialsThis facsignificartly
minimizes volatile organic compound (VO@missions into the atmosphere and
reducesprocessing energy cosfbhis aspecevidencethe importance of ugigduak
curing proceduresfrom a sustainabity point of view thus indicating that this
methodology may be a good strategipr the environmentally friendly and
energeticallyefficient designof thermosetting materials.

However achievinga successfidequential duaturing procedurés not that easyand
three crucial requirements must beamet: i) both reactionsmust be selective and
compatibleto avoid undesired inhibition or side product$) different stimuli can
trigger bothreactionsor alternatively, they exhibit significantly distinct reaction rate
enabling their control from a kinetic perspectivBy using this procedureghe
properties of the intermediate and final materiatan be customailored. Photo
latent and thermally latentcatalysts 26,27 or the use of blocked speci¢28] are
usually exploitedfor reaching sequentiély in the design ofdualcuring systems.
Nonethelessclicktype reactions are the most used falevelopingnetwork buildup
processes due ttheir easiness, orthognality andgreatcompatibility[29].

1.32 Click chemistry

The concept of click chemistry was introduced by Sharpless andid@rsin 2001in
response tothe continuous and rigorous research efforts dedicated to developing
methods for synthesing increasingly complex natural produc29]. This chenstry
involvesthe formation ofheteroatom linkage¢GX-C)andhas a high thermodynamic
driving face (> 20 kcal md), but they have to meet some stringent criteria to be used
in this context. Click reactiomaust be modular, wide in scope, give veryhigelds
(or evenbe quantitative) regio andstereospecific (not necessarily enantioselectjve)
insensitive to oxygen or wateand orthogonal[30,31]. Moreover, they must be
performed with readily availablstarting materialgn solventless or agueous media
and very simple condition§ husthese reactions can b&ssesseas environmentally
friendly regardingthe low generation of residues, atontenomy, and high energy
saving which makes tem very interesting from the sustainability point of view for



the preparation of thermosetting materials. Figure 1.4 showssaalrepresentation
of the click chemistry.

Active functional
groups for click
chemistry

Figurel.4.Conceptual representation of click chemistry.

In the field of thermosetsglick reactions mark the differencgith their allowancen

obtaining welldefined macromolecular structuresCombined with their high

toleranceto variousfunctional groupsthey are suitablefor implemening duakcuring

systems 21,3%,34]. Althoughmeeting the requirements of @ Ot A O1 ¢ NBI Ol A2y
order, multiple processes have been identifighlat step up to the markn the design

of polymers:

1 Nucleophilic ring openingf epoxidesor aziridined35):

o + OH

R\/& + NU ——» R\)\/Nu H4> R\/I\/Nu

Scheme 1.1Scheme o& nucleophilic ring opening reaction.

1 Michael addition reaction$36,37:

(0]

o " OH
R)J\/ + NU7 —_— R)\/\NU H4> R)\/\NU

Scheme 1.2Scheme of a Michael addition reaction.



1 Photochemical additionf thiols to alkenes and alkyn§38,39:

S.
R/\ + R1/SH - . R/\/ R1

)

s R
R + R1/SH —_— R)\/S\R1

Scheme 1.3Scheme of thiekne and thiolyne reations.

1 DielsAlder cycloaddition§4Q]:

R4 R4
% Rj Rs
L —
N R, Ry
R2 R2

Scheme 1.4Scheme of DielsAlder cycloaddition.

1 Carbonykdditions of thiol to isocyanatg!l]:

o)
.0 sy [Alor[B]
L7+ —— R
N Ry~ R1/\NJ\S/ 2

R
H

Scheme 1.5Scheme ofhiol additions to isocyanates

1 Imine or acylhydrazonformation[42]:

R
o) N3

R |
+ -3 +
R1)J\R2 HoN R1)\R2 H20

Scheme 1.6Scheme ofmine formation

Many examples of these reactiohave been used to prepathermosetting polymers
with multiple different chemical structurefor a wide range of applications.

To tune the properties of the final materialmjonomers with different structures
containing aromatic rings or aliphatic chameed to react with the proper hardeners.
Unfortunately, in the polymer fieldnanyreagents are still derived from petrblased
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feedstockswhich carresult in fossil resouedepletion For this reasorthe academic
world has to challenge substitlihg petrol-derived monomers for materials derived
from biomasssuch as terpenes, terpenoidsegetable oilscarbohydratesor lignin
[43].

1.3.3 Use of renewable feedstocks

Thermosetting materialon an industrial scale are typically prepared from non
renewable resourcept4]. However, reducing the use and dependencdassil fuels

is not only necessarglue to environmental concernisut also economically crucial.
Nowadays, lmbased feedstocks are gaining traction as areralitive to petrot
derived products[45]. Typical examples ofthermosets used in the industry are
phenolic and uredormaldehyde resis, unsaturated polyesters, and epoxy resins
which account for approximately 70% of the market of thermosetting polymers
(polyurethanes not includedfboveall the monomers to formul@ epoxy networks
the most used is the diglycidyl ether of bisphenol A (DGE&#A¢h can be obtaied
by the reaction of bisphenol A (BPA) agpichlorohydrin in the presence of sodium
hydroxide.Nevertheless, this product is reported to be hazardous aoxic. Thus,
there has been anincreasing interesin looking foralternativesfor DGEBAased
polymers[46]. Figure 1.5 showthe most abundant biomass structures for Hased
polymers.
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Figure 1.5Most abundant biomass andrsttures of common biobased building blocks in
polymer science extracted fromT].
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Vegetable oils are widely used as renewable alternatteespoxy monomersince
they are cheap and abumdt. Theycomprise90-95% triglycerides witimanydouble
bonds which can be easily functionalized with epoxy grodpge most used vegetable
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oils in thermosetting materials argoybeanand linseed oit. Nevertheless, the long
aliphatic chainin their structure leads to thermosets with low thermomechanical
performance,which limits their usageo non-structural applicationd48]. For this
reason,they are mostly used as matrices for fmomposites or as tougheners in
blends with gtroleum-derived epoxy resins4p,50. The presence ofglycerol ester
bondsmakes them potentially biodegradablg]].

Another postility of bio-based compounds$o substitute fossil resourcethat are
gainingincreasingnterestisterpenes p2). This iglue to their structural diversity and
the presence of double bonds with different reactivitiéfsat convert them into
promising building blocks with great potential in biopolynf@moduction The most
commonly employed terpess are pinene and limonen&he last, limonenewhich
can be obtained fronthe isomerization of pineneand the residues of the juice
industry, is a potential monomer for thermosetting material¥hetwo double bonds
in its chemical structurallow the epoxidationto limonene dioxideto be further
reacted with different hardeners such as amines or anhydrideg® obtain highTg
materials p3,54.

Polysaccharidesuch as cellulose or glucoaee alscexcitingbio-based raw materials
for the obtentionof pivotalbuilding monomersuch as isosorbide or furakerivatives.
Isosorbideproduction begins with thénydrogenation of glucose to sorbitaind its
further dehydration in acidic conditiorj§5]. Due to itsrigid structure provided by the
two cisfused tetrahydrofuran(THF) ringsts use is basically focused on syntlzesj
high-performance materials. The diglycidyl derivative can be easily obtained and
cured with amines or anhydrides to yietdosslinked thermosets with highy values
and good mechanical propertiesq]. Even more interesting are the furan derivatiyes
producedthrough dehydration processes from hexosgg][ These reactions mainly
yield 5hydroxymethyd2-furfural and2-furfural that can be functionalized ta vast
range ofmoleculessuch as amines, acids, aldehydes, ketoeeexides that arbighly
potential starting monomersn the thermosetting field38]. For example, Palmes
al. prepared a fully bidbased furan crosslinked polymérough an epoxyamine
reaction obtaining thermosets with high glass transition temperaturasd high
thermal stabilitysuitable for coating, adhesives and composite matefizd).

Lignin one of the most abundant renewable resourgssa large ad complex natural
polymer that can also be usdd synthedze thermosets.It contains many hydroxyl
and phenolic groups that can beonverted to suitable functional groupthat
commonly leado crosslinked material®.g, epoxy pB0], phenolic[61], and polyester
materials[62]. However lignin is also weknown for its heterogeaous structure
relatively low reactivityand poor compatibilitylimitingits use as a resin component.
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Consequentlylignin derivatives such a&nillin, eugenqlor caecholcan be utilized
as precusorsfor syntheszingdifferent polymeric materialsindeed the first two will
be discused sincethey are used ira significantpart of this thesis.

1.3.3.1Vanillin

The history of vanillin traces back to the famous Spanish cemeqCorés who, in
around 1520, is believed to have been served a chocolate drink flavored with vanilla
by the Aztecs. He introducezhocolate and vanilla to Spain and Europe, where they
gained rapid popularity63]. In 1858,Gobley was the first to isolate and identify the
vanillin compound in the vanilla bean and confirm its role as the prinflamor
component.Nowadaysaround 2Q000 tons of vanillin are produceghnually being

the most available pure monoaromatjghenol currently produced at an industrial
scale from ligning4].

Vanillin (4-hydroxy3-methoxybenzaldehyde) is used as a flavorargl fragrance
ingredient in the food or cosmetic industriéganillin is a key compound in chocolate
and ice cream manufacturenaking large producers such as Unilever, tdeor
Suchardmportant playersn its market §4]. However the aromatic ring, the phengl
and the aldehyde groups make vanillin very interesting esicialbio-based starting
material for synthegiing thermosetting materials g5]. Indeed vanillin offers a
promising solution to the persistent challenge of discoveringldzieed aromatic
monomers capable of replacingortventional petrd-based alternativesand its
potential has been prowt in epoxy polymerswhere it results as an excellent
substitute for BPA66¢68].

1.3.3.2 Eugenol

Eugenol is the main constituent of clove,dllerived from the specie€ugenia
caryophyllatadove has serveds a spice and fragrance in ancient Cliaraver two

millennia. Its welkknown application as a traitbnal toothache remedywas first
R20dzYSyiSR Ay CNIyOSQa [69. NheCnuaeSgendl¥ t K& a2
production was estimated ©2,000 tons representng a significantannual market

value.

Eugenol is an extraordindr versatile molecule and has been included as
ingredient in cosmeticand several perfumes such as Op#®or Yves Saint Laurent
asa spicy flavoring in whiskgnd ice creamsand as a surgical dressiimgdentistry.
Moreover, its antrinflammatory andchemopreventive effectandits superior ant
oxidant activity have athcted the attention of many researcher§(]. Its rigid
structure provided by the aromatic ring and the phenol and allylic graxqueverts
eugenolinto a greatplatform for designng polymeric materialsSomeresearchers
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have focused their attentioon the epoxy derivatives of eugendtor example, Faye
et al. described the synthesis of a-&poxyeugenol compoundy reacting eugenol
with phosphorous oxychloridend its curing with different aming1]. Theyobtained
high-performance thermosetsvith flameretardant properties due to the presence of
phosphorous atom# the polymer structureNeverthelessgue to ts great versatility,
other reportsdirect their efforts on its ally derivatives to achieve thiedne-made
thermosets[35,3§ or even to synthesize hardeners from eugetwoture epoxy resins
[72].

As can be seen, a wide variety of natural prodwtsused in industrial applications
to replace partially or even entirely petroleubased polymers. Materials designed
under this strategy can compete with or surpass existing thernsogéth superior
environmental qualitiesFor this reasonyusingrenewableand biobased feedstocks
arisesasan efficient and promising pathway for the design of thermosetting materials.
However, biebased does not mean biodegradatlerecyclablewhich is one of the
main current issues to be solved.

1.34 Recyclabilityand reprocessability of thermosets

Unlike thermoplastics tat, at high temperaturescan flow untilthey melt, facilitating
reprocessability or solubility ina determined solvent, thermoset recycling
technologiesare much more difficulfor the permanent covalent bond®rming a 3D
network [73]. Despite this, some approaches have been miaderocess and recycle
thermosets. Theséechniques can be divideidto mechanical, thermal and chemical
processing[74]. Figure 1.6 shows a representative scheaigossibletreatments of
thermosettingmaterials

Monomer A Monomer B

—

recycling
Curing > Filler/Additive
Chemical
recycling

Pyrolysis

Landfilling Incineration
> Energy

Figure 1.6Representative scheme teatment of thermosgting residues.
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Mechanical recyclingnvolves cutting and grinding stepsand transforning saap
products into uniformly sized flakes using speed cuttingnfortunately, these
technique does not work properly in thermoselshas sone disadvantages icarbon
fiber reinforced compositesQFRJP since thematrix and the fiber cannot treated
separately resulting in a loss of mechanical properties and value of the product.
However,supposethe thermoset ismechanicallyground into powder. In that case,
they can be used as fillers in new thermoset and thermoplastic matehatsthey
cannot compete economicallyith conventional filler materialfr5].

Thermal recyclingan be classifiednto incinerationand pyrolysisHowever in the
first case no material can be recoveredherefore, his cannot be categorized as a
strategyof thermoset recyclingOn the other hand, pyrolysis a powerful strategy to
obtainlow-molecularweight organic compounds from the polymer matshich can
be applied for further chemical processirdf]. Nevertheless, the high temperates
neededandthe required process energgs well as the pollutanémission make its
feasibility questionable.

Chemical recycling is ascribed the solvolysis procedure. This methddgy uses a
liquid medium to degrade and dissolve the polymdsually this liquid medium is a
reactive solvent that can attack determined bonds of the pady, thus degrading the
polymer into organic compounds that cdrther be reusedas molecular building
blocksand, in some casesecover thefibersin CFRPoreaking down the polymerf3].
Nevertheless, the highly crosslinked structure of thermosetsnplicates this
procedure so, recently, supercriticalfluids have beenused due to their high
diffusivities and low viscositieanother drawback is the frequent use of hazardous
solvents, which makes thenvironmental impact of chemical recycling debatable.

Due tothe problematic recycling ofhermosets,most of them end up in landfills
leadng to serious amounts of polymer wastgenerating severe environmental
problems thatgravelyaffect the planet.For this reason, reprocessing and-teing
thermosetting materials remama big challengdor the academic and industrial
worlds.

Recently, stimuli-triggered degradable thermosets have been develgpedhich
consistof introducing cleavable linkages in the polymer netwpduch as esters,
carbonates acetals or hemiacetgler DA addition bondsBy adding these bonds in
the polymer structureand depending on the amount, type and locatiomechanisms
that break down the polymer matrisesult irto either (i) norreusable componentsr
(i) reusable monomer/oligomer systerttzat can be repolymerized agaifi7 7).
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This is directly linked to the latest discoveor closedloop thermosets: dynamic
chemistry This methodology allows the obtention obvalent adaptable networks
(CANstEapableof selfrepairon a micro and macrecale 78§].

1.4 Covalent adaptable network§CANS)

Aswe have seerthe recyclability of thermosets often requirbsgh energetical costs
hazardous solvents or reagentnd harsh conditionsEvenwith that, the successful
recycling of thethermosetsis usuallynot guarateed since most of the techniques
affect the polymer irreversilyl leading to higtpollution emissiosand a largamount
of polymerwaste in landfillswhich is asevereproblem from the environmental and
sustainalility point of view.Previously mentioned saitegieslike usng duakcuring
proceduresand click chemistry, substituty petrol-based resources for biomass
derived feedstocks or, sometimes, recyclinghangefuture perspectives and offeat
pathway to be followed to solve this problem

More recently,covalent adaptable network€CANS) have attractegreat interest in
both the academic and industrial worldsnce they are the most promising solution
for closedloop recyclable thermosefs creating a boundary line between
thermoplastics and thermoset§igure 1.7)

Thermosets Thermoplastics

\ Stimulus 48\
“”mlrmnlﬂm m ”“ i

il |

Covalent Adaptable Networks

Figure 1.7Representatin ofthe boundary line between thermoplastics and thermosets
thanks to CANs

The idea is to incorporate dynamic aimécal bondsin the structure of the polymer

network that, upon applying a specific stimulus (usually heat or light)produce

macroscopic response$ N2Y | OKlFy3IS Ay (GKS YIFIGSNALITE Qa
(rearrangement or reorganization of the polymer compats) [79]. These dynamic

bondscan reversibly be broken and then refiorunder certain conditiongroviding

the final polymer with malleability, adaptabilityand selfhealing propertieswhich, at

the same timeenable the recyclability and ngse of thermosetting material without

losingthe network integrity 80]. These networks behave as thermosetting materials

before applyig the stimulusand theycanflow like thermoplasticafter the stimulus

is applied.
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This concept has been exploitsihce Leibler and eaorkers in 2011, described the
preparation ofmalleableepoxy polymers from DGEBA and #md dicarboxyliacids
that could be recycledr reshaped at high temperaturg¢81]. NeverthelessTobolsky
et al, in 1946,demonstrated how crosslinked polysulfide rubbeenrelax the stress
at elevated temperatures due to the interchange of disulfide linkag@g].
Unfortunately,no further investigatiorhas beerdone on that topiauntil 2011.Since
then, many studies have begmublishedon CANsegarding different chemistries and
reactions that will be later discusd [83¢85].

1.4.1 Types of CANs

Currently, CANs are being explored by many researchacs as we have saithey

are based on the chemical exchange reactions of their dynamic covalent bonds
presentin their structure. Based on the mechanism of the exchange reagt@ANs

can be divided ito two main groups: dissociative and associaf{®§.

1.4.11 Dissociative CANs

In the dissocidve CANSs, the dynamic linkages are firgiken (dissociateand then
reformed in the same oanother place (Figure 8).

Loss of
connectivity

I
o Ty _
vfgﬁb’w

Initial network Bond dissociation Final new network

Figure 1.8Visual representationf the dissociativdype mechanism, adapted from Denissen
et al. [86].

Upon heating, the bondreakingand reformingrate increases causing a net bond
dissociation as the chemicalyuilibrium shifs towards the endothermic sideAs a
result, these materis experience rapid topology rearrangementich as stress
relaxation and flow, due to the decreaseonnectivity. Tis temporary loss of cross
linking density often results in a sudden drop in viscosity, similar to what is typically
observed inthermoplastic materials.However, upon cooling, the crosslinks are
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reformed (equilibrium shifted totte formation of linkagesysually to the same extent
as in the starting material, thus preserving or-agtablishingthe desirable

thermosetting propertes such as stiffness, insolubilignd infusibility.Consequently,

these dynamic crosslinkslow theseLJ2 f & Y S NA Gheymnél tieprachiskirg Q

Many types of reactionsan be categorized as dissociatisach as Michael additian
[87] or disulfide exchange8B]. Howeverthe most knowndissociativetype exchange
mechanismused in the design of CAlsthe DielsAlder (DA)reaction discoveredn
1928by Otto Diels and Kurt AldeBf)]. These reactions will be explained later in this
introduction.

Althoughthe dropin viscosity can provide beneficial propertigsthe easiness of
polymer reshapingand self-healing propertiesthe complexityof designinga system
that could combine enough mechanical strength and the required drop in viséssity
still a dhallengethat needs further investigation?[7].

1.4.1.2 Asociative CANs
In the case of associative CANise bond rupture and the bondformation occur

concertedly which maintairs the crosslinking density and the network integrity
always constanfFigure 1.9).

Fixed
connectivity

e

NS

i Temporary .
Initial network increase of Final new network

cross-linking

Figure 1.9Visual representation of the associatityge mechanism, adapted from Denissen
et al [86].

Gompared to thermoplastics,there is no sudden drop in viscositthus, after the
exchange reaabn, the chemical functionality is the same butas different
connectivity.ln assocative CANgthe viscosity gradually decreases with temperature
enabling a flowsimilarto the one adopted byitreous inorganic silica. For this reason
these types of covalent adaptable networks wereamed vitrimersby Leibler ir2011
[81].
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Due to theirdynamic nature, vitrimers exhibit unique properties that combine the
merits of thermosets and thermoplastics. On the one hand, they behéke
permanently crosslinked thermosetting materigiseserving a castant crosslinking
density such that the network does not depolymeriaad remains mechanically
robust and insolubleOn the dher hand, at high temperaturesthey alter their
behavior fom a viscoelastic solid to a material with a fHikk plastic flow which
endowsmalleability, recyclabilityand thermal healingdQ].

In stark contrast tanostdissociative CANs and thermoplastic materials, vitrimers defy
the conventional norms with their unique viscosity control dictated bykimetics of
exchange reactions. Whiclassical polymers undergo a sudden drop in viscosity near
their Tq, adhering to the William&andelFerry (WLF)model, vitrimers showcase an
intriguingly gradual shift in their viscosity patterfidlowing the Arrhenius law, akin

to the behavior observed in typicalorganic silica materials and other glass formers
[86]. This allovs their procesing without precise control over the temperaturdt
offers remarkable advantages by enablitige materials to be welded and reshaped
only by applying heat withoutequiringcomplex molds. This distinctive fesé opens
new avenues for industrial applicatioand positions them as reprocessable
thermosets.

To realize the full potential of vitrimers and promote their recyclingpecial
considerationmust be paidto two crucial transition temperatures duringaterial
design The first is the widely recognized glass transition temperaftje¢ommon in
conventional polymers, which marks tieBangefrom a glassy to a rubbery state due
to longrange molecular motionOn the other hand, the second temperaturadwn
as topology freezing temperaturéy, holds particular importance for vitrimers, as it
is linkedto crosslink exchange reactisrirhisis the temperature at which reversible
chemicalreactionsstart to occur,causing the network to undergo flow andagting
vitrimers the ability to be reshaped and reprocesskdt, at the same timephysicaly,

it also corresponds to the temperature at which the polymeachesa viscosity of
102 Pa-s.

This meas that,below Tz (G KS ySGg2N] Q& (2L2ft23& FTNBSIT S

in behavior to traditional thermosets. On thather hand the rate of exchange
reactions intensifiescausing thecharacteristic flow of covalent adaptable networks.
As suchTv is a critical paameter for determining the uppetemperature limit for
vitrimer service and the lower temperature for recycling.

1.4.1.3 Vitrimerlike CANs

Athird type of CANss currently of interesto many researchers since their viscoelastic
behavior needto be further studiedVitrimer-like polymershave the particularity to

19



chemically behave as a dissociative covalent adaptable nefwodaning that its
exchange mechanism aars in a twestep mectanism (rupture and reforming of the
bonds) but phgically behave like associative CANs or vitrinsarse theyexhibit an
Arrhenius dependence of the viscosity with the temperat[98].

Theenigma behind the vitrimelike properties in dissociative CANMssin the intricate

interplay of thermodynamics and kinetics governing the exchangtse equilibrium

constant of dissociative bonds shifted towards the associative state, theverall

number of bonds anthe crosslinking densitgre barely reducedThisis attributed to

the rapid rate of the association reactign surpassing that of dissociation.

Consequently, the dissociated state assumes a transient nature, scarcely affecting the

overall bondO2dzy iz GKSNBoe& LINBASNBAy3a (GKS ySig2N]
alterations[92,93.

One way to distinguish these materiafsom vitrimers would be the possible
dissolution in an appropriate solvent. Nonetheless, the dissociation step ®0
transient, a proper selection of the solvent and the conditions would be reqsirezt
the crosdinking density and the polymer integritare maintained in the whole
exchange process.

Anilinium salts andlisulfide bonds in the presence ah excess of aminesr amine
catalysts are reported as vitrimdike materials 94¢96).

Suchborderline materials indicate that the definition of a vitrimstill remains
guestionable depending on the viewpoint adopted

1.4.2 Dynamic exchangeable reactistin CANs

Since Leibleand coworkergoinedthe termthese malleable and repairable materials
ovitrimersg, severalstudies have been focused on the dééapment and preparation
of not only associative CANs (vitrimers) but also dissociative @ANmstigate the
detrimental effectof thermosettingwaste accumulatiothat concerns the worldThe
network's dynamic bonds, enabling the recyclabiligprocessabilityand reshapa
bility, puts CANson standas a potentidly sustainable and environmentalfyiendly
strategyfor syntheszingcrosslinked materials.

Many chemistiesbasedon well-known organicreactionshave been explored for the
synthesis of covalent adaptable networKshis section will intethto encompassome
examples othese chemistries.

1.4.2.1Trarsesterification

The first reported covalent adaptable network, specificallyitrimer, was based om
transesterificationexchangeeaction (Scheme T7) [81]. They prepard epoxycross
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linked materialsby reactingdiglycidyl ether of bisphenol A (DGEBA) wdih and
tricarboxylic fatty acidsin the presence of zinc acae (Zn@ck) as the
transesterification catalyst

o) 0}

TRy R R1)J\O,R3 C R

Scheme 17. Trarsesterification reaction betweemsters and hydroxy groups

b-Hydroxyesters allow the/ S (i ¢ aoNdlo@ical rearrangemertd obtain malleable
and recyclable thermosets.

Later on, Altunaet al.described tle synthesi®f b-hydroxyester networksemploying
covalently attached tertiary amines able to catalyze the exchange reactions
demonstratingsimilarstress redxation rates comparedith other externalcatalysts.
[97]. Moreover, Zhang ad coworkes prepareda biobased epoxy vitrimer derived
from eugenothat was cured with succinic anhydridevariousepoxy/anhydride rates
[98]. Apartfrom demonstratingthat stoichiometry affecd relaxation rates, materials
revealed excellent shape memaaynd crackhealing properties.

However not only b-hydroxy esterscan undergo transesterification reacti@nThis
exchange reaction can also occliesters and hydroxyl groups are present in the
network. Hayashiet al. synthesized materialg/ith estercontaining thiolg99]. They
prepared colorless ahtransparent samples with shape memory propertisgng this
clicktype reaction Finally,U\~curedthiol-acrylatevitrimerswere preparedor digital
light processing 3D printind.00. They not onlyreported the use of alpotocataly$
able to pomote the transesterification reaction but algsbe 3D printing of complex
structures with high resolution.

It is worth sayng that transesterification reactiors the most studied exchangeable
reactionfor its monomer availability excellent thermosetting propertiesand wide
range of applicability101].

It is also important to mentionhat in the sulfur analog, the transthioesterification
or thiol-thioester exchangehas also been reporteftbr dynamic covalent networks by
Bowman and coworkeif®r the obtention of hydrogel materiahowing dynamiand
frequencydependent flow behaviof102,103.

1.4.2.2 DielsAlder reaction

The DielsAlder reactionis a dissociativype reaction described in 19489]. Unlike
other cycloadditionsthis reaction is a [4+2Aycloaddition between a diene and a
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dienophile thermally reversibly drivenin this casethe electronic effects of the
substituents ordienes and dienophils drastically affecthe reaction.

In the preparation of covalent adaptable networkise furan/maleimide systenmas
been widely studieddue to its excellent thermal and mechanical propertiaad
recycling and selfiealing capabilities (Scheme3}1[104].

0 (0]
D o T Ner, N—R,
o] R, ©

Scheme 18. Reversible Dieldlder reactioninvolving furans and maleimides

In 2002 the first furan/maleimidebased polymersverereported byChenet al[105].

They synthesize extremely transparent materigith the ability to restore a fractured

part of the polymermultiple times with high recoveries withoutsing catalysts,
additional monomers, or special surface treatmetitom that moment, many
researchers explored this type of reaction in CANs using different starting monomers,
highlighting the polymers' outstanding sdiéaling abilities and its uses in polyme
composite§106,107.

[4+4] cycloadditionsof anthracene have also been explode for preparing
thermosetting materials[108. These types of photochemical reactions allow
temperature control for the desired application.

1.4.2.3 Imineamine exchange

A reversible condensation reaction between aldehydes or ketones with primary
aminescan quickly form imine bond3heir dynamic behavior isidely known since
they undergo two different type of associative mechanisms depending on the
stoichiometric conditios between aldehydes or ketones and amines (Scher@g 1.
[86].

X, -R X, -R
a) R1/\N 2 R3/\N 4

X, R R
b)  RyTNTZ 4 HNTO

Scheme 19. Reversiliity of iminesvia a) imine metathesis and b) transamination

If the conditions are stoichiometrithe dynamic behaviocomes from the imine
metathesis (Scheme Ba). Alternatively, the leading exchange reaction is
transaminationif an excess of primary amines is present in the netw@&@&heme
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1.9b). In any case, when preparing imingbe complete removal of water is crucial
since these bonds can undergo hydrolysisthie presence of watershifting the
equilibrium of the reaction towards the formation of the starting monomers2014,
Tayntonet al. reported the synthesis of different polyimine networktsat exhibited
Arrheniuslike malleabilityin response to heatleadingto 100% recycling efficiency
through multiple generation$109. Moreover, they showedthat using water, the
malleability of the polymer changeand the material could be reshaped even at room
temperature thanks toa reversible imine condensation/hydrolysis reactidrater,
they also demonsated their applicabilityfor repairable carbon fiber composites with
full recyclability{110]. In addition,imines offer intriguing chemistry prospts, as they
allow the synthesis of polyimine materials from #iased compounds such as vanillin
or different furang among many othergl11¢113. Imine materials also shoexcting
properties such as selfiealing, seHveldingor 3D-printing [114,115.

Nevertheless, not di imine groups can undergmansaminationexchange reactias
Lehn and cavorkers reported the preparation of & R& y I Y\8hitl évere
poly(acylhydrazone) materialsynthesized by the reaction of dialdehydes and
dihydrazides 116). They demonstrated that these groupghavedynamiallyin the
presence of additionakldehydes or hydrazides promoted by acid catalfrssks to
the imine group in the acylhydenemoiety [117].

1.4.2.4Transcarbamoylation

Thehigh importance opolyurethanes (PUsh the polymer industryand their great
applicabilitymakes that deep studies on their possiblteshapability and recyatbility
have beerperformed The transcarbamoylation reactionvolvestwo urethane units.
Neverthelessit has beerdemonstratedthat this reaction can procekviaassociative
or dissociative pathwaydepending on thechemicalenvironmentof the urethane
units (Scheme 1L.0).

O (@]
a) Rig Aoy Re + R == Rosg NRe o o Ry
H H
| SRS PN J
b) R1\O ”/Rz + Raxo ”/RA RS\O ”/Rz + R1\O H/R4

Scheme 110. a) Hydroxyimediated transcarbamoylatiofassociativeand b)Tinmediated
transcarbamoylation (dissociative)

In the presence of hydroxyl groups in the network, transcarbamoylation preogad
an associative pathwawithout needng a catalyst, similar to a transesterification
reaction L18. On the other hand, when ndiydroxyl groups are present in the
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network, the exchange reaction undergga dissociative mechanistowards forning
isocyanate and hydroxy groups that will further react to reform thenetwork[119].
This is promoted by.ewisacid catalysts such as dilyltin dilaurate (DBTDLEven
though the hydroxymediated transcarbamoylatbn is not as efficient asthe
dissociative counterparpolyhydroxyurethanes (PHUs)an be affordedy a greener
and more sustainable approach since thsymthesisstarts from carbonates and
amines insteaaf from isocyanatesl2Q.

More recently,thiols, the sulfur analogout alcohols have been used to prepare
polythiourethanesthrough a thiol-isocyanate click reaction121¢124). In these
materials the exchangeeaction in this casetransthiocarbamoylationcan proceed
in the same ways as PUBhesematerialsare gainingparticularinterest not only for
their homogeneityor excellent mechanical propertiésit alsofor their high refractive
indexes which enable thepreparationof optical materiad [125].

1.4.2.5 Olefin metathesis

Guan and coworker§irst reported this reactionin adaptive materials in 201By
incorporatihg a Grubbs ' generation Ru catalyst in polybutadiengl26]. They
obtained lightly crosslinked samplewith high malleability at room temperature
enabled bythe olefin metathesis (Scheme 1)1

RMZ +  [Ruls_R3 —_— R/\/RS + [Ruls. R,
1 1

Scheme 1.1. Olefin metathesis promoted by Ru Grubbs catalyst.

They demonstrated that the use of catalg$$ crucial in the obtention of dynamic
networks since samples withouBrubbs catalysts did not show stress relaxation
behaviorand malleability. Moreover, as expectetie higherthe loads of catalysts,
the higherthe dynamic performanceFinally when the catalyst was addedhese
materials revealedjood selfhealing abilites at subambient temperaturesCatalyst
free materials did noshow selfhealingcapabilitiesa priori, but when small amounts
of Ru catalystvere appliedto the fracture surfacethis was completely healed 27].

Nevertheless, due to the extremely malleabilitydaadaptabilityof the materialsat
room temperature,they revealed creegphenomena,compromisimg their possible
applications atservice temperaturesFor this reasonthe same group pposed
incorporatng secondary amide side chairte generate hydrogen borslin the
polymerstructure that could enhance the mechanical performance of riegerials

[128).
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1.4.26 Transamination of vinylogous urethanes

It was Pomposo and coworkergho, for the first time, preparediynamicvinylogous
urethane polymersfor pHresponsivenanoparticlesas a proof of concepfl129].
NeverthelessDu Pre® group exploed their potential use for crosslinked dynamic
thermosetting materiald13(]. These materials can be prepared by the rdimn of
polyfunctional acetoacetate esters with prima@mines. The transaminationof
vinylogous urethanegVUs)always requiresan excess of amines anoccursvia an
associative mechanisnHowever, depending on the environment of the vinylogous
urethane aprotic or protic the reactionundergaesthrough a Michaetype addition

or the formation of an iminium intermediate[131]. The general transamination
reaction § shown in Scheme 21

Ri~ J\/K HaN Ri~ ¥

0 (0]
Scheme 1.2. Reversible transamination reaction of vinylogous urethanes.

Recently, Engeleet al. showed how the preparation of vinylogous urethanes can be
performed from a sustainable point @few by synthesizing a diamirderivative of
vanillinand acetyl acetoacetatderivative froma terpene[132]. They demonstrated
that thesepolymers with a highrenewable carbortontent (86%) had extremely fast
exchange rates enhanced lbyhydroxyamine groups.Llater on,Lijsebettenet al.
proposed the incorporation of masked amines in the network thatlt high
temperatures are releasedenabling rapid stress relaxatipiout at low temperatures
they cannot react, thugmproving the creep resistance at servieenperatures[133].
Finally Weder and coworkers could achieve compldepolymerization of vinylogous
urethane quantitively recovering the initial acetoacetate monomeich was able
to be repolymerized 134]. Thisputs on stand the characteriss of VUs for enhanced
closedloop recyclability.

1.4.27 Transdkylation of triazolium salts

Drockenmuller and coworks first describedthe use of transalkylation exchange
reactiors in covalent adaptable networkimspired bytheir ion-conducting polymer
materials [L135. They reported thecatalystfree and solvenfree synthesis of
poly(1,2,3triazolium) networkgrom the stoichiometric amourd of azide, alkge, and
quaternizing groupsMoreover, @ extensive study with model copoundsshowed
that transalkylation reactiohmay proceedvia an associative mechanisriviaterials
also confirmed this behavior with an Arrhenitype dependence of the viscosity with
the temperatureandtheir insolubility at high temperaturem different solventsThe
reaction is shown in Scheme 3.1
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Scheme 1.3. Transalkylation of,2,3 triazolim networks

However further studiesdemonstrated thatthe trans-N-alkylationoccurs through a
dissociative mechanispreven displaying rheological behavior almost indiscernible
from vitrimers[95,136. This was the first study thatublished a possible vitrimdike
behavior of the networkd material,demanstratingthat evenhaving groups that can
be transformed bya chemical dissociative mechanism, materials could follow
Arrheniusdependence and could maintain the polymer connectivity constant.

These materials also revealed dedfaling propertieand areknown to be very useful
for applications in solid electrolyte437].

1.4.28 Boronic estesand dbxaborolans

Guan and coworkers first reported the use of boronic esters in dynamic chemistry in
2015 [138]. They synthesizk crosslinked polymerghat contained free diols and
boronic esterswhich enabled theassociativaype exchang reaction resultingin
highly malleable, reprocessahland selfhealablevitrimers (see Schemé.14a).

R R
2 Rq 4 R,
o) o)
a) é/ngs + HO)\/RS _— é/g—RS + HO)\(R3
~°=0 20
Ri OH Rq OH
R, Rs Ry R4
o) 0 o] o]
b) é/gf'% + B/&RB —_— é/ngs + B/&RZ
R1/ (6] R4/ (6] R1/ (e} R4/ (@]
R, R2
_B. HO _B. HO
4 R 278 e
Ry 0" R, HO Ry 0TR, HO

Scheme 1.4. a) Exchange reaction between boronic esters and diolsdtqthesis of
dioxaborolaneand c) boroxine exchange

A few years laterl_eibler and coworkerdemonstrated by model compoundbat in
a hydroxydfree network dioxaborolane metathesisan also occur(Scheme 1.4b)
[139]. Moreover, they couldpreparea thermoplastic that was crosslinked through
dioxaborolane metathesjsonvertinga thermoplastic into a vitrimefor the first time,
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which couldalsobe extrudal [14(Q]. Finally they showahigher resistance to hydrolysis
of dioxaborolane networkthan hydroxytcontaining boronic ester networks.

D dzI y Q p alsgpkeBadedcrosslinkednetworks with boroxinemoieties[141]. This
6-membered heterocyclic of alternatingxygen and boron atomsould undergo a
rapid boroxine exchange at 55 °@isplaying an Arrheniugype dependence which
demonstrated their vitrimeric behaviaiScheme 14c). In addition, these materials
coud be recyckd, and the starting monomer could be recovered after water
treatment.

1.4.29 Slyl ether exchange

The dynamic equilibriunof silyl ether was reportedn 2017by Nishimuraet al. in
which they crosslinked a styreAgased copolymer with bialkoxysilanes through
pendant hydroxyl groups functionalized on the styrene monomer ufiit4?]. The
materials exhibitechigh thermal stabilityand full reprocessabilityafter hot-pressing
them, thanksto the addition/eliminationreaction(Scheme 1.3a).

Scheme 1.5. a) Exchange afilyl ether and hydroxydroupsand b) silyl ether metathesand
c) siloxane exchange

Later, the same groupnveiled that silyl ether grqas can undergo direct exchange
without free alcoholsvia acid-catalyzedmetathesis of silyl ether group&Scheme
1.15b) [143]. The outcome wsmalleable thermosets exhibitg remarkable thermal
and oxidative stability attributed to the laof free alcohol groups.

Anothertype o vitrimers based onSi chemistry are the siloxasavhich undergo a
similarexchange mechanism as silyl ether and alcohols ibuhis caseare usually
basecatalyzed thus generating thecorrespondingalkoxide (Scheme 1.4c) [144].
Since then this chemistry has been implemented involving different types of
monomersand for different types of applicatims such as seliealing or composites
[145,144.
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1.4.210 Disulfideinterchangeand thiolexchange

SinceStern and Tobolskgublishedstresstime-temperature relations in polysulfide
rubbers inthe 1940s 82], manyresearcherfiave put their effortsnto the preparation

of polymers containing disulfide links in thetructure thanks to its great malleability,
recyclability and excellent selhealable properties.For example Tesoro et al,
reported the synthesis of epoxy resiwith dihydrazides and diamines that contained
disulfide bonds in their monomer structuf@47). They were able to reversibbreak
and reform these bondby reducing and oxidizindhe disulfide.

NeverthelessKlumpermanand coworkers described for the first tintee dynamic
disulfide metathesismechanismand a thiokdisulfide exchange both for Behealing
processes (Scheme 6)188,149.

S.___R S.__R _ - S.__R S.__R
a) R1/ g 2+ R3/ g 4 = R1/ g 4 R3/ g7 2
S...R —_ S..-R
b) R1/ s 2+ R3/SH _— R1/ g 8+ Rz/SH

Scheme 1.4. a) Disulfide metathesis and b) Thébsulfide exchange.

More recently,Ruiz & Luzuriagat al. put on the stand the disulfide mathesis on
aromatic disulfide bonds inepoxy resinswith excellent reprocessability and
recyclability while maintaining excellent thermomechanical propertieg could be
implemented inthe transportation of energy and construction industrigst9.

Nonetheless, while the thiadisulfide exchange mechanisseems tooccurthrough
anassociative mechanismijaaddition/elimination substitutiorwith free thiols,inthe
disulfide metathesisthe mechanismsistill unclear. The presence ofarbon radicad,
nucleophiles, or free thiols influences the kinetics of disulfide exchange, prompting
the mechanism to adopt either a dissociative or associatieehanisni150]. For this
reason usually thesematerials are classified as vitrimike polymers.

Moreover, the nucleophiles play a roie increasing the relaxation rateRekondo and
coworkers reported the synthesaf multiple disulfide materials with excess primary
amines and tertiarnamine catalysts, demonstrating fasteaxation in the last case
[96]. Alsq phosphines are great catalysts for this exchange reacisRamstrém and
coworkers reported 151].

Michal et al. exhibited an alternative facet of disulfide metathesis wherein
photoactivation plays a pivotal rol¢152]. This was exemplified through the
preparation of photehealable polydisulfide networkis whichthe application of UV
irradiationrapidlymended cracksdemonstrating a great selfealing abiliy.
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The great interestin this type of covalent adaptable network also relies on the
possibilityof easily synthesimgmonomerscontaining disulfide bonds aterived from
renewable resources such as vanillin or eugenol or using harderengorating this
dynamic bond in theirtsucture [153).

In light of this, disulfide materials are widely used in many industpplicationssuch
as sehhealing, sedvelding, $ape-memory, compositesor adhesion 154,158.

1.4.2.11 Reversibléichaektype additions

While the Michael addition has been employed for more than 130 yeesgnthesze
a vast diversity of compounds, the reversibility of this reactiovhen
heteronucleophiles are involvedias been generally less considerdthe reaction
involves the additio of a nucleophilesuch as thiols or amine®ver a Michael
acceptor.

talyst
EWG . N L BWS g,

NF R{” NG

Scheme 1.1. Reversible Michaedddition reaction.

Konkdewicz and coworkergslemonstrated the reversible behavior of thiMichael
addition using model compoundglL56]. Additionally, they prepared polymers 2-
hydroxyethyl acrylate crosslinked withthiol-acrylatebased crosslinkedisplayng
properties such as rehealing and malleabjligznd dynamic behavioat elevated
temperatures.Later, the same groupeported that this type of materials could also
be malleable upon exposure to pdtimuli[157].

More recently, the group of Du Preynthesizedb-amino esters fromcommercially
availabledi andtri acrylatesand amines that showed excellemeprocessability and
good thermal stability158]. Moreover, using model compoundhley could prove the
reversibility of the azéMichael reaction, later confirmebly the excellent relaxation
rates of these materialOne year later, thegynthesize fully biobasda amino esters
with different crosslinking densésthat show high creep resistance up to 120af@
good reprocessability at 180 °T50).

However the development of these materials is still the early stagesFurther
investigationswill indeedbe done thanks to the great properties which can led
new avenues for industrial field87].

1.4.2.12 Neighboring group participatioNGP)

It has to bementioned that this processis not an exchange bond mechanism itself
However,the effect of neighboring groups a networkcan drastically affect the
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dynamic behavior of an exchange mechanidfor this reason, it is considered to
mention this effectoriefly.

Du Prez and coworkers reported for the first time a dissociatiyee
transesterification reaction[160. This could bedue to the neighboring group
participation of free-carboxylic acidin phthalate monoesters. The reactioma the
addition of the carboxylic acit the ester forns phthalicanhydride and alcohol that
reversibly undergagain the formation of phthalate monoestefScheme 1.8).

o) 0
o R
—_—— O + N1
oH HO
o 0

Scheme 1.8. Transesterification reaction in phthalateamoesters

Later,a similar effect was reportedvhen mongesterified cyclianaleicand succinic
anhydrideswere cured with epoxy resins in effoichiometric conditions161]. The
stress relaxation and reprocessability could be achieved thanks to dynamic transfer
catalysis

In 2021,Lijsebettenet al. reported the introduction of internally catalydeamide
bonds based on the dissociation eguilum between dicarboxamides and imides
[162]. Since the dgamic behaviolinvolved the formation of a imide, the proper
selection of the correspondingstersis essential for the dynamic propertiesie to
the ringsize effect of the imidddowever, polyamidesould be easily reprocessed and
displayed higher creepesistance at service temperatures

1.5Applications of CANs

As it has been seen, many chemistries have been usexynthesizing covalent
adaptable networks since they can be recycled or reprocessed, offering an
outstanding solution from the sustainalylipoint of view Their recyclabilitywhich is
more successful anfhr less energetically demanding in comparison to thermosets,
enables the reuse of the polymer materiagducing the possible amount pblymer
waste in landfills opreventing them from incineratingAdditionaly, their unique
properties and characteristics makes thextremely interesting for many different
fields.

1.5.1Selfhealing and seHwrelding capabilities

Manufacturing defects, mproper usage, or prolonged stress can lead to minor
damages in the material, often incongruent with its intended applicatiithout
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mechanical intervention, aterials with sebhealing capabilities can md such minor
damagessignificantly extendindheir lifespan

However, the terms sehhealing and selivelding need to be differentiated.The
distinction lies in their purposewhile selfhealing targes the rectification of minor
imperfections arising from manufacturing or usage, -sefding aims to join larger
surface areagFigure 1.1Q)In both cases, the main objective is to maintdie
thermomechanical properties of the original material.

a) b)

30 min 60 min
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Figurel.10.a) Photographs of selfealing exampleby [163 and b)example of selwvelding
capabilities extracted fromlp4].

This is one of the mostritical applicatiorsin CANglue to their dynamic behavior at
high temperatureslt enables a certain flow that caselfthealed or selveld damage
or fracture.DielsAlder, imine metathesjsor disulfide exchange covalent adaptable
networksare the mainonesused for sekhealing and sefivelding 107,152,163

1.5.2 Adhesion

Adhesivesre materials with applications in several fieJésen in dailylife usageThe
more commercial adhesives ar@axy or acrylic resins, palrethanes or phenolic
resins. In this field CANs have aignificantimpact Their ability to flow at high
temperaures leads to a maximum contact surfgoguaranteeingbetter adhesion.
Moreover, the exchange reactisnat elevated temperaturesan enable the
debonding or dismantlingf the adhesive substrates and the subsequent rebding.
The concentration of dynamic bondactivation energy and kinetics directly correlate
with the adhesive strength.

In our group, Santiago and coworkers recently developed epasgd vitrimeric
reversible adhesives from combinations of DGEBA, glutaric aidleydind glycerol
[165]. Apart from demonstraing the recyclability, dynamic behaviorand

reprocessability of the materials, the debonding and dismantling o$étaelhesives
were tested, obtaining high valuesf adhesive strengthwhich were slightly lower
than the original material.
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Later, Van Lijsebetteet al. prepared epoxy ddesives by hardening epoxy monomers
and two synthsized polyamidoamire[166]. The dynamic behavior is based on the
amideimide exchangeéescribed in the previous section. They could demonstitzdie

as the debonding/rebonding processs more thermally demandingnd, more
thermally robust than previously reported CANsg thesulting materials can be
triggered at high temperatures andt the same timeremain bonded over a wide
range of temperatures.

1.5.3 3DPrinting

3D-printing is a powerful tool for manufacturing smattale components with high
precisionand resolution.There arestereolithographic3D printers where the laser
moves along the material surfacand injection 3D prinérs, where the material is
pouredand curedover a substrate. Recentl$D printersbased on extrusiorwherea
viscous resiiis applied in ainjector, and then photo or thermal curekdave appeared
Due to their mechanical and thermal performance, thermosetting materials are
preferred over thermoplastics for some applications. Howewbese materials
cannot be recycled angtprocessegthus, vitrimers are gaining a great interest in this
technique.

Acrylate polymers are extensively used in this technique since they could be photo or
thermaklcured and are widely available in the marke&chlogl and coworkers
developeda thiolacrylate system that could be photocureshd 3Dprinted [100.

They covalently introduced a newransesterification catalyst in the networthat
enabled the stress relaxation of the network. Thoeyld print precise 3D objects with
triple shape memory and thermal mendabilitdemonstrating the incredible
versatility ofthese materials for functional devices in soft robotics or biomedicine.

i) (i)

strain [%]

Figure 1.10Examples of 3rinted structures andriple shape memoryapabilitied100].

Stouten et al. recently prepared a biobased photopolymexcrylate derived from
renewable vanillin an@riamine 1079167]. To achieve a crosslinked polynieis(2-
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aminoethyl)amine TRENwas also addedMaterials containing imine dynamic groups
could be 3Bprinted, obtaining highresolution objects. Moreover, they demonstrate
that materials could be recycled up 8atimes without losing mechanical and dynamic
behavior.

1.5.4 Shapanemory

Polymers possessing shape mesmn@BMPsEanretain a temporary shape until they

are subjected to an external stimulus, such as temperature,,ligtessure or pH. At

this point, they recover the original shape. Thes#ymersfall within the realm

smart polymers, which display responsiveness beyond mere mechanical reactions.
The shape memonyattribute is not inherently ingrained in the material but rather
emerges from a combination of three different factors: structure, morphology and
thermal treagment.

In thesepolymers, when the temperature @sbove theTg, the mobility of the chains

increases. [fat this point a force is imposedthese changewill rearrange along the
F2NOSQa 2NASyYyGFdA2y s Ol dzaAy3d | (T<RBaRdzOGA 2y
sustaining the applied for¢géhe mobility of the chains is reduced, thdisablingthem

to return to their initial maximum entropyThis resultsn the storage of tension as

potential energy in which the stimulus supplies the energy necessary to release this
stored tension, thereby inducing material movement.

NeverthelessSMPs can only retain two shapes, the fixed and the programmed one
so introdwing vitrimers in this field may overcome this problem since the possibility
to generate a permanent shape can allow multiple shape memory efldts can
happen by increasing the temperature above fhendthen applying a force during

a determined time. Then, by cooling down, the shape will bedi enabling the
possibilityof progranminga new form if the material is heated only above the

Epoxy vitrimers, polyurethanes and polythiourethanes are the most used
thermosetting vitrimeriamaterials in this techniquesnabling the cretion of complex
shapesin the materials 122,168,169

1.5.5 Composites

Composite materials are formulatisrof two or more incompatible materials that
exhibit properties surpassing those of their individual componeriise phases
involved can be organic, minerabr metallic whichresults in endless possibilities
combined with various fillers, morphologies apdeparation methods. The main
disadvantage of these materials relies on their heterogeneity and challenges related
to phase dispersiofiL70.
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As the demandor composite materia increase, the challenge of their recycling
becomesa severe problem due to thedisentanglingof the filler from the matrix.
Gomposites can beecycledthrough mechanical, thermal or chemical method3]].
Additionally,recycling becomes even more compléthe polymeric matrixdoes not
achieve a fluid state upon heating amtbteaddegrades. This predicament becomes
exceptionallyintricate for composite endowed with thermosetting matrices, which
have exellent mechanical and thermal properties batt the same time, are not
recyclable Replacinghesethermosetting matrices with vitrimermakesrecyclingof
such materials more feasihl&dmong the commonly employed matricase epoxy
resins based on diffent dynamic linkagesl[f2. As an exampleZhaoet al., reported
the preparation of anovel biobased guaiacol epoxy reshat was cured with 4
aminophenyl disulfide1[73]. The vitrimerhad appreciable thermal stability, good
mechanical properties, and considerabteess relaxationMoreover, they prepared
carbon fiber compositethat could be completely recovered by dissolving the polymer
matrix in amixture of dimethyl formamide (DMF) andr2ercaptoethanolthat
promotes the thioldisulfide exchangeCarbon allotropes such as carbon fibers,
nanotubes, and graphenéave been explomas fillers[174).

1.6 Objectives
1.6.1 Goals of the thesis

The main objective of this doctoral thesis is tasign exploration and development
of emerging methodologies to prepare thermosettingaterials employing
sustainabilitydriven techniques like dual curing, click chemisthe use of renewable
resourcesand the utilzation of dynamic chemistry

Thework of this thesis has been divideddrseveralchapterswere the objectives and
goals can be resumed four differentsections:

1) Development of novel dualuring methodologies fopreparingthermosetting
materials from commercially available monomersdarenewable feedstocks
Detailly, the following objectives where identified

a. Study of the viability of the epoxyamine and methacrylate
homopolymerization reactions in a duakcuring system and its
characterization through isoconversionatheologcal and dynamic
mechanicahnalysis

b. Investigationof a photothermal dual curingusing (meth)acrylates
epoxides andhiols, understanding their reactivity andptimization of
the initial formulation for adequate propertiesf the materials.
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Designand chaacterization of a noveldualcuring systementirely
derived from renewable resources like eugenoglycerol and
pentaerythritol.

2) Preparation of new vitrimeric materiatesed on different dynamic bondby click
methodologies and starting from renewable feedstocks. Jjecific objectives of
this section were the following:

Development of recyclable thermosetting materialglerived from
biobasedvanillin and gldaric, sebacic andlodecanedioic acidsand
comprehendingheir dynamic exchange through model compounds and
thermomechanical analysis.

Synthesis ban iminecontaining epoxynonomer, further preparation of
crosslinked vitrimeric matéls through epoxyamine reactiorand study

of their recyclability and degradability.

Design oflynamicmaterials fromnatural eugenol and cystaminstudy
their thermomechanical propertiesand investigation of the catalytic
effect of covalently linked tertiary aminegin the disulfide &change.

3) Study thethermomechanical behavior of vitrimme materials and evaluation of
their potentialapplications in selhealing seltwelding and adhesion fieldMore
in detail, the objectives are identified as the following:

a. Characterzation of themechanical properties of disulfide materials from

commercially available monomeraunderstanding their viscoelastic
properties anddemonstration oftheir selthealing abilities.

Designof reversible adhesives based on dynamic temsterification
reactionandstudyof their properties at service temperatures.

4) Development of neweprocessable materials from renewable feedstooking
dualcuring methodologies and click chemistry

All these objectivesand goalsaim to learn and acquir knowledgeabout all the
different techniques used, the design of new structures and novel materadsthe
evaluation of their characteristics and properties.

1.6.2 Observations for theeader

This thesis work is presented as a compilation of scientific pagemslished or
submitted during the PhD period.
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We have studiednd characterizefour different dualcuring systems) Epoxyamine

and methacrylate homopolymerizatiamsing glycidyl methacrylatd) photothermal

dualcuring of (meth)acrylate@poxy thiol formulatioss, iii) dualcured thermosets
based on eugenol derivatives and biobased thialsd iv)eugenotbased duaturing

systanswith dynamic exchangeable bondsingamines as hardener#/oreover, five
differentexchangeable bonds:agylhydrazons, ii) imines, iii) disulfideiv) esters and

V) b-amino esters werecharacterized and analyzed throughermomechanical,
stressrelaxation creep and rheological analysas well as possible applicati®such
as selfhealing, selwvelding adhesion or shapmemory.
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Experimentamethods

2.1 Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance spectroscopy serves as an analytical method to deduce
the molecular arrangement of a chemical compound and to valitdagepurity of a

given sample. The foundation of NMR lies in the notion that the nuclei being studied
possess intrinsic spins, and those active nuclei within the molecular structure exhibit
unique electronic surroundings. By applying an external magngtid, fenergy is
transferred between the lower energy state and a higher one. This energy exchange
occurs within the radiofrequency wavelength range. As the spin reverts to its original
state, energy is emitted within the same radiofrequency spectrum. Thiged signal

is captured and processed to generate an NMR spectrum [1].

The different chemical environments of each of the analyzed types of atoms cause
disruptions in the surrounding electron cloud, known as deshielding. To facilitate the
spectrainterpretation, the concept of chemical shiff)(is defined with Eq. 2.1:

p T (Eq 2.1)

where the reference is usualtgtramethylsilane (TMS).

In this thesis, nuclear magnetic resonance of two types of nuclei has beenltksed:
and °C. Deuterated solvents are used to dissolve the samples. Herein, deuterated
chloroform (CDG) and deuterated dimethyl sulfoxide (DM$k) were used to
perform NMR spectra.

Proton nuclear magnetic resonance is characterized by the high isotopic abundance
of 'H (99.985%) and the sensitivity of the nucleus. It exhibits a chemical shift range
mainly spanning from 0 to 12. The substantial abura#aand sensitivity oiH require
smaller sample amounts, and the area under the curve (integral) provides information
about the relative number of protons in each signal. Moreover, it enables the
determination of neighboring protons, as these can leadigmal splitting.

On the other hand, the lower abundance 8€ (1.1%) and their reduced sensitivity
limit the information provided. Typically, the proton absorption region is irradiated,
which renders thé*C spectrum nomuantitative due to the NOE effgccausing the
signals corresponding to each carbon to appear as individual signals.

In this thesis, the proton and carbon spectra were recorded with a Varian VBHR,
as shown in Figure 2.1.
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Figure 2.1Varian VNMR5400 instrument utilized to recd NMR spectra.
2.2 Differential scanning calorimetry (DSC)

Differential scanning calorimetry involves studying the heat flow experienced by a
sample and a reference when subjected to a controlled temperature gradient [2].
Quantitative and qualitative information is obtained about processes involving
exothermic and endothermic reactions and changes in heat capacity.

During the crosslinking process, also known as curing, the formation of new bonds
releases energy, leading to the observatidraa exothermic peak (Figure 2.2a). The
presence of multiple exothermic peaks, whether wagfined or overlapped, may
indicate a twastep curing process or heterogeneity in the formulation preparation.

In the DSC kinetic analysis, the heat released duhiegeaction is presumed to be
proportional to the degree of conversion. Moreover, the curing ragdt) is directly
proportional to the heat releasedifi/dt). Once the reaction is complete, the integral
associated with the obtained signal yields thealoevolved heatChiot. The reaction
rate and the degree of conversion can be calculated as follows:

- — (Eq 2.2)

O — (Eq 2.3

where dh/dt and Lhiot represent the heat release rate and the total evolved heat
normalized to the sample sizéh: is the heat released normalized concerning the
sample size, and X stands for the degree of curing.

In a degradation process, breaking bonds in the material requénergy. At elevated
temperatures, one typically observes endothermic peaks that are generally abrupt
and poorly defined. This is due to thermal degradation being a complex process
involving several steps (Figure 2.2b). Other endothermic processesdikiag (Tm) or
boiling (Tb) points can be accurately determined using this technique (Figure 2.2c).
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Figure 2.2DSC analysis of polymeric materials: a) Heat released as a function of temperature
during the curing process, b) Heat absorbed as a funcidemperature during a degradation
process, c) Heat absorbed during a melting point and a boiling point and d) Variation in heat
capacity as a function of temperature during a glass transition.

Moreover, seconebrder transitions, like the glass transiti (Tg), are assessed by
tracking the abrupt change in heat capacity linked to the structural rearrangement of
the network (Figure 2.2d).

In this thesis, DSC experiments were carried out using a Mettler DSC 3+ (Figure 2.3a).
Samples of B0 mg weightwere placed in covered aluminum pans with pierced lids
and analyzed in a nitrogen atmosphere with a gas flow of 50mimt. The equipment

was calibrated using indium (heat flow calibration) and zinc (temperature calibration)
standards.

Figure 2.3DSC 3+ device from Mettler Toledo (left) and zoom of its furnace (right).
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2.3. Fouriertransformed infrared spectroscopy (FTIR)

When infrared radiation interacts with the sample, it engages with the molecules
present, absorbing some energyttagger changes in the molecular vibrational states.
This results in either an absorption spectrum (absorbance) or a transmission spectrum
(transmittance), depending on whether the energy absorbed by the sample or the
energy not absorbed is measured (Fig.4). To work with the obtained data, the
spectrum needs to undergo Fourier transformation to obtain the spectra commonly
employed for analysis [3].

a) b)

Absorbance
Transmittance

Wavenumber (cm1) Wavenumber (cm1)

Figure 2.4FTIR spectra in a) absorbance and b) transmittance.

Every covalent bond absorbs radiatiaha distinct wavelength, offering qualitative
insights into their structural characteristics. Additionally, quantitative information can
0SS SEGNI OGSR o6& SyYLXz2eAay3d [FYOSNIG . SSNDa f1 62
the peak with the concentration dhat particular bond type (Eqg. 2.4)
d0i - 60 (Eg 2.9

where Absis the absorbance of a species apecificfrequency,eis the absorptivity
coefficient,Cis the concentration, andis the optical pathway.

The resulting absorbance band directly correlates with the concentration of the
different functional groups. As a result, it becomes possible to track the curing process
by observing the signals from the involved groups prior to, during and following the
curing sequence. Given that absorbance is proportionate to the optical path length
(L), it is necessary to normalize the analyzed band to a reference band that remains
constant throughout the curing process. Consequently, the conversion factor X can be
ascetained through FTIR experiments and expressed as follows:

w p — (Eg 2.5

where ASis the normalized absorbance at a certain time &gds the initial.

52



Experimentamethods

In this thesis, kinetistudies and evaluation of possible changes in the spectra of the
initial formulations and final materials, as well as after a recycling process, have been
performed in a Jasco FT/B80 Plus spectrometer (Figure 2.5) equipped with an
attenuated total refletion accessory (ATR) (Golden Gate, Specac Ltd, Teknokroma)
with controlled temperatures. Rediime spectra were recorded in the wavenumber
range between 4000 and 600 cdrwith a resolution of 4 crhand averaged over 20
scans.

Figure 2.5Jasco FT/HB80 Plus pectrometer (left) and Specac Golden Gate ATR Teknokroma
accessory in detail (right).

2.4. Thermogravimetric analysis (TGA)

This technique is based on exploring changes in sample mass while subjected to
controlled heating with a specific temperatugradient or at constant temperature
under carefully chosen conditions such as inert (nitrogen or argon), oxidative (oxygen
or synthetic air) or reducing (hydrogen or methane) [4]. It has a highly precise
thermobalance, on which the sample is placed withitared capsule. This capsule is
located inside an oven through which the chosen gas flows. This technique provides a
wide range of information, including the amount of moisture in the material,
degradation studies (number of stages, degradation kingticsl temperatures), the

time the sample withstands at a fixed temperature, and the determination of the
organic and inorganic content of the sample (residues). The mass loss curve
concerning temperature is often complemented by its first derivative, whixre
Srarate NB@GSIfa G(GKS alYLISQa Ylaa t2aa LINBO

a

o
—

Remaining weight (%)
Weight Loss Derivative

Temperature (°C) Temperature (°C)

Figure 2.6 TGA analysis of polymeric materials: a) Mass loss as a function of temperature
during the degradation process and b) first derivative of this function.
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In this thesis, the TGA studies were performed in a Mettler Toledo TGA 2 (Figure 2.7).
Samples weighip around 10 mg in uncovered alumina capsules were degraded
between 30 and 600 °C at a heating rate of 10 °Cliniran N atmosphere with a

flow of 50 cn-mirr.

Figure 2.7Mettler Toledo TGA 2 equipment (left) and detail of the furnace with the
thermobalance (right).

2.5. Rheological analysis

Rheology encompasses the study of material deformation and flow. Every material
can flow if provided with sufficient time. Polymers can exhibit slikie properties
within very short processing intervals, whilarthg overextended processing periods,
the material can adopt fluidike qualities. This interplay of characteristics, blending
fluidic and solid behaviors, is called viscoelastic behavior.

For small strain amplitudes and tinredependentpolymers, the mechanical response

2F GKS YFGOGSNRALFE OFy 0SS oNARGGSY Ay (GSNya 2F (K
AKSIFN) Y2Rdzf dz& 6DQQU® ¢ KS &0 Pphabez@nponenRdzt dza DQ C
FYR AA3IYAFASAE GKS YI (S8tNDB actuddlate Bhietg@during® NS OG A 2y
RSTF2NXYI A2y d [/ 2y@PBSNERStfe&s GKS f diphaseY2 Rdzf dzid D¢
O2YLRYSylG FyR aA3IyATASE GKS YFIGiSNAIEfQa @oraldz2d
The interplay between these moduli defines the dampingatalities of the polymer:

O0AT — (Eq 2.6)

The tangent of the phase angle (tdphor damping factor provides a measure of how
much energy is lost due to the viscous nature of tieterial.

Monitoring these three parameters, it is possible to obtain valuable information about

the curing process (conversion at the gel point, evolution of viscosity) or even the
O0SKIF@A2NI 2F DQ |4 KAIK GSYLISNI @rezhNdBE Ay Ydzt (A
which is especially interesting for covalent adaptable networks and the study of their

associative or dissociative nature.
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a) b)
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Figure 2.8{ OKSYI GAOFt NBLINBaSyidldaz2y 2F 0 S@2f dzii2
and b) possible multifragency test at high temperatures of a cured material (dissociative
CAN).

In this thesis, the study of the curing processes and the multifrequency at high
temperatures tests were performed in an ARES G2 rheometer (TA Instruments, New
Castle, DE) equipped ti an electrically heated plate (EHP) and parallel plate
geometry (Figure 2.9). The curing process was analyzed by dynamic mechanical tests

at three different frequencies, 0.5, 1.75 and 3 Hz. They were performed maximizing

the points per decade in a dis¢eesweep, and the evolution of the storage and loss
Y2RdzZ A 6DQ | YR DQdwere M&sutedddding WeSctiridgpkocessy R G | y
¢KS 3AStrdA2y LRAY(G o1& O2yaARSNBR a GKS
frequency or the crossover of the talhcurves at each frequency.

Relaxation tests were conducted in the same instrument. Strain sweep experiments

were carried out at a specific temperature to determine the linear viscoelastic regime

of the materials. Then, frequency sweep experiments were @arout in a specific
temperature interval applying the previous determined strain for each material. The
frequency was changed from 100 to 0.1 radagth a 10 N normal force.

Figure 2.9a) ARES G2 rheometer instrument and b) detail of the parallid gometry and
the electrical heated plate.
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2.6. Gas chromatographynass spectrometry (G®IS)

GCMS finds utility across liquid, gaseous and solid samples alike. The analysis starts
with the gas chromatograph, where the sample transforms into a gesse and
segregates into its constituents via a capillary column coated with a stationary phase.
Inert carrier gas like helium, hydrogen or nitrogen propels the compounds. As the mix
separates, each component emerges from the column at distinct intebased on
boiling point and polarity, termed retention time (Figure 2.10a). Complex mixtures or
extracts containing numerous compounds can be resolved using GC.

,

Retention time Time

a) b)

Response
Abundance

Figure 2.10a) Example of GC chromatogram and b) Example of mass spectrum.

Components undeim ionization and fragmentation via mass spectrometry using
electron or chemical ionization sourcdsllowing the GC column. The ionized
molecules and fragments advance through the mass analyzer, typically a quadrupole
or ion trap, which separates ions byrying masgo-charge (m/z) ratios. Data
acquisition in GBIS can occur in full scan mode, covering a broad m/z range, or
selected ion monitoring (SIM) mode, gathering data for specific masses of interest.

The final stages entail ion detection and analysiBerein fragmented ions appear
based on their m/z ratios. Peak areas correlate with compound quantitiesM&C
separation of intricate samples produces numerous peaks in the chromatogram, each
corresponding to a unique mass spectrum for compound ideatifin.

In this thesis, gas chromatography tests were performed in a gas chromatograph 6890
Series with an automatic liquid sampler HP7683 Series and mass spectrometer 5973
(Hewlett Packard) (Figure 2.11). The analytical column used waMSH30 m x 0.25

mm x 0.25mm) (Agilent Technologies).
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Figure 2.11HP 6890 gas chromatograph instrument.

2.7. Dynamicthermal-mechanical analysi€EDMA)

Polymers showcase a blend of elastic and viscous responses when subjected to a
deformation. Dynami¢hermalmechanical analysis (DMA or DMTA) is a powerful and
commonly used technique to study the viscoelastic behavior of polymers.

This kind of test is &gl to analyze the viscoelastic response of the material with time
or/and temperature. In this type of test, an oscillating strés} is applied to the
material, which induces a deformation or stra@).(The applied oscillating stress over

time, s(t), follows a sinusoidal pattern, similar to the generatt) response which
depends on the viscoelastic characteristics of the polymer and can be in phase or out

of phase to the applied stress [5]:
a) In totally elastic materials, both functions are phase, with a phase shift

angle @) of O radians (Figure 2.12a).
b) In viscoelastic materials, both functions diverge with a phase shift angle

ranging from 0 tq/2 radians (Figure 2.12b).
c) In totally viscous materials, both functions diverge, showing a pisasé

angle ofp/2 radians (Figure 2.12c).

a) b) c)
alt) G (t) c(t)

Stress
ulens
Stress

ulens
Stress
ulens

§=0 £(t) 0<s>m/2 Elt) §=n/2 £(t)

Time Time Time

Figure 2.12Stress ¢) and strain €) over time for a) elastic materials, b) viscoelastic materials
and c) viscous materials.
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The underlying principles of oscillatory DMA analysis are identical to those of
2aO0Affl G2NE NKS2ft238d /2yaSlidSyites 48
9QQ> I yR fdxindarlyEdrr@ng 2haldarid significance. The only difference
is the stress state induced in the sample: in DMA, this stress state can be tensile,
bending or shear and, in the rheometer, the stress state used is torsion (shear).
Depending on this stress state, the complex modulus measured will be G* (in shear)
or E*(in tensile or bending), resulting in a significant change [2].

(@
<
w
ax

Moreover, DMA analysis is typically conducted on solid samples, but it can also be
used in curing processes with certain limitations.

When investigating cured materials, DMA analysis is gdiggparformed at a fixed
frequency, typically 1 Hz, and with a constant heating rate ranging between 2 and 5
°C mint. This methodology aims to uncover the essential thermomechanical and
structural attributes of the polymer. An illustrative DMA plot ofrasslinked polymer

is depicted in Figure 2.13.
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time, at a fixed frequency in an oscillatory stress test.

The network structure of the material experiences maugttal relaxation linked to its

devitrification as it is heated beyond its glass transition temperature. This network
NBfFEFGAZY Ad SOARSYd GKNRdAK | y2dlotd RSONE
appearance of a peak in the taircurve and the los¥ 2 Rdzf dza 09 ¢ 0 @

At lower temperatures, the material is in a vitreous state, which restricts the

molecular mobility and hence renders a mechanical response akin to that of a rigid

StradAd a2t AR o Kdvalke. Sednéntalomoliliky intreadefedh G | v
temperature increases, which induces a network relaxation in the material manifested
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these two solidike phases lie the mechanical relaxation process, charaeteby a
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gradual easing of segmental mobility, resulting in friction between polymer chains and
dissipation of mechanical energy, thus giving rise to the presence afpaak.

The shape of the relaxation curve serves as an indicator of material homogeneity,
where a narrower tand peak corresponds to a more homogenous network. The
parameter quantifying this homogeneity is the full width at half maximum (FWHM).
The peak of the tad curve typically aids in evaluating the glass transition temperature
(Tg). Another method used to ascertaigis the peak of the loss modulus, referred to
asTy 2Ris important to note thaflgoccurs within a temperature range, and the DMA
analysisresults rely on the temperatureependent relaxation time of the structure

of the material (and, consequently, on the temperature ramp used) and the frequency
employed in the analysis.

In this thesis]yis considered as the temperature of the maximumanid curve. The

02N} 3S Y2RdzZE dz&a G £ 26 SNJ S YLIS NksYotiteS a O 2 NN.
polymer. The storage modulus at high temperatures, ab®yeis ascribed to the

NHz0 6 S NEB rwséni and iS linke® With the crosslinking density tbé network.

These tests have been performed in a DMA Q800 and a DMA Q850 (TA Instruments)

in a tensile or bending clamp at 1 Hz, with a strain of 0.1%, and at a heating rate of 2

°C mint,

2.8.Creeptests

Creep tests involve subjecting the material toanstant (noroscillating) stress within

its viscoelastic regime, leading to a deformation recorded over time. Typically, these
tests are complemented by observing how the strain of the material evolves after the
stress has been removed, correspondingthe recovery process without load or
viscoelastic recovery [6]. Stress relaxation tests, that are explained in next section, are
based on the inverse concept: a fixed strain is applied to the material, while the
necessary stress to maintain it is recordaekr time. This stress can decrease over
time depending on the behavior of the material. Both tests are conducted at different
constant temperatures.

Thermosetting polymer materials are unable to flow, or their flow is severely limited
due to the covalenbonds between their chains. In a creep test, under constant stress
over time, these bonds begin to deform until the deformation reaches a maximum at
extended testing times. This phenomenon does not occur in thermoplastic materials,
which can flow due to wak intermolecular forces between chains, allowing them to
continue deforming until fracture.

The behavior after the stress ceases, in the recovery process, is also distinct. In
thermosetting materials, the deformation returns to zero after an extendedingst
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time, whereas in thermoplastics, there always remains residual deformation (Figure

2.14ab).

a) b)

T<<< Tg

T>>>T,

Time Time

Time

Figure 2.14Behavior of a) a thermoset, b) a thermoplastic and c) a covalent adaptable
network in a creep and recovery test.

In the case of covalent adaptable networks, the behavior during creep tests depends

on the temperature. At low temperatures, their behavior is similar to thermosetting

materials due to the existing covalent bonds that do not experience enough

stimulation © exchange. At high temperatures, their behavior resembles that of

thermoplastics (Figure 2.14c).
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to creep at different temperatures.

K @S 0SSy

Creep and recoverproperties were studied by the same DMA Q800 apparatus
equipped with a film tension clamp at different temperatures, maintaining the stress

(always ensuring that the stress is in the viscoelastic regime) for 30 min and, after this

time, immediately releass, and the sample was left to recover for 30 min.

2.8.1. Angell fragility plot

When conducting creep tests at different increasing temperatures, it is possible to
establish the relationship between viscosity and temperature. This can be done with

the obtaned plot straintime at each temperature, and by calculating the slope of the
linear segment of strain with time, and then determining the viscodilyusing Eq.
2.7. By plotting the logarithm of viscosity against the relative temperatlyd), the

Angdl fragility plot can be obtained (Figure 2.15).

The concept of fragility was introduced by Angell in supercooled liquids [7,8]. By giving
insights into glass transition and structural relaxation phenomena, two types of glass
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formers could be determined: i) strong glass formers, showing an Arrheniwsioeh

and ii) fragile glass formers, in which the temperature dependence of viscosity-is non
Arrhenius. Later in 1994, this concept was applied to metallic glass formers [9]. Finally,
the Angell plot was also extrapolated in vitrimers, discovering theiilai viscosity
temperature dependence compared to strong glass formers.

12

10 Vitrimer

log(n)
o

Silica

Thermoplastic

05 06 07 08 09 1
TJT

Figure 2.15Angell fragility plot of a vitrimer (red), vitreous silica (blue) and a thermoplastic
(green).

Considering the relationship between viscosity and relative glass temperature in silica
as a reference, we observe distinct behavior between associative ciadaptable
networks (vitrimers) in which the viscosity gradually decreases with temperature
following a linear tendency (Arrhenius relationship), and dissociative networks or
thermoplastics, in which a drastic drop in viscosity is produced when the teaahpe

is increased.

In this thesis, Angell plots were obtained by performing a series of creep tests on the
materials studied at several temperatures, increasing 10 °C in each scan. The selected
temperature was equilibrated for 3 min, and then a stresel of 0.1 MPa was applied

for 30 min. The viscosity at each temperature was obtained as explained above.

2.9. Stresgelaxation tests

Concerning the stress relaxation tests, the differences in behavior between
thermoplastics, thermosets and CANs can also observed. In thermosetting
materials, when plotting the stress evolution with time at a specific temperature, the
curve decreases to a finite value, where the stress necessary to sustain that constant
deformation becomes steady (Figure 2.16a) [10]. v@esely, in thermoplastic
materials, the stress curve gradually diminishes to zero at an extended test duration:
the material requires decreasing the applied stress to uphold the constant
deformation imposed (Figure 2.16b). For CANs, the behavior ingsstaxation test
hinges on temperature: at low temperatures, it is similar to thermosetting materials,
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while, at elevated temperatures, it resembles that of thermoplastic due to their ability
to flow (Figure 2.16c).

a) b) c)

Time Time Time

Figure 2.16Behavior of a) thermaa, b) thermoplastic and c) CAN in a stress relaxation test.

The relaxation timet¢), defined as the time required for the stress to reach 37% (1/e)
of the initial stress 4o) at a specific temperature, is commonly employed for
comparing the vitrimeric behavior properties of different materials. The relaxation
time can be linked to viscosity through the Maxwell equation, whenepresents
@A a O 2d@ndy the sfora@e@odlus in the rubbery state antlthe relaxation time:

- 0 1 (Eq 2.9)

When conducting several stress relaxation tests on vitrimeric materials at different
increasing temperatures (abovig) and plotting the obtained relaxation times against

the temperature, it becomes evident that both variables exhibit an Arrhenius
relationship (Figure 2.17). This relationship can be defined using Eq. 2.9 and linearized
with Eq. 2.10. In these equatiortstepresents the relaxation time is the relaxation

time at infinite temperature E stands for the activation energy of the bond exchan
processRdenotes the universal gas constant, ahdorresponds to the temperature.

Tt Q (Eg 2.9
ae tas t— (Eq 2.10
a) b)
Increasing
= temperature .
%J £ //

Time T2

Figure 2.7. a) Schematic representation of stress relaxation tests at different temperatures
for a vitrimeric material and b) Representation of logarithm of the relaxation time in front of
temperature and its linear relationship.
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The activation energyef) of the exhange process can be calculated from the slope
of the linear relationship in Figure 2.17(b).

Another critical parameter in the characterization of vitrimeric materials is the
topology freezing temperaturel). Chemically, it is defined as the temperatirelow
which the exchange processes are negligible but physically is defined as the
temperature at which the material reaches a viscoditydf 102 Pa-s. By substituting

this viscosity value into Eq. 2.8 yields the characteristic relaxation tifes0d Tvcan

be obtained using the linear equation (Eq. 2.10). This temperature can also be
determined by creep tests since the viscosity can be directly obtained and, therefore,
a direct extrapolation can be done to get a viscosity df Pa.-s.

Tensile or bending stregelaxation tests were conducted in DMA Q800 and
DMAQ850 (TA Instruments) in a film or bending clamp. The samples were firstly
equilibrated at the relaxation temperature for 5 min, and a constant strain of 1% was
applied, measuringhe consequent stress level as a function of time.

2.10. Dilatometry tests

Dilatometry experiments rely on tracking the expansion and contraction of a material
as it is subjected to a controlled heating temperature gradient without (or with an
extremelysmall) stress to measure only the deformation produced by temperature
and not by any stress. The transformations that unfold within the material upon
heating play a decisive role in shaping the trajectory of this unique volume variation.
Particularly, in ovalent adaptable networks, it usually becomes feasible to ascertain
both the glass transition temperaturdd) and the topological freezing temperature
(Tv) through the intricate interplay of volume changes (Figure 2.18).

Temperature (°C)

Figure 2.8. Dilatometry test ¢ a covalent adaptable network.

Dilatometry experiments were performed in a DMA Q800 using a film tension clamp.
The sample length was continuously measured while increasing the temperature at a
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heating rate of 1 °C mihfrom -30 to 200 °C, applying a slight stress of 0.01 MPa to
avoid buckling.

Dynamiemechanicthermal analysis tests, creep tests, stress relaxation tests and
dilatometry experiments were carried out in a DMA Q800 and a DMA Q850
instruments (Figure 2.19)

Figure 2.19a) DMA Q800 instrument and) DMA Q850 instrumer{tight).

2.11. Tensile tests

Tensile experiments involve inducing a uniaxial controlled displacement on a sample
until it reaches its failure. Throughout this evaluation, the necessary exéotee (F)

to induce the displacement of the specimen is meticulously tracked by a controlling
unit. Through the collected dataset of force versus displacement, the engineering
stress §) and strain €) can be determined using the subsequent equations:

" - — (Eg 2.1)

Where A is the transverse section of the sample, t, is the specimen thickness and w, is
the specimen width.

- — (Eq 2.12)

where Lo is the initial gauge length and L is the increasing gauge length.

The tensile properties of a material are influenced by several experimental factors like
temperature, humidity and teting speed. An illustrative simple stress/strain plot of a
thermoset at room temperature is displayed in Figure 2.20a. The stress at break
(swrea and the strain at breakefeay are determined from the failure point. The
tensile elastic modulus (E)éemputed from the slope of the initial linear segment of
the curve.

In this thesis, the tensile tests were performed on dog bone samples adapted from
ASTM D638 requirements (Type V) at room temperature in an electromechanical
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universal testingnachine Shimadzu AGSwith a load cell of 10 kN at 5 mm-nin
(Figure 2.20b).

a)

S

Stress

Strain Epreak

Figure 2.20a) Typical stresstrain curve of a thermoset at room temperature and b)
Shimadzu AGX instrument.

2.12. Mechanical recycling tests

Mechanical recycling is one of the most important characteristics of covalent
adaptable networks. Thanks to the dynamignbs in their structure, their ability to
flow at high temperatures makes them very interesting for reprocessing.

To prove the recyclability of the materials studied in this thesis, cured materials were
ground into powder and poured into a 90 cm diametéurainum mold. Then, this

mold was put in a Specac Atlas manual 15 T hydraulic press (Figure 2.21) with a
temperature unit under determined temperature and pressure conditions during a
specific time depending on the material studied

After that, the obtainedrecycled materials were dieut for further investigation.

Figure 2.21Specac Atlas heiress.
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2.13. Selfhealing tests

As mentioned in the Introduction section, sbialing is the ability to setepair minor
damages in the material. It is onetbE most studied properties in covalent adaptable
networks since upon applying an external stimulus such as heat or light and the
exchange reaction takes place, the material is able tetss=df the damage and extend

the lifespan of the polymer.

To evaluag the selfthealing abilities of the covalent adaptable networks, we used
hydraulic manual press with a round steel indenter of 2.5 mm diameter to make
plastic indentations on the surface of the sample by applying increasing loads from
300 MPa to 360 MPaater on, the samples were heated in an oven, exploring the
evolution of the indentation in the healing process from time to time by taking
pictures with a Digital Stereo microscope Leica s9i (Figure 2.22).

Figure 2.22Stereo microscope Leica s9i.
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ABSTRACT

Dualcuring is a processing technology based in the combination of two
polymerization processes and the proper selection of the formulation. This
methodology allows the preparation of intermediate materials with tailored
characteristics, which can be vistdiquids or rubbery solids according to their
application. Once applied, the second stage is performed leading to a high crosslinked
network. Usually, different monomers are involved, and unreacted monomer are still
present in the intermediate materialThis monomer experiments polymerization
during the second step, but it can drip or be exuded during storage. In the present
work, a commercial monomer, glycidyl methacrylate has been selected, because of
the presence in the same molecule of an epoxide gravhich can react with amines

in the first stage of the duaturing, and a methacrylate group that can be thermally

or photochemically homopolymerized to complete the curing process. Diglycidylether
of bisphenol A has been added to obtain a gelled intatiate material. The evolution

of both curing steps has been studied by DSC and FTIR. The stability of the
intermediate material has been confirmed and the characteristics of intermediate and
final material have been evaluated by TGA and DMTA.

KEYWORDS

Dual-curing, thermosets, click chemistry, epeamine, radical homopolymerization
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1. Introduction

Nowadays thermosets are an important type of industrial materials due to their wide
range of applications in several sectors such as coatifijsautomobie [2] or
optoelectronic industry 3]. The preparation of these crosslinked materials involves
irreversible curing processes that must be very weltrolled to produce
components with the required characteristics and shapes. In this field;alwadg ha
arisen as a promising synthetic methodology to obtain thermosets in acamettolled
manner. This procedure consists in two different polymerization processes that can
take place sequentially or simultaneously and can be triggered by different stienuli
temperature or UMight [4]. Sequential dual curing allows to obtain partially cured
materials in a first stage that can be easily stored or just sent for further processing to
obtain a fully cured polymer with higher performance once the second paigatéon

is completed. The characteristics of the intermediate materials can be modulated and
depend on the formulation composition which in turn, defines the extension of the
first and second curing stages. The intermediate materials can be viscous ligitid
adhesive properties, or conformable solid materials, which after performing the
second step will be converted into hard thermosets.

The sequentiality and the control of the intermediate characteristics are based on the
selection of the curing reains, the composition of the formulation and the tuning

of the curing parameters like time or temperature of the process and in some cases
the use of an adequate cataly§][ Duatcuring processing presents several advanced
applications in shapeemory polymerg6-9], adhesive coatingslp,11]], lithography

[9,12, holography 13,14, photopatterning 5] or dental materials16] among many
others.

¢2 | OKAS@S aSldsSyidAlt RdzZf Odz2NAy3I LINRBOSaasSax
it provides selectivity, great kinetic control, high yields in mild reaction conditions, and
can be performed in air atmospher&#20]. Among all the possible reactions that are
included in this type of chemistry, one of the most used in the synthesis ohibsets

is the epoxyamine reaction as it can be carried out at low temperatures in case of
using aliphatic amines as curing agents. Many researchers used this reaction as a first
step in dual curing schemes. Konukgyal. employed a twestage curing proess in
which the diglycidyl ether of bisphenol A (DGEBA) and an aliphatic amine are involved
in the first curing step to synthesize a wide range of intermediate materials, with
different properties depending on the composition of the formulation, whereas a
homopolymerization of the remaining epoxy groups initiated by a latent imidazole
catalyst constituted the second stagel]. Similarly, Moranchet al. described the
duakcuring of offstoichiometric diethylenetriamineliglycidyl ether of bisphenol A
using tertiary amine as initiator for high temperature homopolymerization of the
epoxy excess2P]. After the first curing stage, intermediate materials showed a high
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latency and could be safely stored for long time, since in addition of the kinetic control
in the initiation of the second stage, vitrification of the intermediate material helps to
improve their storability if storage temperatures are lower than yeFurthermore,

the same group also reported a new family of doated thermosets based on
commercial amineepoxy formulations with two amines of different reactivity and
rigidity reaching promising materials for applications such as adhesives or smart
materials R3].

As said, the second curing stage is also a very important step to producelyhaufield
material because it will generate the final network in the thermoset and subsequently,
determine the final characteristics. This reaction can be activated byigby or
thermally, depending on the type of reactive groups and the chemistry inwhlve
having both processes their advantages and drawbacks. From the point of view of
energy saving and technical easiness, photoirradiation is very advantageous, but its
application is reduced to thin layers and flat shapes that can be fully illuminated
without shadowy partsg4]. Thermal activation is better for thick and complex shaped
samples because of its uniformity, but high temperatures in ovens and long curing
times are neededln addition, vitrification of the final material must be avoided and
from this point of view, thermal activation is more convenient.

Taking all of this into account, in the present article, we report the preparation and
characterization of a new dugluring system based on the epoxy and methacrylate
groups of a commercially avable compound, glycidyl methacrylate (GMA). A
stoichiometric epoxyamine reaction will be used as the first curing stage and a radical
homopolymerization of the methacrylate groups in both thermal and-duking
conditions as the second curing stage. Thdiion of DGEBA to the formulation has
also been explored to achieve gelation during the first step. As far as we know, this
dual curing system has not been previously described in the literature, and the
combination of both polymerization mechanism carpea broad industrial
applications. However, Mustata et al. reported the curing of GMA/DGEBA mixtures
with adducts of Diellder reaction of rosin acids derivatives and maleic anhydride,
being the first step the thermal curing of methacrylates and the sd¢cthe reaction

of epoxides with acids and anhydrideéX5]. The most valuable advancement of the
present study relies on the fact that no unreacted monomers will be present after the
first step avoiding their possible dripping or exudation in the confdioma or
processing of the intermediate material, which is a great advantage in its final
application. In addition, this novel curing system has great versatility as different
excesses of diepoxide can be added to modify not only the characteristics of the
intermediate material, but also of the final material. Of course, mono or
multifunctional methacrylates could also be added to the formulation to adapt the
properties of the materials, although in the latter case there will be unreacted
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monomer in the inérmediate material. Thermal and photoinitiated
homopolymerization of the methacrylate moieties have been studied in order to
compare the characteristics of the final materials.

The evolution of both curing stages, the conversion achieved and the latéecyhe

first stage have been evaluated by calorimetry and FTIR spectroscopy and the gelation
time during epoxyamine condensation by rheology. The materials obtained have
been characterized by calorimetric, thermomechanical, and thermogravimetric
analyse.

2. Experimentalmethods
2.1 Materials

Glycidyl methacrylate (GMA) was supplied by Miwon. Diethylenetriamine (DETA,
20.63 g/eq), isophorone diamine (IPDA, 42.58 g/eq), tasihoethyl)amine (TREN,
24.37 gleq) and 2 2imethoxy2-phenylacetophenone (DMPA) were supplied by
Sigma Aldrich and used without further purificatideffamine D400 (JEFFA, 115 g/eq)
was provided by Huntsman Corporatiddiglycidyl ether of bisphenol A (DGEBA, 172
g/eq) was supplied by Hexion Specialty Chemicals and dried in vacuum for 2 hours at
80°C before use and the peroxidic radical initiator-di(t-amylperoxyjcyclohexane
(Luperox 531M60) was kindly supplied by ARKEMA.

2.2 Sample preparation

Formulations ofGMA were prepared in 5 mL vials in approximately 1 g batches were
1% wi/w of Luperox (to GMA) for thermal acrylate homopolymerization or 5% w/w of
DMPA (to GMA) for photoinitiated systems were weighted. Then, GMA and the
stoichiometric amount of amine (IPD JEFFA, TREN, DETA) was added. The mixtures
were vigorously and manually stirred at room temperature and then immediately
analyzed.

Formulations of GMA with DGEBA were prepared in 5 mL viai2 gr batches were

1% w/w of Luperox (to GMA) and 5% w/w DMPA (to GMA) were weighted for
thermal and photoinitiated methacrylate homopolymerization, respectively. Then,
DGEBA and the correspondiagount of GMA were added using the calculated molar

ratio between DGEBA and GMA (nDGEBA/mMGMA = 0.4). Finallypittgéasnetric

amount of amine (IPDA, JEFFA, TREN or DETA) was added. The reactive mixtures were
homogenred at room temperature by manual stirring and then immediately
analyzed.

The formulations prepared with only GMA were coded as G_X_Y and the formalatio
containing DGEBA as GDG_X_Y, where, in both cases, X indicates the amine used and
Y the initiator selected for the second stage of the dual process. As an example,
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GDG_DETA Lup is a formulation in which GMA and DGEBA are in the mixture, DETA
is the amine used and the second stage was initiated by 1% w/w of LuJexobe. 3.1
shows the composition of the different formulations studied.

Table 31. Composition of the dual formulations prepared.

ampje | GMA [DGEBA IPDA | JEFFA TREN| DETA| Lup. | DMPA
PI€ 1 wt. %)| (wt. %)| (wt. 9)| (wt. %)| (wt. %)| (wt. %)| (wt. %)| (wt. %)

GIPDA_| 263 | . | 20| - - - 0.8 -
Lup

G_IEFFAl 566 | - - | 428 ] - ] 0.6 ]
Lup

G_TREN g46 | - ] - | 148 | - 0.8 ]
Lup

GDG_DET /25 | 453 | - - - 112 | 05 ;
Lup

GDG_DET/

Siioa | 423 | 445 | - ; o111 | - 2.1
G DETA} g55 | . ; - - | 126 | 09 -
Lup

G_DETA |

Supp ] 836 12.2 4.2

Fully cured samples for dynamomechanical (DMA) #retmogravimetric (TGA)
analyses were prepared in an open mold, with dimensions of 1.5 x 5 x £5made

of metal and covered with PTFE to avoid the formation of bubbles and to facilitate the
samples release. The liquid formulations were poured into th@dnand kept in an

oven at 45°C for 4.5 h (stage 1) and cured at P20during 1.5 h and postired at

150 °C and 200C during 1 h and 1.5 h, respectively in the case of Lugmasad
compositions, and 1.5 min under Uight on both sides for DMPA forrmations (stage

2). These curing times were optimized according to Fourier transform infrared
spectroscopy (FTIR) and differential scanning calorimetry (DSC). The samples were
polished with sandpaper to obtain uniform final dimensions.

2.3 Characterization techniques

DSC analyses were carried out on a Mettler B3Cinstruments calibrated using
indium (heat flow calibration) and zinc (temperature calibration) standards. Samples
of approximately 80 mg were placed in aluminum pans with ped lids and
analyzed in nitrogen atmosphere with a gas flow of 503min. Dynamic studies
between 30 and 256C with heating rate of 18C/min were performed to characterize
the curing process and to measure the final glass transition temperatgr.eDynamic
curing tests were also performed with heating rates of 2, 5, 10 andCfin to
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determine the kinetic parameters. The reaction enthalply)(was integrated from the
calorimetric heat flow signadp/dt) using a straight baseline with help of theARe
software. TheTgs of the intermediate materials were determined with the following
procedure: i) isothermal curing at 4& until the first reaction comes to end (270 min);
if) dynamic heating from30 to 250°C at 10C/min.

To monitor theduakcuring process and to quantitatively determine the degree of
curing, a FTIR spectrometer Bruker Vertex 70 with an attenuated total reflection
accessory with thermal control and a diamond crystal (Golden Gate Heated Single
Reflection Diamond ATR Spedaknokroma) and equipped with a ridnd liquid
nitrogen-cooled mercurycadmiumtelluride (MCT) detector was used. Ré&ale
spectra were collected in absorbance mode with a resolution of 4 amthe
wavelength range 4000 to 600 cnaveraging 20 scarfer each spectrum. The first
step of the duakuring process was conducted at 45. Realime spectra of the UV
photoinitiated 2" stage were recorded at the same conditions previously detailed.
The characteristic absorbance peak of the epoxy at 915(eoxy bending) was used

to monitor the conversion of the epoxy group during the epaxyine reaction 26].

The disappearance of the absorbance peak at 1636 amnresponding to stretching

of the C=C bond of the methacrylate was used to monitor the hortyoperization of

this group (29 stage) 7). Absorbance of each scanned sample were normalized with
GKIFG 2F GKS 5D9. ! Qa 1 NBedase af OrmulNi@ns dityoat | G
DGEBA the peak corresponding to the carbonyl group of the methaergat
1718 cmt was taken as the reference. Epoxy groups conversigod and
methacrylate group conversionXfet) were calculated byEq. 3.1 and Eq. 3.2,
respectively

p (Eq 3.1)

p (Eq.32)

h
where As1s and Ausoare the normalized absorbances of the epoxy peak at 915 cm
at a given reaction time at the beginning of the curing process, respectively:astd A
and Asess,othe normalized absorbances of the methacrylate peak at 1636 ainthe
same given reactionrtie.

The gelation time was determined using a rheometer-@R (TA Instruments)
equipped with an electrical heated plate device (EHP) and 20 mm parallel plate
geometry. The oscillation amplitude was set at 0.2% and the frequencies at 0.5, 1.75
and 3 Hz. Geboint was determined as the tad crossover at the three different
frequencies. The evolution of the tahwas monitored through dynammechanical
experiment at 45C during 4.5 h.
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The thermomechanical properties were evaluated using DMA Q800 (TA Instisdme
equipped with a thregpoint bending clamp. Prismatic rectangular samples of 1.5 x 5
x 15 mniwere analyed from 25 to 150C at 1 Hz, 0.1 % strain and with a heating rate
of 3 °C/min.

TGA analyses were carried out with a Mettler Toledo TGA2 thératemce. Cured
samples, weighting around 10 mg, were degraded between 30 and®@0a heating
rate of 10°C/min in N atmosphere with a flow of 50 ctmin.

3. Theoretical part

In nonrisothermal kinetics of heterogeneous condensed phase reactions, it is usually
accepted that the reaction rate is given by Bg[28,29.

— — 0Qan— "Q (Eq.3.3

where " is the degreeof conversion, T temperature, t time, f(h) the differential
conversion functionRthe gas constantp the linear constant heating raté =dT/dt
and A and E the preexponential factor and the activation energy given by the
Arrhenius equation.

By integrating Eg3.3, in nonisothermal conditions, the integral rate equation,-so
called temperature integral, may be expressed as3.

Q) — - Q T vy (Eq.3.9)

>v v

whereg (") is the integral conversion function.

By using the CoatRedfern approximation to solve E3}4and considering tha2RT/E
is much lower than 1, the Kissing&kahiraSunose (KAS) equation (Bgs) may be
written [30-32):

aeg— O&—— — (Eq.3.5

For each conversion degree, the linear plotlof(6/T?) versusT! enablesE and

In [AR/(gl) E)]Jto be determined from the slope and the intercept. {sonversional
kinetic parameters were obtained in this work by usingE8§. If the reaction model,
g(), is known, the corresponding pexponential factor can be calculated for each
conversion. Reaanging Eg3.5, the CoatsRedfern equation can be written as Bob.
[30,33.

dE—  ai— — (Eq.3.6)

For a given model and heating rate, the linear plot of the-thefhd sdle of Eq.3.6
versus T allowed us to obtain the average activation energy and average pre
exponential factor from the slope and the intercept. In this study, we chose the kinetic
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model with an activation energy similar to that obtained-mmversionally (EQ.5)
and with a good correlation coefficient in E86 (Model Fitting method). The rate
constantk and the reaction ratelh /dt were calculated for each conversion from ron
isothermal E, and A data using the Arrhenius equation and B3 and the kinetic
model, respectively. Integrating Eg}3for isothermal experiments, we can obtain Eq.
3.7

a&®d a&— — (Eq.3.7)

This equation relates, for each conversion, the temperature and the time of curing.
The constantn [g(")/A] is directly related to the valuln [AR/(gl) E)]by E/R which

can be deduced from the neisothermal adjustment (EQ.5), if isothermal and non
isothermal curing take place in the same conditions. In this work we lng@dR/(g(})
E)]and E/Robtained by dynamic experiments and (Bgp) to estimate the timeof
curing for both curing stages by using B4.

4. Results and discussion
4.1 Study of the curing process by calorimetry

With the aim to know the most adequate composition for the doating process, we

firstly studied the epoxyamine reaction (I stage) using GMA with structurally
different amines (IPDA, TREN, JEFFA, and DETA) by means of DSC dynamic studies.
Figure3.1 shows the curing exotherms obtained.

We can observe that the reactions with IPDA and JEFFA start at higher temperatures
than with TREN and DETA. As it has been said, the thermatuhirsg includes a
second stage which consists in a radical homopolymerization of the GMA
methacrylate, whichsg initiated when Luperox decompose forming radical species
close to 120C. Accordingly, the lower the starting temperature for the epamyine
reaction, the better to get sequentiality in the curing process. Moreover, the curing
exotherms of TREN and DEfrmulations are monomodal which may indicate that
side reactions do not take placd=igure 3.1 also shows, for TREN and DETA
formulations, that the whole reaction has been completed betweertG@nd 170C

and the reaction is fast once initiated.

Table3.2 collects the most characteristic calorimetric data of the reactions studied in
terms of reaction enthalpy/fH) and temperature of the maximum ekothermic peak
(Tmax). As we can see, all reaction heats aretieddy close to 9aL00 kJ/eq, which is

the standard value for an epoxmine reaction [34]. We can observe that IPDA
releases a higher enthalpy than the other amines, but the peak appears at high
temperature with a shoulder, which could indicate the presence of a
homopolymerization of epoxides, According to these resultsth TREN and DETA

78



React. Funct. Polyra021, 159, 104822

could be selected as curing agents for the eparyine reaction in these formulations.
NeverthelessTREN contains a tery amine that can act as a catalyst for d¢&hael
addition between the methacrylate and the amine itself, hypothesis that we could
confirm by FTIR analysis (Figure 3.S1). The absordzaruédcorresponding to the
double bond of the methacrylate at 16861* decreased at the same time as the peak
at 915 cmt of the epoxide at 45 °Gsuggesting that the azidichael addition was
taking place simultaneously with the epeayine condensation. With these results
we selected DETA as the amine to continuesiudy.

/ .
/i
1.’/ Y \7 ——G_IPDA

! \
! A — —G_IEFFA
\

exo
dh/dt (W/g)

30 50 70 %0 10 130 150 170 19 210 230
Temperature (°C)
Figure 3.1DSC thermograms corresponding to the dynamic curing at 10 °C/min of

formulations with GMA and the different amines.

Table 32. Calorimetric data of the epoxamine reaction using different amines.

Sample NHepoxyaminé® (3/g) | NHepoxyaminé (kJ/eq) | Tmad (°C)
G_JEFFA 292.2 73.1 160.2
G_DETA 496.7 81.0 1135
G_TREN 504.5 84.0 110.0
G_IPDA 497.5 92.2 1345
GDG_DETA 478.9 87.5 106.7

2Enthalpy released in the epomine process by gram of mixture and by equivalent of epoxy.
b Temperature of the maximum of the exotherm of the epaiyine reaction.

Once the amine is chosen, the initiator required to perform the second step must also
be selected. According to FiguBel the epoxyamine reaction embraces a big range

of temperatuies so it will be difficult to obtain a great sequentiality because many
thermal radical initiators generate their radicals between 50 and 420Therefore,

an initiator that releases its radicals at high temperature is needed to produce the
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epoxyamine ondensation and the homopolymerization of the methacrylate as the
first and second curing stage, respectively. Among many thermal radical initiators like
di-tert-6 dzii @ £ LIS NB EawdbiSisoldutyronitrile JAIBNY, Befzoyl peroxide etc.
we selected1,1-di(t-amylperoxyjcyclohexane (Luperox 531M60, Luperox or Lup
hereafter) as the thermal radical initiator for the homopolymerization of the
methacrylate moiety of the GMA because it generates radicals atCZb]. To test

this initiator, a dynamic DS&tan was carried out for the formulation G_DETA Lup
which is shown in Figui&2.

As it can be seen, the green curve presents a small shoulder &Clé6rresponding

to the maximum peak of the epox@mine condensation and then a high peak at
120°C attributable to the homopolymerization of the methacrylate groups. Moreover,
the global reaction heat was 128.1 kJ/eq., but taking into account that the epoxy
amine reaction releases 87.5 kJ/eq. the second step has 40.6 kJ/eq. which is a little bit
lower than the standards for the methacrylate homopolymerization.

1
1
_ I ——GDG_DETA_Lup
s I
gl = | | — -G_DETA_Lup
v I
= |
-l

30 50 70 90 110 130 150 170 190 210 230 250
Temperature (°C)

Figure 3.2DSC thermograms corresponding to the dynamic curing at 10 °C/min for
GDG_DETA_Lup (red) and G_DETA dotieq purple formulations.

It is worth saying that GMAmine formulations cannot gel during the first stage of
the duatcuring, due to the monofunctionality of GMA in the epexyine reaction,

so that they produce a viscous liquid intermediate. Thus, to get a gelled intermediate
material the addition of DGEBA, with a functionality of two, is necessary to get
crosslinking points when amines have reacted. To investigate the amount of DGEBA
needed to get gelation, the theoretical conversion of the epoxy groups at the gel point,
hgel, during the epoxyamine condensation had to be calculated assuming the ideal
random stepwise reaction, using the welinown FloryStockmayer equation (E§.8)

[36,37:

| _ (Eq.3.9)
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where r is the hydrogen amine/epoxy equivalent rati&, the epoxy monomer
functionality and& the amine functionality.

With this equation, a ratio of nDGEBA/MGMA = 0.166 was calculated as the lowest to
achieve the gelation at 100% obnversion. Two different possibilities were studied
herein: a) a ratio nDGEBA/mMGMA = 0.4, in which gelation will be achieved before full
conversion to obtain a conformable solittermediate material and b) a ratio
NnDGEBA/mMGMA = 0, where gelation will ramtcur, and a viscous liquid will be
obtained.

Figure3.2 shows that the addition of DGEBA to the formulation accelerates the epoxy
amine reaction and a better splitting of both stages is observed although they are
partially overlapped. In this formulationhe maximum of the epoxgmine exotherm
appears at about 103C, whereas the methacrylate homopolymerization reaches its
maximum at about 120C, because of the formation of radicals at this temperature.
As it can be observed in Tal@®, in formulatiors with or without DGEBA\, lepoxyamine

and Tmax are very similar, but with a slightly higher enthalpy and a slightly lower
temperature of the maximum for GDG_DETA, facilitating the separatidheofirst

and the second stages.

Although sequentiality cannot be reached in dynamic scans, it must bedevedi

that in a technological process, each step of curing requires a different temperature
to be completed without overlapping them. To find out these appropriate
temperatures we perform kinetic studies of both stages separately.

To obtain the kinetic psameters of the epoxamine reaction, dynamic DSC
experiments were performed. Figur&3a and 3b show the DSC thermograms and
the plot of the conversion against temperature, respectively for the eporijne
reaction of GDG_DETA formulation at differentitieg rates (2.5, 5, 10 and 2C).
These formulations did not contain the radical initiator to suppress acrylate
homopolymerization. In Supporting Information, Figl&2a and3.S2b report the
same study for G_DETA formulation

a) b)
00
%0 -
2t oo -
2.5°C/min = e
5°Cfmin n / /
- / -
- 10°C/ min & / /
g z 3 F § 2.5°C/min
1 s 20°C/min i ’ N
z / / A 5°C/min
s ¥, 4 / 4
4 20 s — —10%C/min
'l /! " N
B ® ’ ’ 20°C/min
- .
S e e 10
20 &0 &0 0 W00 130 140 180 180 N0 1N 40 L s S S
0 0 0 100 1 10 160

Temperature [*C) Temperature ("C)

Figure 3.3a) DSC thermograms for the GDG_DETA formulation at different heating rates and
b) degree of conversion versus temperature for the same formulation.
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As it can be observed, the temperature of the maximum of the exotherm is lower
when the heating rate is @lver, but in all cases the reaction heat remains constant
with values between 8B87.9 kJ/eq, reaching almost 100% of conversion. The kinetic
parameters of norisothermal curing for GDG_DETA formulation obtained by DSC
experiments are collected in Tal88 and for G_DETA in Tal3&1. If we look in Table
3.3, it is possible to observe that the activation energy remains relatively constant in
the process which indicates that the same mechanism is maintained in the whole
reaction.

Table3.3. Kinetic parameters from dynamic DSC studies of GDG_DETA formulation.

s p |In[AR/g(")E] . InA ke | dgh/dtf Isothermal time?
(kd/mol) (k2. min?) (min?) | (min'®) | (min) (min)
0.05 455 6.44 |0.991] 13.77 | 0.032 | 0.009 8.52
01| 4751| 6.66 |0.998 14.47 | 0.031 | 0.010 14.12
0.15 4853| 6.71 |0.999 14.82 | 0.029 | 0.014 19.42
0.2] 49.20| 6.71 |0.999] 15.05 | 0.029 | 0.012 24.63
0.3| 50.06| 6.66 |0.999] 15.34 | 0.028 | 0.009 35.20
04]5071| 6.61 |0.999 15.58 | 0.028 | 0.008 46.68
05| 51.40| 6.60 |0.999] 15.83 | 0.027 | 0.007 60.44
06| 52.19| 6.62 |0.999] 16.11 | 0.027 | 0.005 78.78
0.7] 53.08| 6.64 |0.999 16.41| 0.026| 0.003|  106.51
08]5391| 656 |0.999 16.68| 0.025| 0.002|  155.46
09| 5531| 648 |0.999 17.11| 0.022| 0.001|  279.31

a Conversion degreé Activation energy¢ Correlation coefficient Preexponential factor calculated
using kinetic the autocatalytic modelRate constant calculated by Arrhenius equatioReaction rate
calculated by E.3. 9 Simulated isothermal time using nésothermal isoconversionalata.

Moreover, it suggests that a single kinetic model is needed to describe the curing.
Furthermore, the reaction rate increases at low conversions but after reaching a
maximum, decreases, confirming the autocatalytic behavior of the epmine
reacion. The hydroxyl groups formed during the epayine condensation catatg

the ring opening of the epoxides by forming hydrogen bonds between hydroxylic
protons and the epoxides3g]. Moreover, the theoretical isothermal curing time for
the first stage 845 °C needed to achieve a 90% of conversion is 279 min, which is very
close to the reaction time in the oven that we obtained experimentally which was 270
min.
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Once the first curing stage has been studied by DSC the characterization of the second
stageis needed to optimize the global system. The standard reaction heat for a
methacrylate homopolymerization is around 60 kJ/&9,A0, and therefore it is
important to verify the heat that the second curing stage releases after the epoxy
amine condensation

A dynamic DSC of the intermediate material prepared from GDG_DETA Lup
formulation, cured in the oven, gave us tligreached, and the heat evolved by the
homopolymerization while confirming that the first stage has been completed in the
curing conditions determined by kinetic studies. FigBida shows that the first stage
has been completed giving a flexible solid mmetewith a Ts= 14 °C without the
possibility to suffer dripping or exudation because no free unreacted molecules are
present in the material. Moreover, we could check that the reaction heat released by
the methacrylate homopolymerization was 41 kJ/eq.sTtalue is lower than that
reported, since not all methacrylate groups in the mixture will react due to topological
restrictions, produced by the short distance between reactive groups in the GMA
molecule.

In the same way than for thestistage we deternmied the kinetic parameters by
performing DSC experiments at the same heating rates to fully optimize the curing
conditions.

Thereaction heat in all the experiments remained relatively constant with values in
the range 42.540.7 kJ/eq. Moreover, it can t&een in Figur8.4c that the conversion

at the beginning increases slowly but rapidly gets higher values in a short range of
temperatures, which can be attributed to the fast propagation once radicals are
generated.

If we look at the plot of the activaih energy (Figur8.4d) we can see higher values

at low conversions (initiation step) but a decrease when the conversion increases, due
to the fact that termination, with a very low activation energy, begins to occur. The
kinetic parameters of noiisothermal curing for the second stage obtained by DSC
dynamic experiments are reported in Tal8¢52. The higher activation energy of
methacrylate homopolymerization in comparison to the epaxyine condensation

puts in evidence the dual nature of the curing pees.
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Figure 3.4.a) DSC thermogram corresponding to the dynamic curing at 10°C/min of the
intermediate material for the formulation GDG_DETA_Lup, b) DSC thermograms ¥ the
curing of a G_Lup formulation at different heating rates, ¢) degree of convergon
temperature for the same sample and d) plot of activation energgonversion of the ®'stage.

The intermediate materials obtained after performing th&stage in the oven were
stable at least for 4 days, since tfigof this material remainedinchanged, such as
expected from the stability of the radical initiator at temperatures lower than 120 °C.

The thermomechanical characterization of this intermediate material was done and

the obtained DMTA curves are represented iruFég.S3, where a mamum of tand

of 23.5 °C and a storage modulus around 50 MPa at room temperature was
determined. As expected, the modulus increases when the second curing stage
initiates.

4.2 Study of the curing process by FTIR spectroscopy

DSC provides information ¢iie whole process but not about the evolution of the
chemical reactions that occurs during curing. To get structural information, FTIR
spectroscopy was applied to the isothermal curing of the reaction mixture. This
methodology allows to determine the praggs of the conversion at different reaction
times for the functional groups involved in the reaction, taking as reference an
invariable absorption band. In addition, it gives information of the chemical structure
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of the network formed. Figur8.5 shows tle evolution of the epoxy bands during the
reaction for the GDG_DETA mixture, which corresponds to the first stage of curing.

As it can be clearly seen, at 3400 tan increase of the peak corresponding to the
OH groups formed by the ring opening of theogide by the amine is taking place
during the whole reaction time, while the band corresponding to the epoxy groups at
910 cmt is declining, until complete disappearance, leading to the conclusion that the
reaction has been completed during the curing process. Moreover, the band of the
double bond of the methacrylate group at 1636 ‘tmoes not suffer any change,
confirming thatthe methacrylate does not react in these conditions. The small band
at 1636 cnt attributed to the aromatic signals of DGEBA is maintained during the
curing process and has been used as internal reference for kinetic studies.

Figure 3.S4 shows the FTIRaEnsion plot during isothermal curing at 45 °C (epoxy
amine reaction) for the GDG_DETA sample (blue curve). We can see that the process
starts relatively slowly at this temperature, which is in accordance with the
calorimetric studies (red curve). The adarentioned autocatalytic character leads to

an increased curing rate. Although the conversion reaches 90% in about 150 min, it
takes a few more minutes to complete the reaction.
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0.475 0475
0375 L :
0375 | i (.
; 0.275 | ,'Ig“ f\ i ! "
f ‘:ll’n,"‘ 'ﬁ ' ;:.
0.175 k r','q I'['\.\‘ ‘v"u \d ) A : I'I‘ " i
L WV | oy W [T | T
0275 toors ¢ (4 Wy UV | VIV s PN
© ol ¥ WAG \W N | :“‘ :t 1
< PPy hal——— A
1850 1600 1350 1100 850 600 “ | x::wl, h
0175 + I ',n‘\,: I}
0 min : ] 'J‘\I'l ‘(ng:;
o ] S:n AR li '
i i [T W o
135 min Il ' .!‘,gu J.l (NIRRT
0075 1 1 fay ) I i ikl A
b, gt e = e NET TN WY A v
0025 F——— , , ' ' : '
3600 3100 2600 2100 1600 1100 600

Wavenumber (cm™)
Figure 3.5Evolution of FTIR spectra at 45 °C for GDG_DETA monitored 2t@imgin.

FTR analysis was also applied to evaluate the conversion achieved in the second step
of the curing process in both thermal and photochemical conditions. Figue
present the FTIR spectra of the cured materials, when the homopolymerization of
acrylates was initiated by Luperox (thermal) and DMPA (photochemical). The
spectrum of the intermediate material has been added to visualize ¢thanges
produced.
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Figure 3.6FTIR spectra of the intermediate material (blue line) and of the final thermosets
obtained in thermal (orange line) or in photochemical conditions (red line)

After homopolymerization the absorption at 1636 éntorresponding to the C=C st.

of the methacylate groups, has completely disappeared in case of
GDG_DETA_Luperox formulation after heating at 120 °C, 150 °C and 200 °C during 90
min, 60 min and 90 min respectively indicating a full conversion of these groups and a
complete curingOn the contrary dr GDG_DETA_DMPA formulation there is still a
small peak after long irradiation times (1.5 min at room temperature), which indicates
that some methacrylic groups remain unreacted after long irradiation times. This
observation leads us to conclude that ifitzation has occurred when irradiating,
hindering the achievement of a complete reaction at these temperature conditions,
which will affect the final performance of this thermoset.

4.3 Study of the gelation process by rheology

As mentioned before, the adibn of DGEBA to the GMA formulation enables the
system to achieve the gelation during th& dtage. At the gelation point there is a
change of liquid to solid behavior and the gelled material can be processed by
different manufacturing processes likerfexample, compression molding.

To determine the gel time, rheology is the best methodology among those used.
Rheometric measurements were carried out for G_ DETA and GDG_DETA formulations
to compare the behavior of both compositions and to find out tkeégjon time of the

latter. Figure3.7 shows the plot of tan vs.time for GDG_DETA formulation at three
different frequencies. The point at which the three tdimtersect corresponds to the
gelation time, which was 88 min at 46.Figure3.S5 shows the same graph for the
G_DETA formulation in which we can see that thedanrves do not intersect at any
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point in the whole process indicating that no gelatiorcos and, consequently, a
viscous liquid will be obtained as the intermediate material, which can be applied on
surfaces as adhesive or coating. Both intermediate materials will improve their
mechanical performance once thé&atage has been completed.

Rreological experiments by themselves do not allow to determine the conversion at
the gelationfor the GDG_DETA formulatioiout this value can be calculated from the
conversion evolution obtained by isothermal DSC or FTWS &€ for 4.5 HFigure
3.S4). In this figure it is possible to see that at 88 min the epoxy group has reached a

conversion of about 70%, which fits quite well wille | calculated by E®.8,
75%.
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Figure 3.7Evolution at 45 °C of tashvs time at threedifferent frequencies for GDG_DETA
formulation.

4.4 Thermogravimetric and dynamo mechanical analysis of thermosets

Thethermal stability of the cured materials was studied by thermogravimetry (TGA).
Figure3.8 shows the TGA curves and their derivativesafbthe thermosets prepared.
Table3.4 collects the most significant data extracted.
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Figure 3.8TGA and DTG curves for all the thermosets prepared in thermal and photochemical
conditions in Matmosphere.
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Table 3.4 Thermogravimetric and thermomechanical data of the thermosets prepared.

Char
Tso Tmaxb Ttan dd 9 ngs;? 9 r@beryf

FE Lo | o) |y | €O | (Pa) | (uPa)
GDG_DETA_Lup| 307.3 | 368.5/412.8| 10.3 | 168.4| 3209 199.6
G_DETA_Lup | 295.0 | 362.1/406.7| 9.0 127.7 - -
GDG_DETA_DMP| 297.9 | 366.7/411.5| 9.7 100.7 | 3541 78.3

G_DETA_DMPA| 261.2 | 354.6/405.9| 9.1 97.8 - -

aTemperature of 5% of weight lassTemperature of the maximum rate of degradation of the two main
steps.¢ Char residue at 600C.¢ Temperature at the maximum of tat peak at 1Hz ¢ Glassy storage
modulus determined by DMTARubbery storage modulus determined by DMTA.

It can be observed that the shape of the degradation curves is similar for all the
materials and takes place in two main steps. The presence of DGEBA slightly increases
the temperature of initial degradation gken asTsy) and the thermosets obtained
thermally show a higher stability, because of their higher crosslinked character. The
first stage at the temperature range of 2870°C can be assigned to the degradation

of the poly(hydroxyamine) network becausef the high content of labile-® bonds.

The second step between 39B0 °C can be related to the poly(methacrylate)
breakage41]. The presence of aromatic moieties in the DGEBA containing thermosets
leads to a slightly higher char yield.

——Storage modulus r 06
GDG_DETA_DMPA
5000 - — —Storage modulus L os
[ — GDG_DETA_Lup
—_ - ——Tan delta
]
E GDG_DETA_DMPA | 0a
- ~a — —Tan delta
3 GDG_DETA_Lup £
E ]
- - 030
2 =
S 500t e
g
£ L 02
a
NT———
~
~
. ~._ to01
50 - - - - ' - - 0
25 50 75 100 125 150 175 200 225

Temperature (°C)
Figure 3.9Evolution of tard and storage modulus against temperature of GDG_DETA_Lup
and GDG_DETA_DMPA thermosets.
The thermomechanical behavior of both materials prepared was evaluated by DMTA
analyses. Figurg.9 presents the tam curves as well as the storagedulus obtained
for GDG_DETA_Lup and GDG_DETA DMPA cured materials and the most
representative data are collected in Taliel. The cured materials without DGEBA
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result in brittle and defective samples and the moduli could not be determined
accurately enagh (because the neaniform dimensions) so they are not shown.

As we can see, the glassy moduli are similar and high for thermally and
photochemically cured thermosets indicating the high rigidity of these materials at
room temperature. The temperaturat the tant peak is related to the glass transition
temperature of the materials, and if we compare both values, we can observe a big
difference of about 70°C between them. This difference can be attributed to the
vitrification of GDG_DETA_ DMPA that takplace during U¥uring, since the
temperature of curing is lower than it$;. Due to vitrification, the photaured
formulation is only partially cured, as we saw by FTIR, with lower crosslinking density,
which is also reflected by its lowserodulus in the rubbery state.

5. Conclusions

In this work, a new duadure system has been developed based on the joint presence
of epoxy and methacrylate groups in a commercially available compound, glycidyl
methacrylate. The first curing stage is a digenetric epoxyamine condensation
with the addition or not of DGEBA and the second, a free radical polymerization of
methacrylate groups, thermally or LUxitiated.

The curing kinetics of both thermally induced stages have been studied by non
isothermal soconversional analysis using DSC and monitored by real time FTIR
analysis. Although dynamic DSC studies on complete formulations show that epoxy
amine and methacrylate homopolymerization processes occur overlapped, an
adequate temperature has been found perform a sequential curing with two well
differentiated steps, with the formation of a stable intermediate material. Depending
on the radical initiator selected for the formulation, the second stage can be carried
out in thermal or photochemical conditns.

The intermediate materials can be a deformable rubbery solid or a viscous liquid,
depending on the addition or not of diglycidylether of bisphenol A to the reactive
formulation. They have high stability, and no dripping or exudation will take place as
no unreacted monomers are present. The appropriate selection of the formulation
composition allows to tailor the characteristics of the intermediate and final materials.

The final thermosets have a high glassy storage modulus which indicates their high
rigidity at room temperature. Thermally cured materials have a higher glass transition
temperature and crosslink density than the phatored ones, due to the vitrification

of the latter. Despite this, the glass transition temperature exhibited bycui¢d
material is high enough for most applications of interest. All these alnosetioned
features together with the great thermal stability of the prepared materials open the
possibility of working with them in applications that require high temperatures.
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Table 3.S1Kinetic parameters of dynamic curing obtained by DSC of G_DETA formulation.

L B |In[AR/g(")E] r° InAd " Rh K Isothermal
(kd/mol) (K*-min?) (min') (min’?) | times (min)
0.05 41.68| 498 | 0.993| 12.20| 0.028| 0.008| 9.54
0.1| 45.24| 580 | 0998 13.56| 0.029| 0.010| 14.87
0.15 46.98| 6.13 | 0.099| 14.21| 0.029| 0.011| 19.89
0.2| 48.00| 6.28 | 0.999| 1459 0.029| 0.013| 24.66
03| 49.23| 6.40 | 0999 15.07 | 0.029| 0.010| 33.76
04| 50.01| 6.45 | 0999 15.40| 0.030| 0.000| 42.74
05| 50.79| 652 | 0.999 | 15.74 | 0.031| 0.008 | 52.36
06| 51.77| 6.68 | 0999 16.16| 0.033 | 0.006 | 63.84
0.7 53.12| 6.95 | 00999 16.72| 0.035| 0.004| 79.34
0.8] 54.95| 7.33 | 00999 17.47 | 0.037 | 0.003| 103.93
09| 57.57| 7.88 | 0998 18.55| 0.040| 0.001| 155.50

aConversion degreé.Activation energys Correlation coefficient? Preexponential factor calculated
using kinetic the autocatalytic modélRate constant calculated by Arrhenius equatidReaction rate
calculated by EB.3. 9 Simulated isothermal time using isoconversional data.

Table 3.S2Kinetic parameters ofyhamic curing obtained by DSC of G_Lup formulation.

) E | In[AR/g()E] InAd ke Rh KR
a rC

(kd/mol) (KY-mir?) (min) | (min?) (minY)

0.05/113.71 27.14 0.954 | 35.37 | 0.0005| 0.0001

0.1]109.24] 24.93 0.977 | 33.57| 0.0005 | 0.0002

0.15105.48| 23.27 0.982| 32.16 | 0.0005 | 0.0002

0.2]102.58 22.01 0.985| 31.09 | 0.0005| 0.0002

0.3]| 94.16 18.91 0.994 | 28.23 | 0.0006 | 0.0002

0.4] 88.01 16.70 0.997 | 26.22| 0.0009 | 0.0003

0.5] 82.40 14.77 0.998 | 24.47| 0.0013 | 0.0003

0.6| 77.17 13.03 0.999 | 22.91 | 0.0019 | 0.0004

0.7| 72.66 11.56 0.999 | 21.65| 0.0030 | 0.0004

0.8| 68.90 10.35 0.999 | 20.71 | 0.0048 | 0.0003

0.9| 66.36 9.54 0.999 | 20.36 | 0.0090 | 0.0003

aConversion degree. Activation energy. Correlation coefficientd Pre-exponential factor
calculated using kinetic the autocatalytic modeélRate constant calculated by Arrhenius
equation. Reaction rate calculated by E3j3.

95



Chapter 3

10000 3 - 12
- = = Storage Modulus (MPa) 1

‘=™ 1000 % ——Tan delta
& E 1 08
2
Ei los £
E] [
8 103 e

3 =
E 104 ©
oo
e
S 102
0 10 3 \

4 e R

14— N e t 02
-30 20 70 120

Temperature (°C)

Figure 3.S3.Evolution of the tard and storage modulus against temperature of

8

Conversion (%)
g8 888388

(TR Y]
© © ©

Figure 3.54 Plot of the conversion versus time of the isothermal curing at 45 °C in DSC (red)

GDG_DETA_Lup during the second curing.

-

T -~ T
1 g
+4 " *
! 4
f”'

T ’,/ — DSC
- '.

/ --=-FTIR
T 4

I
1 ;r/
0 50 100 150 200 250 300

Time (min)

and FTIR (blue) for the formulation GDG_DETA.

96



React. Funct. Polyra021, 159, 104822

350 -
] —tan(8) 0.5 Hz

300 1 —tan(8) 1.75 Hz

tan(8) 3 Hz

250 1

w
o
PP I

o1 - B B |
0 100 200 300
Time (min)

Figure 3.S5.Rheological analysis of G_DETA formulation showing the éaolution with
time during the % stage of the duaturing process at three different frequencies.

97







Chapter4

Sequential photethermal curing of
(meth)acrylateepoxy thiol formulations

(Polymer2021, 230, 124073)






Polymer2021, 230, 124073

Sequential photethermal curing of (meth)acrylate
epoxy thiol formulations
Adria Roid, Xavier Rami8Silvia De la FIcrAngels Serra

1Universitat Rovira i Virgili, Department of Analytical and Organic Chemistry, C/
Marcel-li Domingo 1, Edif. N4, 43007 Tarragona, Spain

2 Universitat Politecnica de Catalunya, Thermodynamics LaboratonEI&T8v.
Diagonal, 08028 Barcelona, Spain

3Universitat Rovira i Virgili, Department of Mechanical Engineering, Av. Paisos
Catalans 26, 43007 Tarragona, Spain

ABSTRACT

In this work, a novel dualuring procedure has been developed. It imanbination of

a first radical UNnitiated thiok(meth)acrylate reaction, followed by a second thermal
thiol-epoxy step cataBed by a base. Since (meth)acrylates can lead to
homopolymerization by radical mechanism, the amount of thiol has to be optimized
to reach crosslinked materials willgs above room temperature and good mechanical
performance. It should be considered, that if the amount of thiol in the intermediate
materials is too low, epoxy homopolymerization can tgltace during the second
step. The use of glycidyl methacrylate in combination with trifunctional
meth(acrylates) allows this system to gel in the 1st stage and avoids possible dripping
or exudation of free monomers during the storage of the intermediate materials.
Moreover, this compond reacts in both stages acting as a covalent coupling between
(meth)acrylates and epoxy networks. We selected trimethylolpropane tris(3
mercaptopropionate) as the thiol, 2dmethoxy2-phenylacetophenone as UV
initiator and Emethylimidazole as the basmtalyst.

The curing evolution was studied by DSC and FTIR. All the materials obtained were
characterized by thermogravimetry, thermomechanical analysis and tensile tests.

KEYWORDS

Dualcuring, thiolene, thiolepoxy, glycidyl methacrylaté&l\-curing
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1. Introduction

Thermosets are very important industrial materials because they cover a wide range
of applications in many different fields such as coatiigg[adhesivesd], aerospace

[4] or automobile industry §]. Duakcuring is an efficient and versatile synthetic
methodology that allows to fabricate thermoset devices or apply them in a controlled
way with a broad range of characteristics. This consists in a sequential or simultaneous
combination of two different aring reactions that can be initiated by different stimuli
like temperature or UMight [6]. Sequential duaturing has many advantages but one

of them is that it permits the preparation of stable intermediate materials in viscous
or solid state with spefic mechanical properties that can be directly applied or
processed in order to get, once the second stage has been completed, a fully cured
polymer with higher mechanical performance. The most traditional -duahg
system relies on a first step performeinder UMight and a second step triggered at
high temperature. This is a useful procedure because it avoids the vitrification of the
final material during the thermal stage since this is carried out at temperatures above
the ultimate glass transition taperature {g) of the polymer. This type of sequential
duakcuring is now implemented in the field of 3Winting [7-12]. The most used
reactions in the first stage of this type of demlring are thiolene [13,14,
homopolymerization of meth(acrylates)(,19 and cationic homopolymerization of
epoxides 16,171 combined with epoxyamine [L1], epoxyanhydride 8],
homopolymerization of epoxidesl§] or thiol-epoxy [L9] reactions as the second
stages.

Recently, a huge interest has arisen on thiol-ene photoinitiated polymerizations.
Typical monomers are allyl derivatives of bisphenol A or unsaturated fatty acids
derivatives 20,21. This reaction takes place via stgpwn radical addition
mechanism and implies some advantages like the promgdgnof the reaction,
relatively high oxygen tolerance and low shrinkage, leading to highly transparent
materials. Despite this, the flexible thioether bonds formed during the tbiw
reaction as well as the flexible chain of the commercially availalidéstbause some
drawbacks in the final cured materials such as BR&a = L2 2NJ NAIARAG @
promoted by low modulus value2?,23. In contrast, the photocuring of thiel
(meth)acrylate mixtures does not provide this kind of problems due to theroexce

of a competitive reaction, which is the radical (meth)acrylate homopolymerization,
which follows a chakgrowth mechanismZ4]. Another advantage of (meth)acrylates

is their good commercial availability with different structural characteristics. Néee
(meth)acrylate groups have a functionality of 1 in tkeole reactions, they have a
functionality of 2 in the homopolymerization mechanism. This fact, increases
crosslinking densities of the final networks and helps to diminish the required amount
of thiol monomer in the formulation, leading to harder materials with a highgit is
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reported that the kinetic constant of the radical homopolymerization of acrylates is
1.5 greater than that of the abstraction of the hydrogen of the thiol and the
subseqient reaction between a thiyl radical and an acryl&2&][ This situation can
generate difficulties in the calculations of the stoichiometric imbalance to reach an
improvement on mechanical properties of the final thermosets.

As far as we know, very fewmestigations have been made in the radical thiol
(meth)acrylate/thiotepoxy dualcuring due to the high complexity of the reaction
process. Jiapt al. [19] reported the synthesis of materials using a simultaneous thiol
epoxy/thiokacrylate system. In theuring, they used 1,5;ffiazabicyclo[4.4.0]de&-

enyl tetraphenylborate, a photobase generator which when it is irradiated by UV light
is able to generate free radicals and a strong base that can trigger both reactions.
Moreover, they used isopropylthixhnthone to extend the wavelength absorption of
the catalyst. However, as the photobase generator also releases the base, base
catalyzed Michael addition also took place. They found that-#oylate and acrylate
homopolymerization were much faster thamhiol-epoxy reactions and that
polymerization shrinkage decreased on enhancing the #gpalxy mechanism, while
storage modulus, glass transition temperature and hardness increased as well.

Taking all of this into account, we report a new sequential pkibermal curing of
(meth)acrylatethiol-epoxy formulations based on glycidyl methacrylate (GMA) and
trimethylolpropane tris(3mercaptopropionate) (S3), using Zjimethoxy-2-phenyt
acetophenone (DMPA) as UV radical initiator anohethylimidazole (1MI) ashe
catalyst for the thermal step. We also added trimethylolpropane triacrylate (TMPTA)
or trimethylolpropane trimethacrylate (TMPTM) to the formulation, which have a
higher functionality to obtain gelled intermediate materials during the first UV curing
step. It should also be noticed that the selection of GMA as the epoxy monomer makes
this reactive system highly advantageous, due to the absence of free unreacted
molecules after the first step, avoiding possible dripping or exudation during the
applicationor storage of the intermediate materials. Moreover, GMA capable to react
in both curing stages, acts as a coupling agent. The competition of the radical thiol
acrylate and acrylate homopolymerization during the first step affectsTief the
intermediate and final materials, since it leads to the stoichiometric imbalance and to
the presence of unreacted thiol groups in the final material, which rediigealues.

On the other side, reducing the proportion of thiols in the initial formulation, the
homopolymerization of unreacted epoxides, once the thiol groups are exhausted, can
occur. This will increase thig of the final material as well as the crosslinking density.
Thus, because of such a complex curing mechanism, we have optimized the
formulation compsition to reach the adequate characteristics of the intermediate
and final materials.
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The evolution of both curing stages was evaluated by calorimetry (DSC) and FTIR
spectroscopy and the materials obtained have been characterized by calorimetric,
thermomechanical and thermogravimetric analyses and the mechanical properties by
tensile test.

2. Experimental Methods
2.1 Materials

Glycidyl methacrylate (GMA) was supplied by Miwon. Trimethylolpropane
trimethacrylate (TMPTM), trimethylolpropane triacrylate (TMPTA),
trimethylolpropane tris(3mercaptepropionate) (S3), -nethylimidazole (1MI) and
2,2-dimethoxy-2-phenylacetophenone (DMPA) were provided by Sigma Aldrich and
used without further purification.

2.2 Preparation of thesamples

All formulations (with compositions detailed in Tallé) were prepared in 5 mL vials

in approximately 2 g batches. First of all, 5% w/w of 1MI (to GMA) and 7% w/w of
DMPA (to GMA) were weighted in a vial. Then GMA was added, and the mixture was
manually stirred. Once dissolved, the corresponding amount (0.2 mol/mol GMA) of
TMPTM or TMPTA were added, followed by the thiol, S3. The mixtures were vigorously
and manually stirred at room temperature. In this study, different proportions of S3
were addel to the formulations. They were coded as G_X_Y% where G indicates the
presence of GMA, X indicates TMPTA or TMPTM and Y% the amount of S3 in molar
percentage in reference to the stoichiometric amount. The stoichiometry of-thiol
acrylate/thiol epoxy reactin is one mol of triimeth)acrylate per mol of thiol and 1 mol

of GMA per 2/3 mol of thiol. As an example, G_TMPTA_46% is a formulation in which
GMA and TMPTA are used and a 46% mol of S3 has been added to the mixture.

The formulations prepared, were pourédl a presilanized glass mold and left under

a 36W UV lamp during 6 minutes (stage 1) in time intervals of 2 min to limit the
increase of temperature. At the end of this first stage, the mixtures were cured in a
conventional oven at 100°C during 2 h armdtcured at 150°C during 1 h. Fully cured
samples for dynamomechanical (DMA) and thermogravimetric (TGA) analyses were
die-cut and slightly polished with sandpaper to obtain rectangular specimens of 20 x
5x 0.8 mm
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Table 44. Compositions of the formulations prepared.

GMA | TMPTA| TMPTM| S3 1MI | DMPA
Sample

(mol %)| (mol %)| (mol %) | (mol %)| (mol %)| (mol %)
G_TMPTA_stoic| 45.6 9.1 - 39.6 3.9 1.8
G_TMPTA_62% 53.8 10.8 28.7 4.6 2.1
G_TMPTA_58% 54.8 11.0 - 27.4 4.7 21
G_TMPTA_54% 55.8 11.2 - 26.0 4.8 2.2
G_TMPTA_509% 56.9 11.4 - 24.6 4.9 2.2
G_TMPTA_469% 57.9 11.6 - 23.2 5.0 2.3
G_TMPTA_42% 59.1 11.8 - 21.6 5.1 24
G_TMPTA_38% 60.2 121 - 20.1 5.2 24
G_TMPTM_58% 54.8 - 11.0 274 4.7 21
G_TMPTM_549 55.8 - 112 | 26.0 | 48 2.2
G_TMPTM_509 56.9 - 114 | 246 | 4.9 2.2
G_TMPTM_469 57.9 - 11.6 23.2 5.0 2.3
G_TMPTM_429 59.1 - 11.8 21.6 5.1 24
G_TMPTM_38% 60.2 - 12.1 20.1 5.2 2.4

2.3 Characterization methods

Differential Scanning Calorimetry (DSC) analyses were carried out on a Mettler DSC
3+ instrument calibrated using indium (heat flow calibration) and zinc (temperature
calibration) standards. Samples of approximately8mg were placed in aluminum
pans wih pierced lids and analyzed in nitrogen atmosphere with gas flow of 50
cm?/min. Dynamic studies betwee0 °C and 250 °C with a heating rate of 10 °C/min
were performed in order to characterize the curing process. Tge of the
intermediate and final marials were determined by performing a scan between
-80 °C 0r-30 °C and 250 °C with a heating rate of 20 °C/min. The reaction enthalpy
(n Kwas integrated from the calorimetric heat flow signdh/dt) using a straight
baseline with help of ta STARe software.

To follow the whole curing process, a FTIR spectrometer Bruker Vertex 70 with an
attenuated total reflection accessory with thermal control and a diamond crystal
(Golden Gate Heated Single Reflection Diamond ATR, Spekaokroma) and
equipped with a midband liquid nitrogercooled mercurycadmiumtelluride (MCT)
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detector was used. Retime spectra were collected in absorbance mode with a
resolution of 4 cit in the wavelength range 4000 to 600 raveraging 20 scans for
each spectrum. The disappearance of the absorbance peak at 1635 cm
corresponding to the stretching of the C=C bond of (meth)acrylates as well as the
decrease of the thiol (8) peak at 2570 crhwere used to confirm that the firsitep

of the curing was complete2f]. The characteristic absorbance peak at 915cm
corresponding to the bending of the epoxy group and the appearance of a peak at
3500 cmt related to the formation of OH groups during the thagoxy reactions were
usedto characterize the second stag&f].

The thermomechanical properties were evaluated using a DMA Q800 (TA
Instruments) with the film tension clamp. All samples were stretched under an
amplitude of 10 um and a frequency of 1 Hz using ramp temperature f8n7C to

200 °C with a heating rate of 2 °C/min.

TGA analyses were carried out with a Mettler Toledo TGA2 thermobalance. Cured
samples, weighting around 10 mg were degraded between 30 and 600 °C at a heating
rate of 10 °C/min in Natmosphere with a flovof 50 cni/min.

Final materials were tested until break in tensile mode at room temperature using an
electromechanical universal testing machine (Shimadzu-X)G@th a 1 kN load cell

at 10 mm/min and using Type V samples with a thickness of 1 mm acctwdh&jTM
D63814 standard. Three samples of each material were awdlyand the results
were averaged.

3. Results and discussion
3.1 Study of the curing process

The dualcuring process that we develop in the present work consists in a first
photoinitiated thiok(meth)acrylate polymerization followed by a thermal thagoxy
reaction as a second stage. Acrylates can react with thiols via two different pathways
depending on the catalyst and conditions used: (a) Thermal-#unflate Michael
addition in the presence of a bas2{] or (b) radical mediated thiedcrylate reaction

that can be initiated by UV irradiation in the presence of photoinitiators such as DMPA
(Schemet.1). Through both reaction pathways, the structure of the final prodigts
identical, formed by attachment of the sulfur to the methylene carbon of the vinyl
group. As it is shown in the scheme, in the UV pathway, first of all, a thiyl radical is
generated by reaction of the thiol and the radical produced by the photolydiseof

UV initiator (reaction a). This thiyl radical can be added to the acrylic monomer in
order to form a new acrylic radical (reaction b). The radical formed either abstracts a
hydrogen from the thiol forming a new thialcrylate product and a new thiyl décal
(reaction c) or propagates through another acrylate functional group generating an
acrylic radical that leads to the growing of homopolymer chains (reaction d). The
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occurrence of this last process leads to a stoichiometric imbalance with high
proportion of thiol unreacted in the intermediate and final materials. This fact means
that the Ty of the material will be reducedand the final material could evolve over
time due to the presence of unreacted thiol groups.

hv .
R-SH + | ——— R-S" + |—H (a)
* O. _— .S * O. (b)
R-S" + 2R RTNTOR,
o] 0
. k
.S O. ey .S N _ (c)
RN ORy * ReSH RN TR+ Ry SH
o] 0
0 ko 0
SO 4 F ‘R, — > R R (d)
3 > -
R \/\C[)]/ R, /\g/ s o
R\
0" 0

Scheme 41. Radicamediated thiotacrylate polymerization mechanism.

The presence of the 1MI in the initial formulation can initiate the Hhitichael
addition in concurrence with theadical UVinitiated thiolene mechanism. This
increases the complexity of this curing process. It is worth to note, that acrylates and
methacrylates have different reactivity in front of the thidlichael addition, being
acrylates more reactive since tipgesence of a methyl group in methacrylates makes
more difficult the nucleophilic attack.

On preparing the formulation, we added to the GMA monomer, 0.2 mol of a
trilmeth)acrylate, TMPTA or TMPTM, per mol of GMA to ensure gelation during the
first step, aml the stoichiometric amount of S3 and the initiators, DMPA and 1Ml, for
the first and second step, respectively. Figur&1 shows the DSC curves of the
stoichiometric formulation prepared with TMPTA after irradiation and after the
second thermal step. Thmost representative data are collected in Tadl2. We
evaluated that thelg of the intermediate material was aboutd5 °C and thdg of the
completely cured material was 4 °C, being both too low for practical applications. The
calorimetric curve of thentermediate material presented a wallefined exotherm

with an enthalpy released of about 129 kJ per epoxy equivalent, which agrees with
the previously reported for thieépoxy reaction29].

To increase thdy, the proportion of S3 in the reactive mixes was progressively
decreased and subsequently DSC studies of intermediate and final materials
containing TMPTA or TMPTM were performed. Figlife shows the DSC curves
corresponding to the second curing step of the photocured intermediate materials,
for TMPTA formulations containing different mol % of S3 in reference to the
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stoichiometric amount. Figurel.S2 provides the same information for parallel
formulations with TMPTM. The calorimetric data are collected in T&Ble

G_TMPTA_62%

Heat (W/g)

——G_TMPTA_58% X -

—G_TMPTA_54%

¥ . . . . ,
3| —G_TMPTA_50% \ ) ' ' ' ' '
= 50 40 -30 20 -10 (] 10
9 G_TMPTA_46% Temperature (°C)
—G_TMPTA_%2%
—G_TMPTA_38%
40 60 80 100 120 140 160 180 200

Temperature (°C)

Figure 4.1DSC curves at 10 °C/min of the thermal step for the formulations containing
different % mol of thiol.

In Figured.1, it is possible to see an exotherm between 80 °C and 130 °C corresponding
to the thermal thiolepoxy reaction. Moreover, in the formulatisrcontaining 58% of

thiol or less, a small wide peak appears between 130 °C and 175 °C. This broad
exotherm can be attributed to epoxy homopolymerization, because thiols have been
run out and unreacted epoxy groups are left. In the presence of 1MI, thay c
homopolymerize by a ring opening mechanism. We can see in Z&uke values of
enthalpies for both reactions, which are influenced by the composition of the
formulation. A lower proportion of thiol in the mixture leads to a reduction of the
thiol-epoxy enthalpy released and to an increase in the epoxy homopolymerization
heat. Accordingly, thély of the TMPTA final materials increases on reducing the
proportion of thiol in the formulation, due to the epoxy homopolymerization that
takes place, which las to increase the crosslinking density. It should be mentioned
that epoxide groups have a functionality of two in homopolymerization and only one
in thiol-epoxy reaction, which implies an increase of the crosslinking density, when
homopolymerization occ. Moreover, the structure of S3 is quite flexible and the
lower the proportion the higher the rigidity of the network. Formulations containing
TMPTM released more enthalpy in the thégoxy reaction, because less thiol reacts
during UMirradiation and casequently less epoxy homopolymerization occurs. The
Ty of the TMPTM materials could not be determined by DSC, probably due to the
higher inhomogeneity of the network obtained that did not lead to a wielined
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transition. However, as it will be showrtéa, DMA of TMPTM formulations allows us
to see this transition.

Table 45. Main calorimetric data of the intermediate and final materials.

sample Ty interm| Tg final | N khiol-epoxy?| N Hihiot-epoxy®| N lep.homo® | ' lep. homo®
0| O | (g) (kJ/eq) (J/9) (kJ/eq)

G_TMPTA_stoi{ -45.5| 3.9 243.6 129.3 - -

G_TMPTA_624-33.7| 29.8| 240.5 119.1 - -

G_TMPTA_584-30.7| 35.3| 230.9 100.1 6.9 2.1
G_TMPTA_549-26.1| 39.7| 217.7 89.0 15.9 7.0
G_TMPTA_509-21.4| 44.9| 210.8 82.4 20.6 9.1
G_TMPTA_469-16.9| 49.0| 167.6 63.3 52.4 25.6
G_TMPTA_424-13.3| 56.1| 146.9 53.6 59.1 29.9
G_TMPTA_384-11.9| 59.8| 137.9 48.4 73.9 31.2
G_TMPTM_629-35.1 250.9 125.7 - -

G_TMPTM_58¢-32.1 249.1 104.4 21 0.9
G_TMPTM_544 -28.2 240.4 99.2 34 1.4
G_TMPTM_509 -26.8 225.6 90.1 11.2 4.5
G_TMPTM_464-22.4 194.4 75.1 18.4 7.1
G_TMPTM_424-20.8 175.2 65.3 30.2 11.3
G_TMPTM_38¢-18.5 151.6 545 41.8 15.0

aEnthalpy released in the thi@poxy reaction by gram of mixture and by epoxy equivalent.
b Enthalpy released in the epoxy homopolymerization by gram of mixture and by epoxy equivalent.

It should be deduced from Table 4.2, that by decreasing the amoltttiol in the
formulation, the Tgs of all the intermediate materials become higher compared to
those obtained from the stoichiometric formulation. Moreover, TMPTA intermediate
materials have slightly highdgs than the TMPTM ones. This indicates that thermal
thiol-Michael reaction competes with the thiene during irradiation, because the
heat evolved in the thieéne can favor this reaction, being easier for acrylate
derivatives, as previously commented. Bhiless unreacted thiols are present in the
formulation and consequentlylgs are higher.

The enthalpy of the thieképoxy reaction is a bit higher in the case of methacrylates,
because more thiol groups are left unreacted in the intermediate materials;wdnie

able to react with epoxides. Consequently, less homopolymerization takes place, as
we can see from the heat evolved in the broad exotherm at higher temperatures.
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In both types of formulations, the progressive reduction of S3 proportion in the
mixture produces a subsequent increase in epoxy homopolymerization, increasing the
Tgof the cured materials as a result of the higher crosslinking density and the increase
in the rigidity of the network. We can also see, that for higher concentrations of thiol
(above 54%) the epoxy homopolymerization is meaningless. Nevertheless, we are able
to achieve materials witllgs above room temperature in all TMPTA formulations.
However, the lower Ty of the thiol rich materials (G_TMPTA stoich and
G_TMPTA_62%) led toebe proportions being discarded for further studies.

To confirm that the reactions of each step of the dual curing have been completed,
we registered the FTIR spectra of the intermediate and final materials, which were
compared with the spectrum of the timl formulation. Figurel.2 shows these spectra

for the G_TMPTA58% formulation.

055 1 055 T Epoxy
045 1 2
|
045 T o035 1 ) I/

A Acrylate

035 +

Abs

025 + + + + + + n i
1800 1600 1400 1200 1000 800 600
~——Initial mixture
015 + OH . )
l SH Intermediate material
=—Final material
AL \
-0.05

3600 3100 2600 2100 1600 1100 600
Wavenumber (cm™)

Figure 4.2FTIR spectra of initial mixture (blue), intermediate material (orange) and final
material (red) of the G_TMPTA_58% formulation.

As we can see, the acrylate bands at 1636 amd 810 crit have disappeared in the
spectrum of the intermediate materials, du® the thiolene, thid-Michael and
(meth)acrylate homopolymerization. Therefore, the proportion of the acrylate in the
formulation controls the extension of the first stage of the curing. Thiol absorption at
2576 cmt is still visible in the intermediatmaterial and disappears completely after
the thermal process together with epoxy band at 910cm

3.2 Thermal characterization of the materials

The thermal stability of the fully cured materials was evaluated by thermogravimetry.
Figure4.3 shows the weight loss curves against temperature and their derivatives for
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TMTPA formulations. Parallel formulatewith TMTPM are shown in Fi¢.S3 of the
Sl. Tabl&.3 shows the main values extracted from the tests.

a) b)
120 T 1.00€-03
0.00E+00 -
100 [
E -1.00€-03
80t ¢ -2.006-03 —G_TMPTA_58%
z ——G_TMPTA_58% T -3.00£-03 —G_TMPTA_54%
= S S
; 60 G_TMPTA_54% K -4.00E-03 —G_TMPTA_50%
o ——G_TMPTA_50% E -5.00£-03 G_TMPTA_46%
47 G_TMPTA_46% _6.00€-03
£ M ——G_TMPTA_42%
£ —G_TMPTA_42% B 0003
@ 20 @ -/ ——G_TMPTA_38%
-3 ——G_TMPTA_38% - =
- - * 200603
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30 80 130 180 230 280 330 380 430 480 530 580 30 80 130 180 230 280 330 380 430 480 530 580
Temperature (°C) Temperature (°C)

Figure 4.3TGA (a) and DTG ¢rves for all the thermosets obtained from TMPTA
formulations in N atmosphere.

The values of the initial degradation temperature in the table do not show significant
differences among all the materials, but the occurrence of epoxy homopolymerization
delays the initial degradation to occur and this temperature increases about 20 °C on
reducing the proportion of thiol from 58 to 38 % in TMPTA formulations. The effect is
less noticeable in TMPTM formulations, because of the lower homopolymerization of
epoxides that occurs. There is no difference in the temperature of the maximum
degradation rate, but the char yields follow the tendency to increase on decreasing
the thiol percentage in the formulation.

The thermomechanical characteristics of the materials evewvaluated by DMTA.
Figure4.4 shows the tam and storage moduli curves for the TMPTA materials. Figure
4.S4 shows parallel results for TMPTM thermosets. The main data extracted from
these experiments are collected in Tagl8.

The tand curves show a monomodal shape indicating that there is only one network
structure, in spite of the various reactions taking place during the whole curing
process. However, the homogeneity of the material increases as the epoxy
homopolymerization decreaseand the curves become narrower as it is shown in
Table4.3. In the same sense, the damping capacity increases, due to the higher
mobility of the network thanks to the higher proportion of linear aliphatic structures.
A similar behavior presents the talcurves in Figurd.S4. In this case, the curves are
broader and lower, which indicates a higher inhomogeneity of the network structure
due to the higher occurrence of methacrylate homopolymerization that also leads to
a lower damping capacity.

Although, tke moduli in the glassy state for all the materials prepared are similar
without significant differences, the values of the moduli in the rubbery state show a
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clear trend. The lower the proportion of thiol, the higher occurrence of epoxy
homopolymerizatiorand the higher the modulus in the rubbery state, which reflects
the higher crosslinking density achieved. TMPTM materials show higher rubbery
moduli than their acrylate counterpartd-igure 4.S5)In these materials, less epoxy
homopolymerization has beewbserved, but the presence of the methyl group on the
methacrylate units in the network can help to increase these values.

Table 4.3Main thermogravimetric and thermomechanical data of the final materials
prepared.

Tsod | Tma® | CharYield®| Ts I-)(/j FWHM gg%s; 9 rQven?
C)| (°C) (%) O | (C) | (MPa)| (MPa)

G_TMPTA_58{ 275 [346/445 55 |49.1| 21.1 | 2964 | 28.6
G_TMPTA_54{ 277 [346/44¢ 56 |62.1| 30.6 | 3112 | 37.6
G_TMPTA_50{ 279 [346/447 58 | 71.5| 33.8 | 2957 | 39.1
G_TMPTA_46{ 280 [347/444 6.4 | 75.6| 36.8 | 2905 | 43.3
G_TMPTA_42{ 283 [348/441 6.6 |87.9| 449 | 3105| 53.6
G_TMPTA_38{ 295 [348/44§ 7.3 | 98.8| 50.9 | 2939 | 69.3
G_TMPTM_58{ 298 [345/447 5.3 | 70.4| 40.3 | 3100 | 49.2
G_TMPTM_54{ 299 [345/447 5.9 | 76.6| 42.6 | 2666 | 54.4
G_TMPTM_50{ 299 [345/443 6.0 |87.3| 438 | 2794 | 554
G_TMPTM_46{ 300 [346/447 6.4 | 93.8| 456 | 2998 | 65.1
G_TMPTM_42{ 301 [346/443 6.7 |97.5| 585 | 3500 | 83.1
G_TMPTM_38{ 304 [346/447 6.8 |112.1] 61.9 | 2579 | 83.9

aTemperature of 5% of weight lossTemperature of the maximum rate of degradation of twain
steps.c Char residue at 600 °€CTemperature of the maximum of the tahpeak at 1 HZ Full width at
KFtfF YIEAYdZY 2/ BGlassKsPragemgdulus ddtdfingddby DMTALAt°C9 Rubbery
storage modulus determined by DMTA at 125 °C.
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Figure 4.4 Evolution of tard (a) and storage modulus (b) against temperature of G_TMPTA
thermosets.
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3.3 Mechanical characterization

The mechanical characterization of all the materials prepared was performed by
stressstrain experiments at room tempetare in the universal testing machine. It
should be mentioned that we selected only to test those materials Withy above
enough with respect to room temperatureli¢) in order to obtain a comparable
mechanical behavior in glassy state. In those materials wikhiavery near toTr..,
network relaxation can occur during the straitress experiment and the results will
not be comparable between them.
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Figure 4.5Strain and stress at break and tensile modulus for the thermosets obtained from
TMPTA and TMPTM materials.

The values of strain at break, stress at break and tensile modulus are presented
graphically in Figurd5. As it can be seen, the materials contag TMPTM show
higher values of tensile modulus as well as stress at break than their TMPTA
counterparts. Although in these materials there is not much epoxy
homopolymerization, the presence of the methyl group in the structure of
methacrylates as well athe homopolymerization of methacrylate during the UV
initiated step may produce an increase in the stiffness and the strength of the
materials, which is reflected by an increase in the tensile modulus and stress at break,
respectively. Moreover, it is peible to observe that the higher the proportion of S3

in the materials, the lower the values of tensile modulus and stress at break which can
be attributed to the lower occurrence of epoxy homopolymerization that provides
high crosslinking density and thefore more stiffness and strength to the specimens.
With respect to the strain at break results, a similar behavior is observed regardless
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the proportion of S3 although the rigidity is slightly higher when reducing the
proportion of S3 for the same reas@bove mentioned. TMPTA materials present
higher values in comparison to TMPTM ones because of the higher proportion ef thiol
ene/thiol-Michael reaction that occurs during the first step and therefore more
flexible chains are present in these materialsttippovides to the materials more
flexibility.

4. Conclusions

A novel dual curing procedure, consisting in a first UV initiated step followed by a
thermal process, has been implemented. Thermosets based on meth(acrgladgy

thiol formulationscontaining 2,2dimethoxy2-phenylacetophenone (DMPA) and 1
methylimidazole (1MIl) as UV and thermal initiators, have been cured and
characterized. Tri(meth)acrylates (TMPTA and TMPTM) used as the limiting
monomers that allow the control of the extension thfe first curing stage and the
characteristics of the intermediate material.

The use of glycidyl methacrylate (GMA) in combination with trifunctional
meth(acrylates) allows this system to gel in the first stage and avoids possible dripping
or exudation offree monomers during the storage of the intermediate materials.

In the UV stage a thi@ne reaction occurs (meth)acrylate groups and thiols, although
(meth)acrylate homopolymerization competes. In case of formulations of TMPTA,
thermal thid-Michael reation was detected, because of the presence of 1Ml in the
initial mixture that catalyzes this reaction.

The concurrence of the (meth)acrylate homopolymerization leads to a stoichiometric
imbalance in the second stage, in which tkeploxy reaction occurs @nconsequently
lead to materials withTy below or around room temperature. To increase this
parameter, lower proportions of thiol were added to the formulation, but the scarcity
of thiol leads to the occurrence of epoxy homopolymerization catalyby thebase.

This homopolymerization increases the crosslinking densitydteamperature and
modulus in the rubbery state.

TMPTM formulations experiment less epoxy homopolymerization than their
corresponding TMPTA formulations since methacrylates homopolyeeria lesser
extent than acrylates and consequently a higher proportion of unreacted thiol is
present in the intermediate material, able to react with epoxides.

The higher the proportion of thiol in the formulation the lower the tatemperature

of the thermoset and the higher the damping characteristics and the homogeneity of
the materia. TMPTM thermosets show higher rubbery moduli anddé@mperatures
than their acrylate counterparts.
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The characterization of the tensile properties at room temperattgveals an increase

in stiffness and strength when reducing the proportion of trithiol due to the epoxy
homopolymerization in both TMPTM and TMPTA, although higher values are obtained
in TMPTM samples due to the presence of the methyl group in the stri@nd the
higher proportion of homopolymerization of methacrylate during the first UV step.
The occurrence of thietne/thiol-Michael reaction in TMPTA samples produces
higher strain at break than TMPTM material, more evident for higher proportion of
trithiol.

To sum up, a wide range of properties can be obtained combining glycidyl
methacrylate with trifunctional (meth)acrylates and thiol compounds. The use of off
stoichiometric (meth)acrylatespoxy thiol formulations is a useful strategy that
allows taloring the properties of the intermediate and final materials when
(meth)acrylate homopolymerization competes with radical -ildiMated thiok
(meth)acrylate reaction.
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Figure 4.S1.DSC curves at 10 °C/min of the thermal step for the stoichiometric formulation
containing TMPTA of the intermediate (blue) and final (orange) material.
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Figure 4.52.DSC curves at 10 °C/min of the thermal step for the formulations containing
different %mol of thiol.
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ABSTRACT

This paper aims to increase sustainability in thermosetting polymeric fields using bio
based monomers an@nvironmentally friendly processing technologies based on
duakcuring. Eugenol has been transformed into acrylate epoxy eugenol (AEEU) that
can participate in thieMichael additions and thiekpoxy reactions. These reactions
constitute the first and secondteps of the sequential duguring process. A basic
catalyst has been added to favor the kinetics of the curing process. We have selected
three thiols with functionalities 3, 4, and 6, the first is derived from eugenol, and the
others are derived from p#aerythritol, all can be obtained from renewable
resources. To tailor and improve the intermediate material characteristics in the dual
curing process, we have added the triacrylate of glycerol. By changing its proportion,
a liquid or a rubbery solid cabhe obtained as an intermediate, which allows a
significant number of application technologies. Rheology, DSC, and FTIR were used to
follow the evolution of both curing steps and to confirm the sequential character of
the dualcuring. The thermal charactstics of intermediate and final materials have
been evaluated by TGA and DMTA. Tensile tests at break were performed to evaluate
the mechanical properties.

KEYWORDS

Biobased, eugenol, dualrring, thicMichael, thermosets.
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1. Introduction

Eugenol is a natural antimicrobial and analgesic compound used as a fragrance and
flavoring additive in the cosmetics and food industry. Moreover, it has interesting
pharmacologic properties such as antioxidant, antispasmodic, antidepressadt,
anticarcinogenic, etcl1}2]. The particular structure and commercial availability of
eugenol have turned the natural product into an exciting feedstock for building bio
based polymers that can substitute petishsed ones in a more environmentally
friendly manner.

There are many publications on the use of eugenol in the synthesis of therm@8sets [
8]. The chemistries implied in their preparation are quite varied because of the
functionality of the eugenol molecule with a phenol and an allyl grthgi can be
further modified. Thiolene reactions, taking advantage of the allyl group, and the
possibility to transform the phenol into the allyl ether, have been proposed in the
preparation of adhesives9]. Moreover, homopolymerization of acrylic dertixees
have been explored in the preparation of dental materidl§[ Also, bisbenzoxazines
[11] and bismaleimides 1] were prepared and polymerized obtaining high
performance thermosets. However, most of the thermosetting derivatives of eugenol
are bagd on the chemistry of the epoxy groups, introduced in the phenol function as
glycidyl ether 13], by epoxidation of the allyl grou 8,14 or both [15,14.

Dual curing is a practical and versatile methodology to prepare thermosets by
combining two diffeent polymerization processes simultaneously or sequentially,
which can be activated by different stimuli such as temperature or UV light or by
applying different reaction conditions. When the functionality of the monomers is
adequate, this process leads thermosets and can be applied in midtage or
advanced fabrication technologie$7]. For the sequential dual curing, the control of
the polymerization sequence is relevafit.is advantageous in front of thB-stage
process since the control of thedt and second steps is based on the composition of
the formulation and not to tight timgéemperature conditions. Thus, in sequential dual
curing, the reactions involved in both stages must be well controlled; for this reason,
click reactions are preferredAccording to the formulation's composition, the
intermediate material's characteristics can be tailored as desired. It can be a
conformable solid or a viscous liquid, depending on the application of this material in
the following fabrication steps. In hway, higher flexibility can be reached during the
fabrication of the devices, which usually leads to less waste material and reduces the
processing energy costs, making this process more environmentally friendly.

There are a great number of click reacts used in the synthesis of thermosets such
as nucleophilic attack to epoxide$g,19, Michael addition 20,27, photoinitiated
thiol-ene and thioline additions 22,23, thiol-isocyanate additiond4], DielsAlder
and azideine cycloadditiong25,26, as the more extended. The most relevant
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characteristic of click reactions in the dwalring procedure is their orthogonalit2T].

This allows both polymerization reactions to occur independently with a temporal
control and welldefined and predictableharacteristics of the intermediate material.
Moreover, the possibility of being performed in an air atmosphere without solvents
and soft conditions is also advantageous technologically.

In previous work in our group, we applied a doalted methodology fopreparing
thermosets based on eugenol derivativ@g]f We combined a Winitiated thiol-ene

with a thermal thiolepoxy starting from diallyl epoxy eugenol and various thiol
derivatives. Although the first thig@ne process was UMitiated and the seconthiol-
epoxy was thermal, we could not observe a clean sequential character since the first
thiol-ene process did not reach completion, and the photochemical and thermal
processes partially overlapped. This was attributed to stabilizedkalytylic radials
forming in the eugenol structure with low reactivity.

In the present work, we synthesized epoxy eugenol acrylate (AEEU) to react with
multifunctional thiols with different structures and functionalities. The doating
process is constituted by a thiMichael addition occurring at low temperatures
followed by a thiolepoxy reaction in the second step at higher temperatures. It is
worth commenting that thermal triggering is more convenient for thick and complex
shaped samples because it is more unifdiran photoinitiation, and vitrification of

the final material, which can occur in photopolymerized samples, is avoided. Since
AEEU is monofunctional in the thMichael reaction and the aim is to reach a
networked structure during the first step, differeproportions of the triacrylate of
glycerol have been added. By selecting the proper proportion of this glycerol
derivative, the characteristics of the intermediate material, viscous or rubbery, have
been tailored. The fact that the multifunctional thiolamomer participates in both
polymerization reactions hinders exudation or bleeding. The intermediate and final
materials have been characterized by thermal, mechanical and thermomechanical
analysis, and the gelation time during the first or second stefhbplogy.

2. Experimental methods
2.1 Materials

Eugenol (EU, 99%j-chloroperbenzoic acidMCPBA, 705%), sodium bicarbonate

(NaHC@® 99%), glycerol (Gly, 98%)mkthyl imidazole (1MI, 99%), and sodium

OKft 2NARS oObl/ X 20 6SNB LHH2NOKF&ASR FNRY ¢
candida antarcticdipase B (CALB), methyl acrylate (MA, 98%), allyl bromide (97 %),
thioacetic adil (TAA), 2,2limethoxy2-phenylacetophenone (DMPA), and oxone were

obtained from Sigma Aldrich. Triethylamine (TE&}-butanol (BuOH), methytert-

butyl ether (MBE) and sodium disulfite (&0s) were purchased from Scharlau, and

triethyl benzyl ammoium chloride (TEBAC, 99%) from Alfa Aesar. Pentaerythritol
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tetrakis (3mercapto propionate) (S4, 98%, 122.17 g/eq) and dipentaerythritol hexakis
(3-mercapto propionate) (S6, 98%, 130.5 g/eq) were kindly supplied from Bruno Bock
Thiochemicals and used asceived. All chemicals were used without any purification
except CALB that was put in a desiccator under vacuum overnight with anhydrous
MgSQ.

2.2 Synthesis of acrylate eugenol (AEU)

EU (10.0 g, 61 mmol) and TEA (13 mL, 71.4 mmol) were dissolved in 80 mL
anhydrous dichloromethane (DCM) under inert conditions. The solution was cooled
down to 05 °C and stirred for 30 min before adding dropwise acryloyl chloride (5.9
mL, 71.4 mmol) dissolved in 10 mL of dry DCM. The reaction was allowed to proceed
for 24 h at room temperature. Then, the reaction was vacuum filtered and washed
once with HCI 1M (100 mL), twice with saturated Nak&o@ition (100 mL), and finally

with saturated NaCl solution (100 mL). The organic layer was dried over anhydrous
MgSQ, and the solvent was removed in a rotary evaporator to afford AEEU as a
yellowish viscous oil (12.6 g, 95%).

IH NMR (CD&Mdin ppm):6.99 (d, 1H)6.79 (m, 2H); 6.61 (dd, 1H); 6.35 (dd, 1H); 6.00
(dd, 1H); 5.99 (m, 1H); 5.11 (m, 2H); 3.81 (s, 3H); 3.39 (d, 2H) (seeFR)EC
NMR (CDgld in ppm): 164.29, 150.95, 139.09, 137.82, 137.07, 132.42, 127.70,
122.53,120.71, 116.18, 281, 55.88, 40.12 (see Figlis?2).

2.3 Synthesis of acrylate epoxy eugenol (AEEU)

The synthesis of AEEU was performed in two different ways. Here, we described the
one using oxone as a reagent. The other one can be seen in the SI. AEU (1 g, 4.60
mmol), acetone (47.0 mL, 0.64 moly@H(25 mL), ethyl acetate (50 mL), TEBAC (0.21

g, 0.92 mmol), and NaHE@(@6.9 g, 0.20 mol) were added in a 500 mL thneeked

flask and stirred for 5 minutes and cooled down t& OC. Then, oxone (22.5 g, 73.3
mmol) in portions of 7.15 g diluted in 50 mL ofHwas added every day for 2 days.

The mixture was allowed to react another day & 0C. Then, the organic product was
extracted with diethyl ether (3 x 100 mL), and the organic layer was washed ¥@th H
twice, dried over anhydrous MgS(and the solvent removed in the rotary evaporator
obtaining AEEU as a yellowish solid (0.86 g, 80%). Melting point was 62.2 °C (by DSC).

IH NMR (CDg&Mdin ppm): 7.01 (d, 1H); 6.85 (m, 2H); 6.60 (dd, 1H); 6.35 (dd, 1H); 6.00
(dd, 1H); 3.82 (s, 3H); 3.16 (m, 1H); 2.85 (d, 2H); 2.81 (dd, 1H); 2.56 (dd, 1H) (Figure
5.1). 3C NMR (CD&Id in ppm): 164.22, 151.04, 138.32, 136.32, 132.53, 127.63,
122.70, 121.12, 113.27, 55.93, 52.34, 46.84, 38.69 (FigR)eFTIR (ATR): 1737tm

(C=0 acrylate); 1636 ch{C=C acrylate); 1600 cnfaromatics); 825 crh(epoxide)
(Figureb.S3).
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2.4 Synthesis of glycerol triacrylate (GTA)

The synthesis of GTA was performed in two different ways. Here, the one using CALB
is described while thether route is described in the SI. In a 250 mL-tvecked round
bottom flask equipped with a magnetic stirrer and a Soxhlet system with glass wool,
activated 4 A molecular sieves, and a condenser, glycerol (1 g, 10.9 mmol) was mixed
with 80 mL of MBEABUOH (1:1 v/v). Then, MA (14.7 mL, 0.2 mol) was added, the
mixture heated until reflux, and the Soxhlet drained 4 times. Next, CALB (200 mg, 20%
w/w to Gly) was added, and the mixture was kept for 24 h at reflux. Afterward, the
mixture was vacuum filtered ahwashed twice with 1 M NaOH solution. The organic
phase was dried with anhydrous Mg&Sd filtered, and the solvent and the excess

of MA were removed in a rotary evaporator yielding GTA as a brownish viscous oil
(30%).

H NMR (CDgId in ppm): 6.45 (dd, 1H); 6.15 (dd, 1H); 5.88 (dd, 1H); 4.27 (m, 4H);

4.18 (m, 1H) (Figui®S4).3C NMR (CD&Hin ppm): 165.55, 165.13, 131.94, 131.74,
127.75, 127.68, 69.16, 62.33 (Figbs5).

2.5 Synthesis of the triallyl derivative eugenol (DEIWY)

DAIlylEU was prepared by a reported proced@ The synthesis went through the
allylation of eugenol in a basic medium to obtairallyl eugenol (OAIlylAEU) (Figure
5.56S7). By heating the previous product, a Claisen rearrangement led- to 6
allyleugenol (6AIlyIAEU) (Figurg.S8S9). This product was finally allylated to obtain
the 6-allyl Oallyl eugenol (DAIlylIEU)

IHNMR (CD&lI + Ay LILIYOY c €= 18), 590 NEH=,12H)B34dd dnp Y
(CH=, 1H), 5.19 dd (GH, 1H), 5.1%.0 m(CH=, 4H), 4.46 dCH-O-, 2H), 3.87 s (GH

O-, 3H), 3.38 d-CH-Ar, 2H), 3.31 d-CH-Ar, 2H) (Figur6.S10)3C NMR (CDEl A Y
ppm): 152.6, 144.1, 137.5, 137.3, 135.7, 134.5, 133.7, 121.7, 117.0, 115.8, 115.5,
110.5, 73.7, 55.7, 40.1 and 34.3 (Fgb.511). FTIR (ATR): 3072, 3018, 2901, 2825,

1637, 1583, 1510, 1451, 1418, 1256, 1230, 1141, 1026, 986, 907, 804 and752 cm

2.6 Synthesis of the trithiol derivative of eugenol (3SHEU)

2.6.1 Photochemical thiegdne reaction (SAcEU)

The synthesis followed a reported procedur2g. A mixture of 5 g (20.5 mmol) of
DAIllylEU, 22.2 g (291.6 mmol) of TAA and 0.1290 g (0.50 mmol) of DMPA were
photoirradiated with a UV lamp at 356 nm for 1 h. The product obtained was dissolved
in CHGJ extracted with a saturated NaOH solution, washed with water, and dried over
anhydrous MgS® The solvent was eliminated on a rotary evaporator. The product
obtained was a viscous liquid with 96 % yield.
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IH NMR (CDEM in ppm): 6.52 s and 6.50 s (Ar,)2B.91 t {CH-O-, 2H), 3.80 s (GH

O, 3H), 3.10-CH-S, 2H), 2.85 m-CH-Ar, 4H), 2.56 mCH-S,, 4H), 2.31 s (GHCO

S, 9H), 1.99 m-CH-CH-CH-O-, 2H), 1.8 m-CH-CH-CH-Ar, 4H) (Figur6.512)13C

NMR (CDgldin ppm): 195.7, 195.6, 195.5, 152.3, 143.9, 136.6, 134.5, 121.4, 110.3,
70.0, 55.5, 34.5, 31.0, 30.5, 30.3, 30.2, 29.1, 28.7, 28.4 and 25.8. -BHUBRFTIR

(ATR): 2930, 2825, 1680, 1587, 1505, 1460, 1424, 1355, 1260, 1232, 1135, 1010, 950,
800 and 7 cm™.

2.62 Hydrolysisof SACEU (3SHEU

9.31 g (19.7 mmol) of SAcCEU were dispersed in 100 mL of methanol in a flask with
magnetic stirring and then 1.70 g (42.5 mmol) of pulverized NaOH were added. The
mixture was heated to reflux temperature undéert atmosphere for 5.5 h. The
solution was cooledand the solvent was removed. The product obtained was
dissolved in HCI acidic water solution and extracted with £€HGen washed with
distilled water and dried over anhydrous MgS®@he product obtaied was a pale
yellow viscous liquid with 84 % vyield.

'H NMR (CD&Wd in ppm): 6.56 s (Ar, 2H), 3.98€H-O-, 2H), 3.82 s (GHD, 3H), 2.77

g (CH-S, 2H), 2.61 m-CH-S, 4H), 2.51 g-CH-Ar, 4H), 2.1 mCH-CH-CH-O-, 2H),

1.85 m (CH-CH-CH-Ar, 4H), 1.5 t-6H, 1H), 1.35 t$H, 1H) and 1.33 t§H, 1H)

(Figure 5.S14}3C NMR (CD€H in ppm): 152.2, 143.9, 136.7, 134.6, 121.5, 110.2,
70.3,55.5, 35.3, 34.6, 34.3, 34.0, 28.5, 24.1, 23.8 and 21.2 (Figure 5.S15). FTIR (ATR):
2930, 28252580, 1587, 1503, 1460, 1430, 1260, 1230, 1150, 1090, 1010, 950 and 830
cnr.

2.7 Preparation of the formulations

In a 20 mL vial, a certain amount of AEEU was added and melted at 70 °C for 10
minutes. Then, the corresponding amount of GTA was added amdiatly mixed with

the melted AEEU. Later, the stoichiometric amount (SH:acrylate+epoxy = 1:1) of the
corresponding thiol was added, followed by the addition of 5% mol/eq of thiol of 1MI.
Finally, the mixture was vigorously stirred in an ice bath, pountm Teflon molds of

30 x 5 x 1.5 mAdimensions and cured in an oven at 35 °C for 1 h (first curing step),
80 °C for 1h, 120 °C for 2 h and 150 °C for 1 h (second curing step). The materials were
coded as polyX_Y, where X indicates the thiol used ands¥¢ribed to the gelation of

the intermediate material. As an example, polyS4_gel is a material in which S4 was
used as the crosslinker and the intermediate material of the dual curing was gelled
due to the fact that the gelation occurred in the first cugistep. Tabl®.1 shows the
composition of the different formulations studied.
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Table 5.1 Molar composition of the formulations prepared and acrylates ratio.

Formutation] AEEU| GTA [3SHEU s4 | s6 IMI |nGTA/NAEH
(% mol) (% mol) (% mol) (% mol) (% mol) (% mol to SH
pO'VSZHEU- 386 | 17.8 | 436 | - - 5 0.461
POYSSHEUl a9 | 50 | 411 | - - 5 0.092
nogel
po;fl“‘— 434 | 200 | - 366 | - 5 0.461
polyS4_ 1 oh5 | 56 ; 342 | - 5 0.092
nogel
p°;3é?6— 494 | 227 | - ; 27.9 5 0.459
POlyS6_ | wag | 64 | - - | 262 5 0.093
nogel

2.8 Characterization methods

'H NMR and®C NMR spectra were recorded using a Varian VASMEO NMR
spectrometer. CD&Was used as a solvent. All chemical shifts are givdimipart per

million (ppm) using the signals of the solvent as internal standdtd\(MR: CDEE

7.26 ppm;**C NMR: CD&t 77.16 ppm).

A Mettler DSE3+ differential scanning calorimeter (DSC) was employed to study the
curing process. It was calibrated ing indium (heat flow calibration) and zinc
(temperature calibration) standards. Samples éfBmg were used and analyzed in
aluminum pans with pierced lids in2Ntmosphere with gas flow of 50 éfmin.
Temperatures between80 °C and 250 °C were scanngith a heating rate of 10
°C/min to characterize the curing process. The of the intermediate and final
materials were determined with a heating rate of 20 °C/min. The reaction enthalpy
(n Kwas obtained by integration of the the calorimetric heat flsignal dh/dt) using

a straight baseline using the STARe software.

FTIR spectra were recorded in a Jasco FA8IRPlus with an attenuated total
reflection accessory with thermal control and a diamond crystal (Golden Gate Heated
Single Reflection DiamondTR, Specateknokroma) to confirm that the complete
curing of the samples was achieved. R@ak spectra were collected in absorbance
mode in the wavelength range 4000 to 600 twith a resolution of 4 crh. 20 scans
were taken and averaged for each spam. The disappearance of the absorbance
peak at 1636 crhicorresponding to the stretching of the C=C bond of acrylates as well
as the decrease of the thiol{$) peak at 2570 criwere used to confirm that the first
step of the curing was complete. Theak at 915 cm corresponding to the epoxy
group and the appearance of a peak at 3500'amlated to the formation of OH
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groups by the thickpoxy reaction were used to confirm the completion of the second
stage R9.

Thermomechanicgbroperties were determined with a DMA Q800 (TA Instruments)
using a film tension clamp. The samples (with dimensions of 30 x 5 x Zpwene
tested with an amplitude of 10 um and a frequency of 1 Hz in the temperature range
from -30 °C to 200 °C with ahting rate of 2¢C mint.

TGA analyses were performed using a Mettler Toledo TGA2 thermobalance. Cured
samples of about 10 mg were heated between 30 and 600 °C at a heating rate of 10
°Cmin?in nitrogen atmosphere with a gas flow of 50 Tmirr.

The géation time was determined using a rheometer ARES (TA Instruments)

equipped with an electrical heated plate device (EHP) and 20 mm parallel plate

geometry. The strain was set at 0. 05 % and the frequencies at 0.5, 1.75 and 3 Hz. Gel

pointwas determined & (G KS ONR&Aa2@SNI 2F &a0G2NJF IS Y2 RdzZ dza
0DQQUV |G GKS GKNBS RAFFSNBY(d FTNBIdSSyOASaod ¢KS
in the oven: 35 °C for 1 h, temperature ramp from 35 to 80 °C an#rt€ and 30 min

at 80 °C.

The fuly cured materials were tested in tensile until break using the DMA in static
mode with3 N/min of force ramp at 20Cand applying 0.01 N as preload force.

3. Results and discussion
3.1Synthesis of the starting monomers

The epoxy acrylate of eugenol @BHE) was synthesizeda a highyielding twostep
procedure. The first step was the acylation reaction with acryloyl chloride in the
presence of TEA, and the second was the epoxidation of the allylic group (Scheme
5.1a). The literature offers the alternative of using acrylic aamd dicyclohexyl
carbodiimide (DCC) in the presence of a base. However, it was reported that this
procedure yields only 30 % of the product and therefore it was not uséd pAs a
more sustainable alternative to preparing eugenol acrylate, we tried theymatic
esterification with CALB of eugenol with methyl acrylate following a reported
procedure B1], but the desired product was not obtained (Scheme 5.1b). The reason
for that is the phenolic character of the substrate since it is reported that the
enzymatic reaction works only well with primary and secondary alcohols.

The quality of AEU was confirmed ¥y NMR spectroscopy (see Figure 5.S1) by the
appearance of the acrylic protons between 6.61 and 6.00 ppm, whereas a carbonyl
signal appears in thEC NVIR spectrum at 164.29 ppm (see Figure 5.52).

The further epoxidation of the allyl group was done with MCPBA at 0 °C for 24 h, with
a yield of 96 %. As a greener alternative, we tried to use Oxone to perform the
epoxidation of the allyl group3p]. In this case, a biphasic system with TEBAC as a
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phase transfer catalyst was used, obtaining good yields of the desired product after 3
days (80%), demonstrating the possibility to synthesize AEEU more sustainably.

The completion of the reaction was miirmed by the vanishment of the allyl signals
between 6.00 and 5.11 ppm and the appearance of the epoxydic signals between 3.16
and 2.56 ppm in théH NMR spectrum shown in Figure 5.1 and at 52.34 and 46.84
ppm in the®3C NMR shown Figure 5.2. Both spaatonfirm the purity of the product
obtained. Moreover, FTIR spectroscopy presented the characteristic absorptions of
the ester moiety, the stretching of the acrylate C=C bond, and the epoxy group at
1740, 1637, and 825 chrespectively.

MCPBA

o DCM,0°C,24 h
A

x
) o A .
O Acryloyl chloride, NEt; SN
ooyl enonde. s
DCM, rt., 24 h Oxone, TEBAC, NaHCO3;, Acetone AEEU
| | °
EtAc, H,0, 0 °C, 3 days
b)
o
on A,
o o)
h CALB, MA ~
MIBE, tBuOH, reflux, 24 h
c)
Acryloyl chloride, TEA
CHCly, rt., 24 h 2 ?
S \)ko/\f\o)v
HO/Y\OH )
o Y
CALB, MA o GTA
MIBE, tBuOH, reflux, 24 h
d) SH
OH o OH o™ o SH o/\/
o o. x o x o. o.
~ . ~ ~ ~ 4 h ~
Allyl bromide A Allyl bromide 1.0 Hac)kSH
- . oIy bromae

—_——
NaOH NaOH 2. NaOH/MeOH

‘ ‘ ‘ DAIlylEU ‘ 3SHEU

SH

Scheme 5.1Synthetic routes to AEEU starting from eugendridb), GTA starting from
glycerol (c), and) 3SHEU from eugenol.

131



Chapter 5

8,9,11,12
a4

2069
L

T Topow
58 3 % 8 : R 8
7.'0 6.'5 6}0 5.’5 5.’0 4,‘5 4:0 3.’5 ].'0 2.’5 Ztﬂ l:ﬁ l:l] UrS O:G
f1 (ppm)
Figure 5.11H NMR spectrum of AEEU in GDCI
Tt
A
0737
a
770

9 6

10

11 13
12

ol
2 56 B
&g 12 11
1
. 10
4
3
160 150 140 130 120 110 100 90 70 60 50 40 30 20 10 o

80
1 (ppm)

Figure 5.213C NMR spectrum &8EEU in CDLI

132



(submitted)

To synthesize GTA, the first approach tested was using acryloyl chloride and TEA in
CHGas a solvent due to its higher polarity than DCM (Scheme 5.1c). The product was
obtained in good yields (94 %). The structure and purity were coafiroy'H NMR

by the appearance of the signals of the double bonds between 6.45 and 5.88 ppm
(Figure 5.S4) and the four signals between 127 and 133 ppm*#iCitsMR spectrum
(Figure 5.S5). Despite this, the enzymatic CALB methodology could be asegdte

the primary and secondary alcohols after 2 days of reaction in relatively low yields
(30%) but proving that GTA can also be obtained in a green way.

The preparation of 3SHEU was performed as described in previous papg9d.[As

seen in Schem&.1d, the process consists of a first allylation followed by a thermal
Claisen rearrangement and a second allylation of the formed phenolic group,
obtaining the triallyl derivative of eugenol. By a photoinitiated théak reaction with
thioacetic acid andurther saponification, 3SHEU was obtained and characterized by
NMR spectroscopy. The spectra of intermediates and final materials are collected in
the Sl (Figures.S6S15). All spectra show the high purity of the corresponding
products.

3.2 Study of tke dual curing of the formulations

The curing procedure by the dual curing methodology includes, as the first step, the
thio-Michael addition and the thiedépoxy reaction as the second one. All formulations
include XMl as the base catalyst that favors thacleophilic character of the thiol by
forming thiolate groups. Both reactions are represented in Scheme 5.2. Since in the
thio-Michael addition, AEEU acts as a monofunctional monomer, the addition of a
multifunctional acrylate is needed to get a network an oligomeric product,
depending if the intermediate material is gelled or not. In our case, we selected
triacrylate derived from glycerol because of its di@sed character and its compact
structure. As thiols, the trifunctional derivative of eugenotHtzeen selected, and the
tetra and hexa functional derivatives of pentaerythritol were also tested. These last
thiols were commercially available, but they could be also synthesized frofrelsied
pentaerythritol [34].

From both reactions, the thiMichaeladdition is the most favored from the kinetics
point of view, and it begins at room temperature during the first curing step. However,
to ensure that this reaction has been completed, the curing mixture was maintained
at 35 °C in an oven for 1 h. Once th&-Michael reaction has been completed, the
thiol-epoxy reaction can proceed at higher temperatures. Thus, the curing mixture
was then cured in an oven using the following curing sche®@léC for 1h, 120 °C for

2 h, and 150 °C for 1 h.
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Schemes.2. Chemical processes occurring in the first and second steps of the dual curing.
We could prove by FTIR that in these conditions, the first and the second step were

completed and wll-differentiated. For example, Figure 5.3 shows the FTIR spectra of
the intermediate and final material recorded for the polyS6_gel formulation.
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Figure5.3. FTIR spectra of the intermediate and final materials obtained in the curing of the
polyS6_gel formulation.

Dual curing can be applied to advanced manufacturing processes mainly due to the
possibility of tailoring the characteristics of the intermediate teval. Thus, the
intermediate can be a viscous liquid, and in this case, it can be used as a coating or an
adhesive, or it can be a moldable solid that can be further processed to lead to
complex shapes, as we could demonstrate in previous works in ibéc t
[17,28,29,3% The tailoring of these characteristics is done by the composition of the
formulation, being the proportion of GTA, the one that defines if the formulation gels
during the first or the second step. It is worth noting that no free monomers are left
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after the first step is completed since AEEU participates in both processes as the thiols
do. It means no dripping or exudation of monomers will occur during the storage of
the intermediate material.

The use of the Flor$tockmayer equation (Edp.1) allows thecalculation of the
amount of GTA necessary to g8b[37. The theoretical conversion of the acrylate
groups at the gel poinggel during the thieMichael reaction can be calculated by Eq.
5.1, assuming an ideal random stefise reaction.

| _— (Eq.5.1)

wherer is the thiol/acrylate equivalent ratidfy the acrylate monomer functionality
andfz the thiol functionality. Since the functionality of the thiols tested are 3, 4 or 6,
we obtained three different values @fge, each one for each thiol.

By this equation, the critical molar ratio nGTA/nAEEU = 0.287 was obtained as the
lowest to achievegelation at complete conversion of acrylate moieties. Thus, two
different possibilities were studied: a) a molar ratio nGTA/NAEEU = 0.46, in which
gelation will occur before full conversion to obtain a sdiie intermediate material,

and b) a molar ratidGTA/nAEEU = 0.09, where gelation will not occur in the first step
and a viscoudike intermediate material will be obtained.

Rheological measurements confirmed that gelation occurs in the first or second curing

step, according to the formulation compasih. The formulation is transformed into

asolidgf A1S YFGSNRIE Ay G4KS 3StlGA2y>S YR GKS
60502YSa KAIKSNI GKIYy GKS t238a Y&dpodedzms 06DQQT
the storage and loss moduli evolution tivitemperature for all the formulations

prepared herein.

As we can see in Figuse4 when the amount of GTA is low (polyX_no gel samples),

the gelation cannot occur in the first step at 35 °C where-tliohael addition is the

2yt e NBIFOGAMDMS ALEANKASTKS NI yi K I YQ DIKE behadior.O 2 NNEB a L.
DQ 2@0SN1LJ aa DQQ 6KSYy (GKS GSYLISNI (idzNBE Ay ONB
a result of a thiol epoxy process. Contrarily, in formulations with a higher proportion

of GTA (polyX_gel saqtes) already in the first curing stage at 35 °C the gelation can

be observed, indicating that the functionality of the acrylate mixture is enough to

reach a networked structure during thidichael addition. The same trends are

observed for polyS4 and p&@g materials. If we compare the times needed to get the

gelation during the first step in (polyX_gel samples), we can see that the time is shorter

in the case of polyS6_gel, according to the higher functionality of the thiol, which

allows reaching the geloint at a lower conversion of acrylate. When comparing the

rheological curves of (polySH3EU_gel samples) with (polyS4_gel samples) we see that

is slightly faster in the former. Since the functionality is lower in (polySH3EU_gel
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samples), the explanatioran be found in a more rapid reaction of SH3EU in the thio
Michael addition. This can be related to the lower viscosity of this formulation.
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frequencies (0.5 # 1.75 Hz and 3 Hz) for a) poly3SHEU_gel, b) poly3SHEU_nogel, c) polyS4_gel,

d) polyS4_nogel, e) polyS6_gel, and f) polyS6_nogel during 1 h at 35 °C and 30 min at 80 °C.

DSC was used to confirm the sequentiality of the curing process. Since the thio
Michael addition begins at room temperature, we could not measure the enthalpy
released during the first curing step. Thus, the DSC curves of all the materials after the
first curing step were recorded. Figureb5presents the DSC curves for all the
formulations studied. TablB.2 collects the enthalpy released in the second step and
the Tg of the intermediate and final materials. The enthalpy released by the epoxy
equivalent is between 120 and 129 kJ, which agreits previously published data
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[38]. Moreover, the curing exotherm begins at a temperature not below 75 °C. This
confirms that the duaturing process is sequential and that both steps occur
independently.

—poly3SHEU_gel poly3SHEU_nogel ——polyS4_gel
polyS4_nogel —polyse_gel polySé_nogel

I exo

Heat Flow (W/g)

75 50 -25 0 25 50 75 100 125 150 175 200
Temperature (°C)

Figure 55. DSC curves at 10/fnin of the cuing of all the intermediate materials prepared.
Table5.2. Main calorimetric and thermogravimetric data obtained for all formulations
n B | TPinterm | Tfinal | Toof | Tmad | Char yielé
(kJlee)|  (°C) O |CO) (O (%)
poly3SHEU_ge| 120.4| -27.9 33.0 |228| 360 15.7
poly3SHEU_nog| 122.3 | -42.3 37.0 |220| 363 16.3
polyS4 gel | 126.5| -22.7 23.4 |240]| 342 15.0
polyS4 _nogel | 128.9| -30.9 31.8 |247| 329 14.9
polyS6_gel | 123.8 9.8 39.3 |250]| 346 14.5
polyS6_nogel | 120.3 | -17.3 45.1 |235| 330 15.3

agnthalpy released in the thigpoxy reaction by epoxy equivalefiGlass transition temperatures of
the intermediate and final materials. Temperature of 2 % of weight loséTemperature of the
maximum rate of degradatio.Char residue at 600 °C.

Formulation

Looking at theTgs determined for all the intermediate materials, we can see that they
are well below room temperature, indicating their rubbery or fllike characteristics

for gelled and norgelled materials. As expected, the ngalled materials have Veer

Tgs than the gelled ones. However, the contrary behavior is observed for the final
materials. The materials with a lower proportion of GTA have higheglues. This
can be explained by the flexibility introduced in the network by the GTA structnde, a
the flexible moieties originated through the thMichael addition. Moreover, the
higher proportion of GTA requires more thiol in the formulation, which imparts a
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higher flexibility. A parallel behavior of the evolution of tigs on changing the
formulation composition was observed in previous studizs,39.

The highestTgs of the cured materials were obtained from S6 due to its higher

functionality, increasing the crosslinking density. Although the functionality of S4 is

higher than that of SH3EWhé rigidity of its aromatic ring in the eugenol derivative

NBRdzOS&a G(GKS ySig2N)] Qa Tt SENvaludsAie yR Y20Af Al
3.3Thermal characterization of the materials

Thermogravimetry was used to evaluate the thermal stability of the fully cured
materials. Figures.6 shows the weight loss evolution with temperature and the
derivative curves. The main data extracted can be seen in Bahle
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Figure5.6. TGA (a) anBTG (b) curves for the duelired thermosets prepared inaN
atmosphere.

The DTG curves show that the degradation process occurs in two steps, except for
poly3SHEU formulations. Since a significant proportion of ester groups are present in
the network struture, the b-elimination process can happen to a great extent. The

first degradation step can be attributed to this process, whereas the second can be
attributed to the complete network degradation.

From the values collected in Tab%2, no significant di€rences in the initial
degradation among all the materials can be observed, and all the values are higher
than 220 °C. There are also no significant differences in the char residues at 600 °C.
However, the temperatures of the faster degradation rates laigher for poly3SHEU
materials, showing only one degradation step.

The thermomechanical properties of the fully cured materials were determined by
DMA. Figur®.7 shows the evolution of storage moduli and thagainst temperature.
The main data extractefrom these studies are presented in Tablg.
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Figure5.7. Evolution of tard and storage modulus against temperature forta# fully cured
materials

Table5.3. Main thermomechanical and mechanical data obtained for all the fully cured
materials

Tiand? 9 Q%SVb 9 rloery® FWHM| s break Eoreak Tensile

Formulation modulus
(°C)| (MPa)| (MPa) | (°C) | (MPa)| (%) (MPa)

poly3SHEU_ge| 32.9| 2602 | 14.5 | 15.5 [3.1+0.512.1+1.0 150+12
poly3SHEU_nog| 42.4| 2977 | 12.9 | 16.2 |4.5+1.1 2.4+0.4| 754475
polyS4 gel |23.5| 3000 | 18.7 | 11.8 |3.7+0.332.3+3.6 32.416.3
polyS4 nogel | 31.3| 3761 | 15.3 11.7 |3.9+1.7/23.0+3.578.5£18.6
polyS6_gel |37.2| 4000 | 24.3 | 12.2 |4.2+0.2 6.4+0.4| 648182
polyS6_nogel | 48.2| 4050 | 19.6 | 11.9 |4.0+0.5 1.6+0.7|1354+125

aTemperature of the maximum of tashpeak at 1 HZ2 Glassy storage modulus &t¢ 50 °C determined by
DMA.cRubbery storage modulus &+ 50 °C determined by DM#®ull width at half maximum of the tan
d peak.

In Figureb.7, we can see that the tathcurves are monomodal and relatively narrow,
with similar and low FWHM values, indicating the high homogeneity of the material
due to the dick character of the thiMichael and thiolepoxy reactions. Th& values
(considered as the temperature of the maximum of thpeak) agree well with the

Tgs measured by DSC following the same trend as explained before. The damping
capacities (maximumfdhe tand peak) are higher in those materials that gel in the
second step of curing due to their lower crosslinking density. Storage moduli increase
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with the functionality of the thiol selected in both glassy and rubbery states. The

storage moduli in the glassy state are slightly higher in those materials that gel in the

second step of curing, whereas the storage moduli in the rubbery state are sorhewha

lower. This is due to the GTA added. In polyX_gel, its amount is higher, increasing the
ONRP&atAylAy3ad RSyaride oAyONBlFraAyd 9Q Ay (KS
in the network due to its aliphatic structure and the higher proportiofi@fible thiols

needed. Contrarily, in polyX_nogel, the ratio of GTA is lower, reducing the crosslinking

density and the flexibility of the network structure.

3.4Mechanical characterization of the materials
The mechanical characterization of the final materials was done in tensile in the DMA

(in static mode) using the tension clamp at 20 °C. Fig@@resents the stresstrain
curves, and the main parameters extracted are presented in TaBle
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Figure 58. Stressstrain curves for the thermosets obtained.

The behavior observed in the tensile tests reflects two different factors. The first one
is the network structure at the testing temperature (20 °C), being samples
poly3SHEU nogel and polyS6_nogel in the glassy state but all the other in the
transition zore. This fact explains the higher rigidity (higher tensile modulus) and
fragility (lower evrea Of poly3SHEU nogel and polyS6 nogel samples, the high
ductility of S4 materials (almost totally relaxed at 20 °C) and the similar stress at break
values of arond 5 MPa. The second factor to consider is the ratio of GTA. The
materials that gel in the first curing step, with a higher ratio of GTA, are more ductile
that their counterparts with a lower ratio. This is due to the higher aliphatic character
that allowsan easier deformation without breaking.
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4. Conclusions

A sequential duaturing procedure using bibased monomers as starting compounds
has been implemented. Eugenol was transformed into acrylate epoxy eugenol, which
was reacted with thiols of differg functionalities: 3, 4, and 6. The trithiol used was
also obtained from eugenol. The curing process consisted of a first step ef thio
Michael addition and a second thiepoxy reaction catalyzed byrethylimidazole.

The addition of different ratios ofhe triacrylate of glycerol allowed to modify the
characteristics of the intermediate materials. Low proportions of this compound led
to a viscous intermediate material, whereas higher proportions led to rubbery solids
since the gelation occurred during tliest steps.

The fully cured materials were thermally stable until temperatures higher than 200 °C
and showedTgs in the 23 to 45 °C range. The materials with a higher proportion of the
triacrylate showed loweflgs and storage moduli in the glassy statg higher in the
rubbery state due to their higher crosslinking densities.

The aliphatic moieties of the network structure enhance the flexibility and
deformation ability of the prepared thermosets and this fact was confirmed with the
thermomechanical anthe mechanical characterization of the samples.
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Supporting Information

Synthesis of acrylate epoxy eugenol (AEEUa 500 mL threaecked flask equipped

with a magnetic stirrer and ébath, AEU (15.0 g, 68.7 mmol) was dissolved in 25 mL
of DCM and then a solution of MCPBA (24.5 g, 0.1 mol) in 250 mL of DCM was added
dropwise. The reaction was kept at 0 °C for 24 h until complete disappearance of AEU.
The resulting mixture was washedae with a 10% w/w aqueous solution of NaHSO
twice with concentrated aqueous solution of NaHG@d finally brine. The organic

layer was dried over anhydrous Mg&Qiltered and concentrated in a rotary
evaporator to yield AEEU as a yellowish solid96% of yield.

Synthesis of glycerol triacrylate (GThA) a 250 mL threaecked flask equipped with

a magnetic stirrer and ice bath, Gly (5 g, 54.3 mmol) was dissolved in 25 mL 0©f CHCI
Then, TEA(37.8 mL, 0.27 mol) was added in the mixture and the sygtet in inert
atmosphere. Later, a solution of acryloyl chloride (24.3 mL, 0.3 mol) in 50 mL ef CHCI
was added dropwise. The mixture was allowed to proceed for 36 h at room
temperature. Then, the reaction was vacuum filtered and washed once with HCI 1M
(100 mL), twice with saturated NaH&$0lution (100 mL), twice with 20% w/w O
solution (100 mL) and finally saturated NaCl solution (100 mL). Finally, the organic
layer was dried over anhydrous Mg&@iltered and the solvent removed in a rotary
evapoutor to afford GTA as a brownish viscous oil (13.0 g, 94%).

Synthesis of @llyl eugenol (OAllylIEUJo a solution of EU (16.4 g, 0.100 mol) in DMSO
(150 mL), pulverized NaOH (4.40 g, 0.110 mol) was added, and the resulting mixture
was stirred for 10 minAllyl bromide (13.3 g, 0.110 mol) was added dropwise over a
period of 1 h at 40 °C. After the addition, the mixture was stirred maintaining the
temperature for 3 h. The reaction mixture was poured into water and extracted with
CHG The organic layer wasashed with water twice, dried over hN&Q and
concentrated in vacuo to yield AEU as a yellow liquid (18.0 g, 88 %).

Synthesis of @llyl eugenol (RAllYIEU) OAIllylEY12.8 g, 62.7 mmol) was stirred at 200
°C for 3 h using a pressure tube to give reageth DAEU as a yellow oil in a
quantitative yield

Synthesis of @llyl Qallyl eugenol (DAIlYIEUTo a solution of &llylEU (6.13 g, 30.0
mmol) in 100 mL of DMSO, pulverized NaOH (1.39 g, 33.0 mmol) was added, and the
resulting mixture was stirred for Ifin. Allyl bromide (3.99 g, 33.0 mmol) was added
dropwise over a period of 1 h at 40 °C. After the addition, the mixture was stirred
maintaining the temperature for 3 h. The reaction mixture was poured into water and
then extracted with CHEIThe organitayer was washed with water twice, dried over
N&SQ and concentrated in vacuo to yield DAIlYIEU as a yellow liquid (6.59 g, 90%).
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Synthesis of the trithiol derived from eugenol (3SHEU).

Thiolene reaction (SAcEU)A mixture of 5 g (20.5 mmol) of DMNEU, 22.2 g (291.6
mmol) of TAA and 0.1290 g (0.50 mmol) of DMPA was photoirradiated with a UV lamp
at 356 nm for 1 h. The product obtained was dissolved in £ld&racted with a
saturated NaOH solution, washed with water, and dried over anhydrous NigB@
solvent was removed on a rotary evaporator. The product obtained was a viscous
liquid with 96% vyield.

Saponification (3SHEH.31 g(19.7 mmol) of theprevious synthesized product were
added to 100 mL of MeOH in a flask equipped withgnetic stirrer. 1.70 g (42.5
mmol) of pulverized NaOH were added and the mixture was heated to reflux
temperature under inert atmosphere for 5.5 h. The solution was allowed to cool down
and the solvent was removed. The product obtained was dissolvedatervand
acidified with 0.1 M HCI solution and then extracted with GHI3e organic phase
was washed with distilled water and then dried over anhydrous Mg$ke product
obtained was a pakgellow viscous liquid in 84% yield.
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Figure5.S1 1H NMR spetrum of AEU in CDLI

146



(submitted)

T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
1 (ppm)

Figure5.S2 13C NMR spectrum of AEU in GDCI
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Figure5.S3 FTIRATR spectrum of AEEU.
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Figure5.S4.1H NMR spectrum of GTA in CDCI

Figure 5.S51°%C NMR spectrum of GTA in GDCI
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