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Abstract

Thermosetting polymers, thanks to their permanent crosslinked nature, show
outstanding mechanical and thermal properties, which allow them to be widely used
in industrial applications where high mechanical performances and dimensional
stability are required. Unfortunately, the reprocessing and recycling of thermosets is
a really difficult task due to their permanent three-dimensional structures, which
prevent these materials from melting or dissolving in any solvent. Because of the
growing amount of plastic generated at industrial level, the correct reuse or disposal
of these polymers is extremely important to prevent their accumulation in landfills

and pollute the environment.

In this context, covalent adaptable networks (CANs), covalently crosslinked polymers
which are able to change their topology via exchange of the covalent bonds are
attracting growing interest. These materials with the ability to be reshaped, to flow
and to self-repair, represents a promising approach to improve the lifetime and
recyclability of the thermosetting polymers, partially relieving the environmental
pressure. They behave as thermosets at service temperature but become malleable

at high temperature when the exchange reaction occurs.

To date, crosslinked poly(urethane)s (PU)s have been recognized to show network
reconfiguration enabled by dynamic exchange of the covalent bonds. Poly(urethane)s
prepared from multifunctional isocyanates and polyols, thanks to their structural
versatility, are one of the most used materials in different applications such as

elastomers, coatings, rigid foams and adhesives.

Poly(thiourethane)s (PTUs) are related to PU oxygen counterparts, showing
comparable properties due to the presence of similar hydrogen bonding but, in
addition, they present several advantages. One example is that the formation of PTUs
from isocyanates and thiols is not accompanied by any side-reactions contrary to what
occurs in the PU synthesis. However, poly(thiourethane) chemistry did not receive
broad interests until the thiol-isocyanate reaction was recognized as a click-reaction,

with the formation of highly homogeneous network structures.

In this work we exploited the potentiality of this class of materials, starting from the
study of the viability of the “thiol-isocyanate” reaction in acid and basic conditions to
reach an optimization of the curing process. When a base catalyst is used, the thiol-
isocyanate reaction is very fast, and the system is difficult to process. Thus, we
proposed the use of a thermally activated latent base, to obtain temporal and kinetic

control of the curing processes.
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In addition, we explored the potential of this type of thermosets to be used as smart
materials, thanks to their narrow thermal transitions, which allows quick movements
and a rapid change in their properties. In this context we suggested a possible
application of poly(thiourethane) as smart mechanisms for autonomous control,

simulating an open-valve application.

Furthermore, we implemented a novel dual-curing procedure based on the
combination of thiol-isocyanate and thiol-epoxy click reactions, where both reactions
are sequentially activated by temperature. The intermediate/final materials shown
different properties depending on the selected ratio between the isocyanate and

epoxy groups.

This work was mainly focused on the study and the development of simple and new
dynamic crosslinked networks, which can be efficiently remolded and recycled. First,
we demonstrated the suitability of thiourethane dynamic chemistries to prepare
materials with the targeted properties by the so called model compounds. Once
demonstrated that the thiourethane chemistry can be considered as a new type of
CANs, the poly(thiourethane)s materials were prepared using a tin-catalyst. The effect
of the proportion of dibutyl tin-dilaurate (DBTDL) on the relaxation behaviour as well
as the influence of the macromolecular architecture on viscoelastic properties, was
studied by changing the structure of the diisocyanate monomers. The PTU materials
were successfully recycled by grinding and hot-pressing, and the recycled materials
were fully characterized by mechanical, thermomechanical and Fourier Transform
Infrared Spectroscopy analyses, confirming their recyclability without appreciable

changes in the network structure.

To develop more environmentally friendly PTUs covalent adaptable networks the
metal-based catalyst, DBTDL, was substituted by less toxic latent organocatalysts. The
use of thermally generated base catalysts represents, at the same time, an interesting
opportunity to reach a temporal control of the curing reaction and to increase the

amount of catalyst which could help to improve the rate of the exchange process.

Lastly, the viscoelastic properties of materials prepared with a 10 % of molar
stoichiometric imbalance, in isocyanate or thiol groups were evaluated at elevated

temperatures.



UNIVERSITAT ROVIRA I VIRGILI
ADVANCED THERMOSETS BASED ON THIOL-ISOCYANATE CHEMISTRY
Francesco Gamardella

List of abbreviations

A Area/Pre-exponential factor
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s Seconds
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t Time

T Temperature
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Tmax Maximum temperature
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TGA Thermogravimetric analysis
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c Stress
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Introduction and Objectives

I-1 Polymers

Polymers, commonly known with the generic term “plastics”, are nowadays key
materials in many industrial sectors and in our daily life. The word "polymer" is derived
from the Greek words “polis” (many) and “meros” (part). Therefore, polymers are
materials which consist of large molecules whose structure is made up of several
smaller repeating units, called monomers. They are used in a great number of
applications and fields such as packaging, textile, automotive, building, aerospace or
pharmacy. The broad applicability of these materials is due to their low cost and high
performances, which arise from the combination of several properties, among others:
easy processing, versatility, durability and high strength to weight ratio.

The production of plastics has continuously increased over the last 60 years from the
1.7 million metric tons (Mt) produced in 1950 to 348 Mt in 2017. However, the
mismatch between the increasing of the production rate and an adequate result in
waste management has led to a serious environmental problems.?3 For this reason, in
2018, the European Commission communicated the “European Strategy for Plastics in
a Circular Economy”, emphasizing the need of improved design and production of
plastics to facilitate reuse, repair, and recycling.*> From the data provided by Geyer et
al.?, from 1950 to date about 6000 Mt of plastic waste has been generated and around
5000 Mt of them has been discarded in landfills or in the natural environment, as it is

shown in the following graph (Fig. I-1).
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Figure I-1. Cumulative plastic waste generation and disposal, in Mt. Solid lines show historical
data from 1950 to 2015; dashed lines show projections of historical trends to 2050, by Geyer et
al.e.
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Polymeric materials can be classified following different criteria. To give few
examples, polymers can be classified according to their chain architectures as linear,
branched or crosslinked, among others. They can further be divided according to their
polymerization mechanism as polyaddition, polycondensation or ring-opening, or
according to their origin source as natural, semi-synthetic and synthetic polymers.”

Since in the present work we are mainly interested in the behaviour of polymeric
materials with the temperature, in order to study their reprocessability, recyclability
and their ability to respond to a stimulus, we will use as the classification criterium,
their response to the temperature. Depending on their thermal behaviour, polymers
are divided into two main classes: thermoplastics and thermosets.

I-1.1 Thermoplastic and thermosetting polymers

Thanks to their easy preparation and high capability to flow under the action of heat
and pressure, thermoplastics represent roughly 80% of the total plastic consumption
and of polymeric materials used nowadays.® This polymer class consists of
macromolecular chains of very large molar mass, not covalently linked together but
entangled, leading to topological restrictions of molecular motion produced by other
chains, Figure I-2A. When heated, the chains are able to diffuse by a phenomenon
called reptation, leading to an increase in their fluidity. Upon cooling, the polymer
hardens and assumes the shape of the mould. Thermoplastics can withstand multiple
heating and cooling cycles without serious damage, allowing for reprocessing and
recycling.

Depending on the degree of crystallinity of thermoplastic polymers, they can exhibit,
during cooling, hardening by glass transition or crystallization. Semi-crystalline and
amorphous thermoplastics at low temperatures, below glass transition, exist as hard
and rigid glasses. As the temperature increases, the polymer chains are free to diffuse,
and the polymer starts to flow. Semicrystalline polymers present a sharp melting point
after which they can flow, while, in the case of amorphous thermoplastics, the state
of the polymer changes from glass to a rubbery elastomer first, and then to a viscous
melt that can flow.*>!! The classic evolution of the elastic modulus of amorphous
thermoplastic polymers is presented in Figure 1-2B.
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Figure I-2. (A) Schematic image of a thermoplastic molecular structure. (B) Typical evolution of
elastic modulus against temperature of amorphous thermoplastic polymers of different
molecular weight.

The ability to flow allows to process them via industrial techniques such as extrusion
and injection moulding and to recycle them in a relatively easy way. As drawback,
thermoplastic polymers are relatively weak, and they can suffer degradation by heat,
solvents and environmental attack and their mechanical properties are reduced on
increasing temperature.

Thermosets, on the other hand, are crosslinked polymers that have a three-
dimensional network, as a result of an irreversible polymerization process, known as
curing. The curing process usually occurs in a mould, designed to obtain the final
desired shape because, once the reaction is complete, thermosets cannot be reshaped
or reprocessed. In this case, the molecular weight of the structure is infinite at the
molecular level and the chains become covalently linked one to the other in the curing
process, resulting in a rigid and densely crosslinked structure as depicted in Figure I-
3A. The resulting polymer networks are characterized by being hard, infusible, and
insoluble in any organic solvent. Only a small fraction of the material (the sol fraction,
if any) can eventually dissolve, whereas the linked structure (the gel fraction) can only
swell in the presence of a proper solvent.!?

Thermosets, due to their crosslinking points, become softer when heated above their
glass transition temperature (Ty), but they never flow. Thermosets present a Ty higher
than room temperature, and elevated Tys usually correspond to high mechanical and
thermal properties. Below Ty, the materials have excellent mechanical properties as
high elastic modulus and hardness. Above Ty the polymer networks present a
theoretically infinite rubber plateau, up to thermal degradation as represented in
Figure I-3B.
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Figure I-3. (A) Schematic image of a thermosetting molecular structure. (B) Typical evolution of
elastic modulus against temperature of a thermosetting material.

The superior mechanical and thermal properties of these polymers allow them to be
extensively used in industrial applications where high mechanical performances and
dimensional stability are required, especially at elevated temperatures. Thermosets
currently account for 15-20 % of global plastic production.'* However, their
permanent three-dimensional structure hinders reshaping, reprocessing, or recycling
once they are cured, resulting in a serious environmental issue. For these reasons,
they are considered among the most difficult materials to be recycled.'

I-2 Recycling of polymers

In view of the increasing amount of polymer waste generated, the recycling of plastics
at the end of their service life is extremely important to prevent these materials from
being disposed in landfills and to preserve the environment. Usually, polymers need
hundreds of years to degrade under normal environment conditions.

To improve waste management, the European Union!>*®

emanated guidelines to
optimize the use and management of plastics. The following hierarchy has been
established in waste management, which will be applied in order of priority to reduce

the amount of waste described.”*8

1. Prevention (measures taken before a material gets disposed, to reduce the overall

amount of waste)

2. Preparing for reuse (checking, cleaning, or repairing materials that can be re-used
without any other pre-processing)

3. Recycling (any recovery operation by which products or materials are reprocessed
into products, materials, or substances whether for the original or other purposes)

4. Other recovery (i.e., energy recovery)

5. Disposal (any operation which is not recovery)
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There are mainly four types of recycling processes: reuse of the polymer, mechanical,
thermal and chemical recycling (Figure 1-4). Thermoplastics can be remelted and
reprocessed into new structures using heat and pressure, which lend themselves to
relatively easy recycling technology, while thermosets are not appropriate for various
types of recycling processes due to their permanent network structure.!® The
following sections will provide a description of the various recycling methods for both

Mechanical
recycling

types of polymers.

Recycled
plastic for
other use

Monomers

recycling
Polymer waste
Other base

= Pyrolysis chemical
- 4 Energy
Fk‘- & Incineration

~
recovered <

Figure I-4. Roadmap of the polymer waste treatment, from waste to obtain new resource.

I-2.1 Recycling of thermoplastic

The first option to recycle thermoplastic polymers (primary recycling) consists of a
minimization of the waste generated reusing in-plant scrap plastics for the same
application or for another application where lower mechanical performances are
required, without any special treatment. This process remains the most popular, as it
ensures simplicity and low cost, uncontaminated wastes are reintroduced to the
extrusion cycle in order to produce similar products.t’

Secondary recycling is mechanical, that is a post-consumer recycling. In this case, the
material to be recycled may have been contaminated during its use, as a result
additional steps are needed before to reintroduce thermoplastics in the
manufacturing line. Commercial thermoplastic polymers are first classified, cleaned,
washed and reduced in suitable size to be later melted and processed by industrial
techniques.?®

Chemical recycling (tertiary recycling) is defined as the process leading to total or
partial depolymerization of polymers to the monomers, oligomers or other chemical
substances. The word “chemical” is employed as a change in the chemical structure
of the polymer occurs during this procedure, the plastic materials are transformed
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into smaller molecules using solvents, temperature, pressure, catalyst, or a
combination of them.?!

Chemical recycling is usually solvent assisted to facilitate depolymerization and break
down the polymer matrix into lower molecular weight compounds, the chemical
nature of which can be correlated to the original material. An interesting approach
that is classified as tertiary recycling is the pyrolysis, which consist of a thermal
degradation of the organic materials in inert atmospheres.?>2 Pyrolysis needs high
temperatures and long decomposition times requiring a high deal of energy to
decompose the polymer matrix, making it less economically competitive compared to
other existing processes.?#?°

The last option, to prevent plastic waste from being deposited in landfills, is the
incineration or quaternary recycling. This process leads to volume reduction of waste
through incineration, recovering its energy content, since polymers have a good
calorific value about 30-40 MJ/kg. The disadvantage of incineration is the emission of
numerous toxic substances, most of which are released into the atmosphere as

dioxins.?®

I-2.2 Recycling of thermosets

All current recycling technologies focused on thermoplastics take advantage of their
melt processability or of their solubility in an appropriate solvent. Thermosetting
polymers compared to thermoplastics are much more difficult to be recycled due to
their irreversible covalent networks, which is unfavorable for their sustainable use.?’

Mechanical recycling processes (primary or secondary) are not applicable to
traditional thermosetting wastes, due to their permanent network structures and lack
of processability. Nevertheless, they can be pulverized into particles or powders via
shredding, grinding, or milling and used as filler or reinforcement for new
applications.?® The use of recycled thermosets as fillers is not economically
competitive with conventional fillers such as calcium carbonate and silicates which are
indeed cheaper.1*

Chemical recycling technologies can also be applied to thermosets and composites,
pyrolysis and solvolysis are the most studied techniques to recycle thermosets and
especially thermosetting composites. Pyrolysis is an interesting technology for
thermosetting waste treatment, as they are difficult to depolymerize in a reactive
solvent. By this technique most thermosets can effectively be thermally degraded, but
these processes are typically very energy intensive and costly, often requiring
temperatures over 400°C.%° Solvolysis is the preferred recovery procedure, because
itis less expensive as lower temperatures are generally necessary to depolymerize the
thermoset compared to pyrolysis. Solvolysis of crosslinked polymers consist of use an
appropriate reactive solvent to depolymerize the material by cleavage of covalent

8
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bonds in the three-dimensional network, often in presence of catalyst to facilitate the
process.® Industrially, it is mainly applied with polymer composites, allowing in some
cases to recover the fibres breaking down the polymeric matrix.3! Solvolysis can play
an important role in developing a circular economy for thermoset, but it is still difficult
to apply since thermoset present high resistance to many solvents. To expand the use
of this technique new degradable thermosets stable during their useful lifetimes are
needed. For example, polymers with ester, carbonate or acetal groups have been
proposed. These materials can be degraded in alkaline or acid conditions,
respectively.’® Many chemical recycling technologies still need to be improved to
reach their full potential, since recycling of thermosets may involve strong chemicals
and relatively high temperature for a long-time frame. These issues limit the large-
scale applications of the chemical recycling of thermosets and their composites.3?

Considering these difficulties in recycling thermosetting materials, most of them are
landfilled or incinerated after their useful life. Incineration for energy recovery does
not involve material recovery, and it is not classified as a suitable recycling
technology.3® Therefore, developing strategies to recycle crosslinked polymers
effectively and conveniently remains a remarkable challenge.

An alternative pathway to reduce the thermosetting waste generated is to extend the
lifetime of the materials, repairing them during their service life, adopting self-healing
systems. Self-healing polymers are materials capable of healing internal cracks or
damage automatically without any external intervention.3* To do that usually
microspheres containing healing agents are dispersed in the thermosetting polymer.
By this method, when a crack occurs the microspheres break and the healing agent is
released, fixing the crack in the material.3>3¢ This method is effective only for a limited
time because once the microspheres are exhausted, no further healing process can

occur.

A more interesting approach to obtain self-healing polymers is the use of dynamic
chemistry, designing polymers capable of repairing molecular and macroscale

damages via a temporary local increase in the mobility of polymeric chains.37:3

I-3 Dynamic covalent chemistry

In recent years, significant advances have been made to repair, recycle and reprocess
crosslinked polymers, and to break the barrier that separates thermoplastics from
thermosets on recycling issues. As we have seen, the recycling of thermosets remains
a harsh task, very complex and energy-intensive and often the original polymer
architecture is damaged after the recycling process.®® To solve these problems,
dynamic covalent chemistry has attracted great attention and reversible
interconnections have been incorporated into the network structure.*>** The dynamic
covalent chemistry includes a group of chemical processes that allow the molecular
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constitution of a chemical system to undergo changes over time or in response to
stimuli.

Thermosets Thermoplastics

Seiiii i | e |

Covalent Adaptable Networks

Figure I-5. Representation of the concept of covalent adaptable network.

The incorporation of appropriate dynamic covalent bonds in polymer networks is a
good strategy to obtain easily recyclable and re-usable thermosetting materials
without losing the original polymer structure.* These bonds provide dynamic features
such as adaptability, malleability or self-healing properties. Covalent adaptable
networks (CANs) contain enough reversible covalent bonds to enable the crosslinked
structure to respond chemically to an applied stimulus. The dynamic covalent bonds
can be broken and reformed under the appropriate conditions without irreversible

side reactions.*®

Dynamic covalent chemistry is not a new concept in the polymeric field, already in
1956 a pioneering work of Tobolsky et al.*’ showed how poly(urethane)s could
experiment chemical stress relaxation at high temperature, anticipating the current
concept of CANs. The recent rediscovery of this concept is due to the extraordinary
work of Leibler and co-workers**° that reported the possibility to obtain malleable
epoxy networks. These materials can be reshaped, self-welded and recycled, opening
new frontiers to recycle and reprocess thermosetting polymers. After Leibler’s
discovery, more and more materials and chemistries in this field have been

investigated and reported in the literature.>%>2

CANs can be classified into two main categories, according to their exchange
mechanism: dissociative and associative, and further divided according to the

consecutive or simultaneous mechanism of the interchange reaction.>?

I-3.1 Dissociative CANs

Dissociative CANs are crosslinked networks with reversible covalent bonds, in which
linkages first dissociate and then reform in the same place or in another (Figure 1-6)
autonomously or under a stimulus such as light or heat. During the exchange
mechanism, there is a decrease of the network connectivity and crosslinking density,
with an important change in the macromolecular structure, which can enable the
polymer to flow without complete depolymerization of the network.

10
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Figure 1-6. Schematic representation of dissociative reversible covalent chemistry. Inspired by
the graph published by Winne et al.*2.

CANs that follow a dissociative exchange mechanism, via application of a stimulus, can
tune the reaction equilibrium in both directions: from highly to lowly crosslinking state
and vice-versa.

Increasing the temperature, the chemical reaction equilibria can shift to the initial
reactive moieties, converting the rigid thermoset into a low-viscosity material with a
reduction in the crosslinking density. This change in the network structure results in a
change of viscoelastic properties, and in some cases with a sudden drop in viscosity,
and the material could become soluble in the presence of an appropriate solvent, as
is typically observed in thermoplastic materials. Upon cooling, the reaction moves to
the formation of covalent linkages, and the network is formed again, whereby the
polymer recovers the superior properties of thermosetting materials such as stiffness
and insolubility. This reversion allows the network to be reprocessed and repaired
extending the utility life of the polymer.

Different dissociative chemical processes have been reported in the literature such as:

thiol-Michael addition® or disulfide exchange,>>>’

among others, but the most
extensively explored dissociative reversible exchange mechanisms is the Diels-Alder
(DA) reaction. The DA reaction, discovered by Otto Paul Hermann Diels and Kurt Alder
in 1928,°% is a concerted [4+2] cycloaddition reaction between a diene and dienophile
to form a cyclohexene adduct. The reaction can be reversed at elevated temperatures

via a dissociative retro-Diels-Alder (rDA) reaction.

The first work reported in self-healing of thermosets based on DA reaction was
published by Chen et al.>® introducing the concept and starting the new trend in self-
healing materials.®® The activation temperatures of the DA and retro-DA reactions
depend largely on the choice of the diene and dienophile structures, the furan-
maleimide system is the most often selected due to its suitable temperature profile
for reversible binding.?%2 A schematic representation of the reaction is shown in
Figure I-7.

11
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Figure I-7. Reversible Diels-Alder reaction implying furan and maleimide starting compounds.

Although these strategies offer broad possibilities to combine reprocessability, self-
healing and excellent welding performance of thermosetting polymers, their large
application is limited because of the abrupt viscosity drop of the material during the
exchange process.5364

I1-3.2 Associative CANs

The other class of crosslinked dynamic polymers is the associative CANs. These
polymers show a fixed crosslinking density during the exchange of covalent bonds, a
bond dissociates while a new one is formed, and the number of bonds remains
theoretically constant without any drastic drop in the viscosity profiles. The final
network shows identical chemical functionality with different connectivity.

The associative exchange mechanism can occur by following two different pathways:
stepwise (Figure I-8A) or concerted (Figure 1-8B).>? In Figure I-8, the exchange
mechanisms are presented in absence of catalyst, but the different reactions can also
occur in presence of a catalyst, which is sometimes essential to facilitate the exchange
reaction and to reach the thermodynamic equilibrium in a practical time.

(A) Associative stepwise exchange mechanism
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Figure 1-8. Schematic representation of (A) stepwise and (B) concerted associative reversible
covalent chemistry. Inspired by the graph published by Winne et al.>2.
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In the first scenario the exchange reaction proceeds through the formation of short-
lived intermediate states, where firstly occurs an addition reaction followed by an
elimination reaction. This gives an overall substitution effect leading to a change in
the network topology without altering crosslinking density.

In a concerted exchange mechanism, the bond breaking and bond making occur in a
single step, without involving any intermediate state, only going through a transition
state always keeping constant the crosslinking density. At the associative CANs belong
the new class of materials that have been called as “vitrimers” by Leibler and co-
workers in 2011.%°

1-3.3 Vitrimers

Leibler and co-workers, in their seminal study,*® developed associative covalent-
adaptable networks that can flow once heated, exhibiting a viscosity-temperature
relationship comparable to vitreous silica, which inspired Leibler to call them

“vitrimers”.

Vitrimers are covalently linked networks with dynamic bonds that allow the network
to change its topology via exchange reactions keeping constant the number of
chemical bonds. Upon heating, vitrimers behave like a viscoelastic liquid, but at the
same time they do not dissolve in good solvents, even at elevated temperature,
showing only a limited soluble fraction.

The constant network functionality allows the material to remain insoluble and show
a gradual Arrhenius-type viscosity change with temperature, as it is represented in
Figure -9, and observed in typical inorganic silica materials.
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Figure 1-9. Angell fragility plot of the logarithm of the viscosity as a function of the inverse
temperature, scaled to Tg, for thermoplastics and vitrimers. Inspired by the graph published by
Denissen et al.>3.

Figure 1-9 shows the Angell fragility plot®® where thermoplastics, below the silica
reference, are characterized by a very fast decrease in viscosity close to their Ty, while
vitrimers that are above the silica reference show an Arrhenius-like dependence of
the viscosity, which results in a gradual viscosity decrease similar to vitreous silica.

13
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This gradual decrease in the viscosity allows them to be processed in a wide range of
temperature without a precise control of temperature. These properties open up new
possibilities for thermosetting materials to be used in industrial processes with their
easy shaping without the need for a specific mould to prevent loss of structural
integrity.®® In particular, this ability to flow without losing their network integrity
allows vitrimers to be recycled easily by hot pressing. In general, vitrimeric materials
can be ground into small pieces and then reformed under heat and pressure. The
recycled material shows the same or comparable thermal and mechanical properties
of the original one.

I-3.4 Transition temperatures in vitrimeric materials

As shown in the previous section the gradual decrease in viscosity distinguishes
vitrimers from thermoplastic and some dissociative CANs.

To describe the viscoelastic behaviour of vitrimers, in addition to the glass transition
temperature (Ty), a new ideal transition temperature has been defined: the topology
freezing transition temperature (7v). The T, describes the characteristic transition from
a viscoelastic solid to a viscoelastic liquid and it is defined as the temperature at which
the melt viscosity reaches 10'? Pa-s. In Figure I-10, the logarithm of the viscosity as a
function of the temperature is represented for vitrimers and depending on the
position of the T, above or below the Ty, it is possible to observe two different

scenarios.
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Figure 1-10. Representation of the logarithm of the viscosity as a function of the temperature

for vitrimers with (a) T,>T4 (b) T,<T,. Inspired by the graph of Denissen et al.>3
In both scenarios, the covalent exchange takes place after Ty, since in the glassy state
all the segmental movements are hindered. In the first case, Figure I-10A, the Ty is
located above the Ty and the vitrimer behaves like a classic thermoset until Ty,
changing its state from the glassy to the rubbery. Then, exceeded the Ty, the exchange
reactions are fast enough to change the network topology and the polymer flows like
a viscoelastic liquid with a viscosity decrease that follows an Arrhenius temperature
dependence.
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In the second case, Figure 1-10B, the T, is located below the Ty. Exceeding the Ty, the
bond exchange is already fast, the vitrimer evolves rapidly from a glassy solid to a
viscoelastic liquid and the bond exchange may occurs for a period of time via William-
Landel-Ferry (WLF) behaviour, and then it follows an Arrhenius kinetics.5”/%®
Importantly, T, cannot be considered as a specific threshold of the material, but as a
reference temperature which is characteristic of the specific dynamic exchange
mechanism within the molecular design.®® In fact, the position of the T, gives a
reference of how fast occurs the relaxation process, always above Ty, since the
exchange reactions below T, occur slowly, depending on the observation time, while
above T, we can process the vitrimer in shorter time.

I-3.5 Vitrimer-like polymers

Recently, it has been noted that dissociative CANs also can exhibit an Arrhenius
viscosity relationship during stress relaxation experiments without any sudden drop
in viscosity during the covalent bond exchange. In addition, this category of polymer
shows a stable rubbery plateau at elevated temperature after the glass transition
temperature. These considerations make these materials difficult to distinguish from
vitrimers, thus it was introduced another class of CANs the “vitrimer-like
polymers”. 707

In these networks, during the exchange mechanism, the reassociation of the bonds
remains favoured in reference to the dissociation due to the high rate of bond
reformation or the large equilibrium constant in favor of the associated state at high
temperatures.”? In such conditions, the stress-relaxation is governed by the bond
exchange and these materials show rheological behavior indistinguishable from
vitrimers. Moreover, the network integrity is well maintained after grinding and hot-
pressing the polymer, similar to what happens with vitrimers.”?

The main characteristic that could distinguish polymers that exhibit vitrimer-like
properties from vitrimers is the possibility to partially o complete dissolve the network
in an appropriate solvent.>? These materials are difficult to dissolve in most solvents
and a precise selection of the solvent and temperature is required to completely
dissolve the sample. The possibility of achieving a complete dissolution of the CANs
could constitute an alternative chemical recycling route in reference to the
mechanical recycling of the vitrimers, which would make vitrimer-like polymers more
sustainable than vitrimers.

I-4 Bond exchange mechanisms

In the last decades the concept of covalent adaptable networks has attracted more
and more attention to relieve the environmental pressure on thermosetting materials.
To date, several reversible covalent-chemistries have been explored and used to
synthesized reprocessable crosslinked polymers, very often starting from the
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rediscovery of “old” chemical reactions. In this section, an overview will be given of
the most used chemical exchange processes to obtain materials that exhibit vitrimeric

properties, based on different reviews,!3°%53,60,67,74-76

I1-4.1 Transesterification

The first vitrimers reported by Leibler and co-workers* in 2011 were based on the
well-known transesterification reaction. The authors synthesized elastomeric and
hard epoxy resins, by reacting diglycidylether of bisphenol A (DGEBA) with a carboxylic
acid or anhydride, in the presence of zinc acetate as the catalyst.*® The resulting
thermosets, upon heating, were able to rearrange the network topology via
transesterification reaction as it is depicted in Figure 1-11. Importantly, for activating
the transesterification of an ester, the presence of free hydroxyl groups was described
as essential.

) 0O

)k R, *+ HORy = /Lk

R, * HO-R,
R1 (0] R1 -

)

Figure I-11. Transesterification reaction between esters and hydroxyl moieties.

Successively, the Leibler’'s group demonstrated the possibility to control, in an
effective way, the kinetics of the exchange reaction in epoxy vitrimers by changing the
amount and structure of the external catalyst. It was observed that on changing the
catalyst, the rate of relaxation and the activation energy of the relaxation process
were clearly affected. Nevertheless, on increasing the catalyst loading, only the
relaxation rates were increased while the activation energies remained almost

constant.*%7’

After these discoveries, the transesterification reaction gained a lot of interest in the
scientific field, also for the extensive use of epoxy-based materials in a great number
of industrial applications.

In 2013, Williams and co-workers’ synthesized an environmentally friendly epoxy
resin from renewable chemical feedstock able to relax the stress without the use of
any catalyst. Also, Han et al.”® prepared a catalyst-free epoxy vitrimer, reacting a
hyperbranched epoxy with succinic anhydride, demonstrating that catalyst-free
transesterification is possible by increasing the concentration of hydroxyl moieties.

In addition, the possible use of epoxy vitrimers in composite materials was
demonstrated by Tournilhac and co-workers®® who synthesized an epoxy vitrimer that
is compliant with continuous fibre composite technology. Also, Legrand et al.%!
demonstrated the possibility to incorporate silica nanoparticles in the epoxy matrix
without loss of vitrimeric properties.

To date, the transesterification is the most studied exchange mechanism to obtain
vitrimers, thanks to the wide availability of monomers like alcohols, acids, epoxides
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and ester containing compounds. In this way, the concept of transesterification has
been extended to other polyesters which intrinsically provide abundant ester
groups 886

I-4.2 Transcarbamoylation

Polyurethanes (PU)s are one of the most common polymers used to obtain
thermosets and elastomers, therefore the investigation performed on the dynamic
nature of carbamate bonds has been very important to reduce their environment
impact.

The vitrimeric characteristics of PUs were demonstrated for the first time in 2015 by
Dichtel and co.,®” that investigated the reprocessability of polyhydroxyurethane (PHU)
networks, taking inspiration from the “old” works of the Tobolsky’s group on the stress

relaxation in crosslinked polyurethanes.*”88

Dichtel’s group synthesized PUs by the reaction of polyfunctional cyclic carbonates
with amines providing one hydroxyl group per carbamate linkage, without the use of
any catalyst. This methodology is more environmentally friendly and safer because of
the elimination of isocyanates as starting monomers. These materials underwent
topological exchange at elevated temperatures, via hydroxyl mediated
transcarbamoylation (Figure I-12), within a large reprocessing time between 4-8 h at
160 °C. However, the mechanical properties of PUs after reprocessing were only

recovered in a proportion of around 75%.578°

H H
N._O. _N__O.
R Ry * HORy == R{ 7y "Ry + HO™Rs
0 0

Figure I-12. Hydroxyl mediated transcarbamoylation reaction between urethanes and hydroxyl
groups.

In 2016, Xie and co-workers® discovered a more direct and practical approach to
reprocessing PUs. They demonstrated that PUs without an excess of hydroxyl groups
could relax stress via transcarbamoylation reaction in the presence of a catalytic
amount of dibutyltin dilaurate (DBTDL), as represented in Figure 1-13. This explanation
was supported by a stress-relaxation study on different PUs varying the concentration
of the residual hydroxyl groups. They observed a relaxation rate, which was
independent on the amount of free hydroxyl groups in the network structure. The
carbamate exchange reaction was also proved through chemical studies performed
on model compounds.*®

H H Tin-catalyst H H
o N o - N (@] (ON

R(NY "R, + Ry Y "Ry R W "Ry o+ Rs/NY R,

o O (0] (0]

Figure I-13. Tin-mediated transcarbamoylation reaction between urethane moieties.
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Based on the transcarbamoylation interchange, Peiyao et al.®! , demonstrated the
ability of the PUs to be recycled, in the presence of DBTDL, recovering around 85-90%
of the original stress at break.

Trying to clarify the mechanism of the dynamic urethane bonds, Dichtel’s group®?
performed a mechanistic study of the exchange mechanism in polyurethane networks
in the presence of another Lewis acid, tin (ll) octoate. The urethane reversion to
isocyanate and alcohol was demonstrated to be the main responsible of the exchange
mechanism. For these materials, a dissociative mechanism was proposed, in absence
of free hydroxyl group in the network, although the relaxation studies showed a
vitrimer-like behaviour without any sudden decrease in viscosity, fitting an Arrhenius
model.

In addition, Sardon and co-workers®®* demonstrated that the dynamic nature of
polyurethane networks is dependent on different factors: isocyanate type, NCO/OH
ratio, and type of catalyst. They proposed two different exchange mechanisms:
associative in the presence of free alcohol groups and dissociative by means of
urethane linkages dissociation. They found that DBTDL was able to accelerate both
types of exchange mechanisms, while p-toluenesulfonic acid (PTSA) effectively
catalyzed only the associative exchange and 1,5,7-triazabicyclodec-5-ene (TBD) was
inefficient in both cases.

Very recently, Dichtel’s group demonstrated that commercial PU thermosets, without
any excess of hydroxyl groups, can be reprocessed via post-synthetic introduction of
DBTDL, a scheme of the experimental procedure is proposed in Figure I-14. This
process imparts malleability in crosslinked polyurethane via direct carbamate
exchange, in agreement with the previous discoveries.?

A Cross-linked PU foam Introduction of catalyst Solvent removal
. ,“;g" 5 + | Dynamic PU
@ &/ networks
— == — BPaer s L §
W :-J.l‘-: 74

o oo
Foam with .
Twin-screw mixing Films or
catalyst filaments
L3 ¥ { e ]
P by —» v . o .
FLn) r=—d R ;v‘

—_—

Figure I-14. (A) Method of introduction of catalyst into static PU foams (B) Scheme of
microcompounding catalyst-loaded PU foam into filaments, by Dichtel et al.%*
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I-4.3 Imine-amine exchange

Imines, referred as Schiff bases, are formed by the reversible condensation reaction
of primary amines with aldehydes (Figure 1.15a).%® Their dynamic nature has been
known for a long time,’®®7 in particular imine can show dynamic behaviour via
associative or dissociative pathways.>?

The associative dynamic character is based on either metathesis (imine-imine
interchange) (Figure 1-15b), or transamination (imines react with amines) as depicted
in Figure I-15c. To follow an associative mechanism, it is essential to previously remove
the water produced in the preparation of the imine network, since imines react
reversibly with water (Figure I-15a); or alternatively to start from functional
monomers with imine groups in their structure. This last strategy is the easiest, when
synthesizing thermosets with imine structures.

Ry . xR
a) RS0 *+ pNT2 == RUONTZ + HO

xR S Ry R N R
b) RN v RyTONTH == RONTH + RS ONT

xR Ry . ~ R R
c) R1/\N 2+ H,N 3 == R1/\N 3+ H,N 2

Figure I-15. Reversible reaction of imine: (a) condensation reaction, (b) imine metathesis and
(c) transamination.
The potentiality of polyimines as vitrimeric materials was extensively studied by Zhang
and co-workers.?®1° They synthesized recyclable crosslinked polyimines via
condensation of polyfunctional amines and aldehydes. These materials exhibited
Arrhenius type malleability through imine exchange or imine metathesis at high
temperature. Additionally, these materials were reprocessed at a lower temperature
by adding water through imine condensation/hydrolysis, leading to a green chemical
recycling process.’® In 2016 they found that the imine bond exchange is mainly
catalyzed by residual dangling primary amine chain ends, present in the network, via
transamination reaction. In accordance with the previous results, Caccia et al. showed
that even a small amount of primary amines can produce a transamination exchange
reaction.!®! In addition, imine chemistry is also interesting since polyimine vitrimers
could be synthesized from biobased compound, as vanillin.}>%  For example,
Avérous and co-workers'® synthesized a family of biobased polyimine vitrimers
without an excess of amine. The malleability was achieved via exchange of imine
linkages. Moreover, they accelerated the relaxation rate of the materials by reducing
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the crosslinking density, pointing out that the relaxation properties can be tuned by
only changing the physical properties of the networks.

I-4.4 Transamination of vinylogous urethanes

Du Prez’s group exploited the transamination reaction in vinylogous urethane
networks.’®® Vinylogous urethane vitrimers were synthesized via condensation
reaction of polyfunctional amines and acetoacetate esters in the presence of an
excess of amine, which is required to participate in an associative exchange
mechanism. The exchange reaction occurred at temperatures above 100 °C, also in
absence of catalyst, via rapid addition/elimination reactions between chain-end
amines of vinylogous urethane and primary amine, as it is represented in Figure I-16.
0 HN R, PN 0 HN" R, N

R1\O _ + H3N R3 ~ - R1\O _ + H3N R2

Figure 1-16. Transamination reaction between vinylogous urethanes and amines.

The vinylogous urethane exchange reaction could be accelerated by addition of acid
and base additives.®® Depending on the acidic or basic catalyst selected and the
amount of free amines, two different chemical exchange mechanisms could be
observed. In the protic pathway, the mechanism occurred via an iminium
intermediate, while in aprotic conditions it passed through a direct Michael addition

mechanism.%’

Taplan et al. obtained a vinylogous urethane elastomer that relaxed in only 0.3 s at
160 °C by adding proton donor species (i.e. p-toluenesulfonic acid).1%® This allowed
reprocessing for the first time a vitrimer by means of an industrial procedure via
extrusion techniques.

Vinylogous urethane or imine based materials are quite promising as malleable
crosslinked materials, notably for their fast relaxation rate compared to other types
of covalent adaptable networks.

1-4.5 Olefin metathesis

In 2012, Lu et al.1®® reported the use of olefin metathesis to generate adaptative and
malleable polymer networks. In this study, polybutadiene was radically crosslinked
using second-generation Grubbs ruthenium alkylidene catalyst. The malleability of the
network is derived from the olefin metathesis reaction, which covalently shuffles C-C
double bonds in the bulk of the network, as it is depicted in Figure I-17a. Moreover,
Guan and co-workers also demonstrated the effect of the catalyst concentration on
the relaxation behaviour of the materials.?'% As expected, the higher the catalyst load,
the higher self-healing properties were reached.
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a) ARe s AR — AR 4 X R
R, R R, Rs

b) R1/\/R2 . [Ru]§/R3 _— R1/\/R3 + [RU]VR3

Figure I-17. Olefin metathesis: a) between two olefinic compounds and b) by using a second
generation Grubbs catalyst.

These materials rapidly relax stress and can be reprocessed even at room
temperature, due to the high activity of Grubbs catalyst, leading to a self-healing
behaviour under ambient conditions (Fig. 1-17b). However, since this exchange
reaction is already active at room temperature the materials could display undesirable
creep phenomena at service temperature. To solve this problem, the Guan’s group
significantly improved durability and mechanical properties of polyolefins containing

Grubbs catalyst including hydrogen-bonding moieties in the network.*?

Further developments on this chemistry were made using latent ruthenium catalysts.
In this way, the reaction had to be activated by thermal or photo stimuli, resulting in

a more robust polymeric material 112113

I-4.6 Disulfide interchange

Recently, dynamic sulphur-based chemistries have been deeply implemented in the
preparation of crosslinked networks to obtain degradable, reprocessable and self-
healable materials. Tobolsky et al.}'%#!'> initially investigated sulphur containing
materials in the 1960’s, using the disulfide exchange to achieve stress relaxation in
vulcanized rubbers.

In the last decades, several research groups incorporated disulfide moieties in epoxy
thermosetting networks. In 1990 Tesoro et al. synthesized reprocessable and

degradable thermosetting epoxy resins thanks to the ability of the disulfide bonds to
cleave, reform, and exchange under certain conditions. %7

Klumperman and co-workers investigated the self-healing ability of disulfide

exchange, reporting that two different mechanisms can occur as represented in Figure
|-18.56’118

S R _S.

_R
a) R/ s * Ry TS

S\~«/R3 +

= R/ s

_s.

R
R, 4

.
b) r-Svg N2 ¢ HS-Ry = pg-SgRs + Hs-R

Figure 1-18. a) Exchange reaction between disulfides; b) Exchange reaction between thiol and
disulfide.
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In a first work, they used the disulfide-disulfide exchange chemistry to introduce a
self-healing ability in a covalently crosslinked rubber, Figure 1-18a. Also, an associative
exchange mechanism via an addition/elimination substitution with free thiols was also
proposed, as it can be seen in Figure I-18b. However, as the free thiols can easily
oxidate in oxygen atmosphere, these materials showed deterioration of the dynamic

properties over time. 18

The disulfide metathesis can be also photo activated, as demonstrated by the Rowan’s
group,?® that obtained a photohealable polydisulfide network, in which cracks could
be rapidly healed via ultraviolet light (UV) irradiation.

Odriozola and co-workers increased the bond exchange rate, in disulfide based
thermosets, incorporating aromatic disulfides bridges in the network structure
instead of aliphatic disulfides.>>120:121

In their first work,*?°

poly(urea-urethane)s elastomers were reprocessed through
aromatic disulfide metathesis at room temperature in absence of catalyst. They also
incorporated aromatic disulfide moieties in epoxy matrices, obtaining ‘dynamic”
epoxy resins that had mechanical properties equivalent to the reference epoxy
counterparts, while displaying new features such as (re)processability, reparability

and recyclability.??

1-4.7 Siloxane and silyl ether exchange

The equilibrium exchange of siloxane dynamic bonds was already explored in 1954 by
Osthoff et al.,*”® which discovered that stress relaxation of crosslinked
poly(dimethylsiloxane) (PDMS) elastomers can be triggered via acid or base catalyst

at elevated temperature.'?

Similar to other dynamic reversible reactions, McCarthy and co-workers'? in 2012
rediscovered this “old” chemistry, synthesizing self-healing PDMS rubbers trough
siloxane anionic equilibration, which is represented in Figure 1-19. In this work,
McCarthy qualitatively demonstrated the healing properties of the PDMS in presence
of base catalyst.

~ | < =

Si Si. + O/Si\R - R /Si\O/Si\R + O/Si\R
X@ @ 3 1 3 @ @ 2
X

Figure 1-19. Siloxane silanol exchange reaction in basic medium.

In 2017, Guan and co-workers®® implemented Si-O based materials reporting the first
example of a silyl ether exchange-based vitrimer, introducing a silyl ether linkage in a
polystyrene network. The exchange occurred via an addition/elimination reaction in
presence of free hydroxyl groups (Fig. I-20a) and the resulting vitrimer exhibited a fast
relaxation in combination with a high Tj.
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Figure I-20. Exchange reaction between silyl ethers and alcohols; b) silyl ether-silyl ether
exchange reaction.

126 reported that silyl ether groups can directly

Two years later, Guan and co-workers
exchange without the need of free hydroxyl groups, via metathesis reaction of silyl
ether catalyzed by a Brgnsted or Lewis acid catalyst, Figure 1-20b. The resulting
malleable thermosets showed exceptional thermal and oxidative stability, thanks to
the absence of free alcohol moieties in the network, which can lead to possible side-

reactions and to oxidation phenomena, especially at elevated temperature.

I1-4.8 Boronic ester and dioxaborolane metathesis

Boronic esters are cyclic esters formed through the condensation reaction between

boronic acids and alcohols, usually 1,2- or 1,3-diols.*?’

The dynamic exchange with hydroxyls and diols has been used in boronic ester
transesterification vitrimers by Guan’s group,'?® that synthesized two crosslinked
polymers that show malleability and self-healing properties, based on the chemical
process shown in Figure |-21a.

R, Ry

HO.__R4 HO_ _R,
(0] —_ (0]
a) é/&Rs " I E‘;/&Rs ’ I
R{ ~0 HO™ Rs R ~0 HO™ 'Rgs
R, R, R, R,

Figure I-21. a) Exchange reaction between boronic esters and diols; b) Metathesis reaction
between two dioxaborolanes.

Similar to the silyl ethers exchange described in the previous section, in 2017, Nicolay
and Leibler'?® discovered that dioxaborolanes could also be exchanged through the
metathesis reaction, without the need of free hydroxyl moieties in the polymer
network, as it is represented in Figure I-21b. In this way, the reaction could start at
moderate temperatures, from 60 °C, also in absence of catalyst. Moreover, these
dioxaborolanes were thermally and chemically resistant, also thanks to the absence
of free diols, avoiding side reactions at elevated temperature. Leibler and co-

130

workers incorporated dioxaborolanes as crosslinking groups in commercial

thermoplastic polymers, such as polystyrene, high-density polyethylene and
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poly(methyl methacrylate) via functionalized monomers or post-polymerization
modification, converting for the first time thermoplastics in vitrimers. In additional
studies, they demonstrated the possibility to process polyethylene vitrimers via
injection moulding and reaction extrusion. Despite all these improvements the
hydrolytic stability of the boronic ester moieties remains a trouble that could limit the
industrial application of this chemistry.

1.4.9 Transalkylation of triazolium salts

Transalkylation exchange reactions were reported for the first time by Drockenmuller
and co-workers as a new vitrimer chemistry.'3! The poly(1,2,3-triazolium) (PTIL)
materials were synthesized via one-pot process without addition of any catalyst or
solvent, by the reaction of alkyl halides and poly(1,2,3-triazoles). The bond exchange
between triazolium and extra alkyl halide dangling chains in the network was studied
first by using model compounds and later in bulk materials. This exchange reaction is
presented in Figure 1-22. The model studies seemed to indicate an associative
mechanism and it was confirmed by stress relaxation experiments on the poly(1,2,3-
triazolium) based materials which also showed an Arrhenius temperature
dependence. The prepared polymers were also insoluble in a series of solvents at
elevated temperature, fulfilling all the standards to be a vitrimer. In this way

Drockenmuller and co-workers reported the first example of ionic-conductive
131

vitrimers.
Rz Rz
'}‘,"\; Rs X" R, == I}II’N/ Ry * X R
R1\/% Ry~ N
xe Xe

Figure 1-22. Transalkylation exchange reaction of triazolium salts.

In a further study of the same research group**? they tuned the viscoelastic properties
of PTIL materials varying the monomer/crosslinker ratio. The materials were tested by
X-ray photoelectron spectroscopy and rheometry experiments to correlate variations
in the chemical composition of the networks with variations of the viscosity profiles.
Based on the combination of these techniques, they discovered that the exchange
mechanism was non-concerted and dissociative, and it occurred via two-step
dealkylation and realkylation mechanisms. These results contradicted for the first
time the definition of vitrimers, showing that a dissociative exchange mechanism can

also display the viscoelastic characteristics of vitrimers.!3?

In conclusion, they demonstrated the possibility for dissociative CANs to show
vitrimer-like properties and reported a valuable example of how to tune material
properties by changing monomers structure, stoichiometry or catalyst.”?
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1.4.10 Transesterification of phthalate monoesters

In 2019 Du Prez and co-workers,'3® trying to obtain an example of free-catalyst
transesterification, developed the phthalate monoester transesterification as a new
dynamic chemistry for CANs. The reaction is presented in Figure 1-23.

(e} (0}
R4 PN R4 PN
O R, PN O R> PN
* H Ry =— * H R
o 07 Ry \©f’tOH 07 "Ry
O (¢}

Figure I-23. Transesterification exchange reaction of phthalate monoesters by alcohols.

Since this reaction was the first example of this chemistry in the field of CANs, they
first conducted a study based on model compounds to assess the effect of the
neighbouring groups on the transesterification kinetics and to determine whether the
mechanism was associative or dissociative. Surprisingly, the model study showed that
the monoesters undergo fast transesterification via a dissociative mechanism, due to
the free carboxylic acid as internal catalysts, which reversibly forms an activated
phthalic anhydride intermediate. Moreover, a series of polymeric materials were
synthesized by the reaction of diols and triols with bifunctional phthalic anhydrides.
The viscoelastic properties of the materials, determined via stress relaxation
experiments, showed a linear evolution of the viscosity with temperature, despite the
dissociative mechanism, indicating that the degree of depolymerization was not
dominant within the range of temperature analyzed. The dissociative nature the
polymer was demonstrated by dissolution experiments in a hot solvent, which

resulted in the full dissolution of the polymeric network.!33

I-5 Applications of vitrimers and advanced thermosets

As described in previous sections, different interesting chemistries are suitable for
synthesizing malleable materials and other chemistries will surely be described in the
future. In fact, the reprocessable and recyclable properties of these materials have
attracted the interest of the scientific community, especially due to the increasing
attention paid to the accumulation of plastic waste in the environment. Moreover, the
unique viscoelastic properties of CANs can be relevant in many industrial fields. In the
next sections we will discuss some applications of the vitrimers and advanced
thermosets materials.

I-5.1 Malleable thermosets

Vitrimers, as “malleable thermosets”, can address various problems inherent to the
thermoset nature such as healing, reprocessing and recycling ability, but at the same
time preserve the dimensional stability, chemical and creep resistance of their
nature.’””76 These improvements can be achieved thanks to the characteristic gradual
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decrease of viscosity with temperature. By applying appropriate stimuli as
temperature and pressure, it is possible to extend the lifetime of the material,
repairing the possible cracks that could be formed during its use. In this way, the
thermosetting waste can be reduced by enabling remolding and reuse of materials
without increasing costs for consumers.”**> The processability of the vitrimers allows
these materials to be reshaped in another form, once they are cured, without the
need of a specific mould or to be reused in other applications changing their shape.

Moreover, the vitrimeric characteristics can convert thermosets into recyclable
materials. In a typical recycling process, the material is ground in small pieces and then
reformed into a new specimen through a hot-pressing procedure. The resulting
materials, after this procedure, maintain their properties almost unaltered even for
several cycles.

Furthermore, if they are “vitrimer-like polymers” they can be subjected to a chemical
recycling process that allows the starting monomer or another useful compound to be
recovered, using an appropriate solvent.”” A roadmap of the possible CAN waste

Self-repair

treatment is proposed in Figure 1-24.
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Figure 1-24. Roadmap of the possible CAN waste treatment, from waste to obtain new
resource.

I-5.2 Industrial applications

Vitrimers thank to their unique properties will be able to find numerous applications
in different industrial fields, although to date most of the applications are still limited
to academic studies.

Due to the ability of vitrimers to self-weld, with the formation of interfacial crosslinks
between the polymer interfaces, they can be used in the future in adhesive industrial
applications. In fact, different examples of welding of vitrimers have been reported in
the literature, 82134138 byt their industrial use is still in its early stages.
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An industrial field, where vitrimer can provide an added value is the preparation of
polymer composites. Using vitrimeric matrices as binding agents for the fibres can
allow to process, recycle, repair, and even recover the expensive fibres in composite
materials.

Until now different dynamic covalent chemistries have been used to produce
composite vitrimers such as: transesterification,®"!3° transamination,**%*2 jmine
exchange!¥®1%4 and disulfide exchange.12%145146

At industrial level an interesting start-up company, Mallinda, focused their research
and production on malleable fibre reinforced polymer composites using a polyimine-
based polymer. Taynton et al.1%%'% prepared carbon fibre reinforced plastics (CFRPs),
in absence of catalyst, that exhibit malleable behaviour only when heated above the
glass transition temperature. Moreover, those materials could also be recycled by
dissolution in ethanol solution, as shown in Figure 1-25.

it

Searate
¢ g,

Recover

Figure 1-25. New recycling paradigm of the polyimine-based composites, by Taynton et al.’#*.

I-5.3 Shape-memory polymers

Today, there is an increasing demand for polymers for advanced applications.
Advanced polymeric materials that exhibit special functions in response to external
conditions are defined as smart polymers, also called stimuli-responsive polymers.*’
Vitrimers, are opening new possibilities in this field with their ability to undergo

permanently macroscopic changes in their shape in response to a stimulus.4&14°

Shape-memory polymers (SMP)s are a class of stimuli-responsive materials that are
capable to adopt a temporary shape and then recover to their original shape upon the
application of an external stimulus, known as shape memory effect (SME).1>%1>! An
example of SME is presented in Figure 1-26.
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Figure I-26. Qualitatively illustration of the shape-memory effect in polymers, by Sun et al.**2.

The SME is the ability of a SMP to store and release large energy contributions as a
form of shape transformation, generating motion. The SME is not an intrinsic property
of the polymer, since an external programming is necessary to reconfigure and adapt
the network structure.

This effect usually consists of a thermomechanical process during which the material
is heated up to a temperature close to or higher than a structural transition of the
network (Tians) and deformed to a second temporary shape by application of an
external force.

The Tirans of @ SMP is a temperature which coincides with the polymer glass transition
temperature (Ty) or melting temperature (Tm). In the rubbery state the polymer can
be easily deformed, and the chains are aligned in the direction of the applied external
force.

From an energy point of view, the polymer goes from an equilibrium high entropy
random coil state to a non-equilibrium low entropy aligned state, stabilized by cooling

down the polymer, and maintaining applied the external force.*>?

This non-equilibrium state will remain stable until an appropriated external stimulus
is applied, and the strain energy stored during cooling is released driven by the
entropic change during the shape-recovery. SMPs are divided in different categories
depending on their network structure, on the triggering stimulus and many others.

In this thesis, we focused our attention on the shape memory thermosets activated
by temperature, one of the main subjects of our research group.1>+1%8

I-5.3.1 Shape-memory thermosets

Thermoset-based SMPs are increasingly studied for their mechanical performance,
durability and a high degree of shape recovery due to an excellent rubber elasticity at
the rubbery region.>160

SM thermosets, after the curing process, take their permanent shape, once they are
heated above Ty. The flexibility and segmental mobility of the chains increase allowing
a large deformation of the material in a second and temporary shape. During this
deformation process, the chains move away from the equilibrium state, and by cooling
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down the SMP below the Ty, the network stabilized because of the reduction of the
chain mobility due to the vitrification process, fixing the temporary shape under a non-
equilibrium state. Once the temperature increases above Ty, the network can move
towards the equilibrium state producing the recovery of the original shape. In Figure
I-27 a scheme of the SME for thermosetting shape-memory polymers is presented.

Original shape Shape-transformation

Heating
_

Deformation

Cooling

Heating
—

Shape-recovery Shape-fixation

Figure 1-27. Representation of the SME in thermosetting polymers activated by temperature.

Currently, thermosetting SMPs are studied and applied in many research areas such

166,167

as robotics, 61162 gerospace,®® textile application,®#!%> biomedical devices and

many others.

SMPs usually can retain only two shapes, the permanent and the programming shape,
but recent technological advances have allowed the introduction of multi-shape-
memory materials, which are able to adopt different temporary shapes and then
recover to its permanent shape incorporating several discrete thermal transitions or

molecular switches into SMPs, 168170

As a drawback, SMPs usually take permanent shape of simple geometry that is
impossible to change due to the permanent covalent bond nature of the network
structure.

1.5.4 Thermadapt shape memory polymers

The concept of vitrimers has addressed limitations in many polymer fields and opened
new possibilities and applications previously unthinkable. For instance, the design of
a shape memory material with an appropriate vitrimer chemistry could overcome the
above mentioned classical limitations of the shape memory thermosets, offering the
possibility to manipulate the permanent shape of the materials, changing their
topology by covalent bond exchange.” This ability can be used in shape-memory
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thermosets to generate unlimited permanent shapes and to simplify the preparation
of SMPs with complex geometry without the need of a complex mould.

Using vitrimeric materials, it is possible to combine the permanent shape changing,
when the material is heated above the Ty, with the conventional shape memory effect
governed by the entropic change, an example of this effect is proposed in Figure 1-28.

Shape memory effect

| Poly(thiourethane) Poly(thio Oiy(lhloure'hane) Foly(l T2 Tz
Poiy({thiourethane) Poly(thio " —

Poly(thiourethane) Poly(tt

Poly(thi-urathane) Poly(! |Poly(thiourethane) Poly(tl
Poly(thiourethane) Poly(thio

Poly(thiourethane) Poly(f |Poly(thiourethane) Poly(t}

T=180°C
40 min

T2T,

11 ) 2oly(thiourethans) Po E_, ) »oly(thiourethane) Poly:

) Poly(tiisurcinane) Po Pon(thi;hﬁ *halc) Po ) Poly(tieurcinane) Poly

40 min

Permanent shape change

T=180°C ’

il

N BN . \e) Poly|
/(thiourethane) Poly(thiot ¥(thiou- ** =€) Poly(t! (thiourethane) Poly(!
(tniourethane) Poly(thior (thiourethane) Poly(t

(thiourethane) Poly(t

Figure 1-28. Representation of shape memory behaviour and permanent/plastic shape change
for vitrimer.

To distinguish the behaviour of vitrimeric SMPs from the commonly SM behaviour of

thermosets and thermoplastic a new term was coined by Xie and co-workers, who

called this phenomenum thermadapt shape memory.5%°°

This characteristic behaviour has attracted significant attention and epoxy resins,’*-
173 and polyurethanes®>!’#17® have been the most explored shape memory CANs,
simplifying the preparation of different and complex permanent shapes.

1.5.5 Dual curing

An interesting technique to obtain advanced thermosets is the dual curing procedure,
which combines the possibility to develop custom-tailored materials, with a large set

of properties, with flexible processing ability.'”®

Dual curing is a novel methodology to develop dual network thermosets. This
procedure combines two different polymerization processes which can take place
simultaneously or sequentially during the curing process, triggered by similar or
different stimulus such as heat or UV light.*8°
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Simultaneous dual-curing is not particularly interesting for advanced applications
since it only affects the properties of the final materials. Therefore, the interest of the
scientific community is focused on sequential dual-curing systems, 181183

Sequential dual-curing processing is a highly attractive strategy that provides stable
and well-defined intermediate materials after completion of the first curing stage,
displaying high deformability and malleability as long as the intermediate material is

stable.18

The structure of the intermediate and final network and properties of the dual-cured
materials can be tuned by changing the monomer structures, functionality, and
stoichiometric ratio of the monomers involved in the reaction.®>1% A scheme of the
sequential dual-curing procedure is presented in Figure 1-29.

Mixture of |
monomers . Intermediate material Final material |
&9 » _ 1stcuring - 2nd curing |
. o |
B aes N . 1“ =) : — ,
. e Trigger 1 - Trigger 2 — ez "
| ; ﬁ
' i ' ' |
|
Liquid-like+ K Processing requirements Application requirements |
Solvent free e

Figure 1-29. General representation of dual-curing processing by Ramis et al.18

Different polymerization reactions are suitable to be employed in the dual-curing of
thermosetting formulations, nevertheless “click” reactions (which will be presented in
the following section) are of especial interest for their specificity. Because of the
control of the intermediate material characteristics is mainly performed by selecting
the convenient stoichiometry of the reactants participating in the first polymerization
stage, click reactions are usually selected to carry out this step, since using this
chemistry the stoichiometry is assured. As an example, two click reactions, the

|Il

photoinitiated “thiol-ene” followed by the thermal “thiol-epoxy”, were combined by

Guzman et al.*®” to obtain dual networks with customized properties.

1.6 Click-chemistry

The term “click-reaction” was coined by Sharpless et al.'®® to describe a variety of
chemical reactions characterized by their orthogonality, selectivity, and high
efficiency.

Click reactions have the following characteristics: modularity, high yielding or even
quantitative, stereospecific, insensitive to oxygen, humidity or water, solvent-free,
and they are performed using readily available starting materials and reagents in mild
conditions.’®818 Thys, these reactions can be considered as environmentally friendly

31



IVERSITAT ROVIRA I VIRGILI
VANCED THERMOSETS BASED ON THIOL-ISOCYANATE CHEMISTRY
ancesco Gamardella

Chapter |

from the point of view of the low residues generated, atom economy and energy
saving.

A large number of chemical reactions fit the click-criteria, among them “thiol-click”
reactions are interesting since they proceed rapidly in reference to other click
reactions and under mild and solvent-free conditions and therefore can be performed
in an environmentally friendly manner.'®® Thiol chemistry according to the reaction
mechanism can be divided in base-catalysed nucleophilic reactions like thiol-epoxy,
thiol Michael and thiol-isocyanate, and radical-mediated reactions as thiol-ene and

thiol-yne.?*?

At the same time, the thiol-click reactions show some disadvantages such as the
unpleasant thiol smell or short shelf stability for many formulations due to the high
reactivity of the monomers involved in the reaction.®? The last issue can be controlled
with the use of latent catalysts. These types of catalysts are passive until an external
stimulus activate them and the reaction is triggered. In this way, the pot-life of the
formulation can be increased and the kinetics of the reaction can be controlled.

1.6.1 Thiol-isocyanate reaction

Thiols (R-SH) are the sulphur analogous of alcohols (R-OH), where the oxygen atom is
substituted by the sulphur, but their functions and reactivities are quite different.

The lower electronegativity of the sulphur atom in reference to the oxygen makes the
S-H bond longer and weaker than the O-H. Thus, the thiol bond is less polarized than
the hydroxyl, which leads to weaker hydrogen bonding and lower boiling points of
thiol compounds. Thiols are also more acidic than alcohols, due to the weakness of
the S-H bond and the distribution of the negative charge within 3d sulphur orbitals.
Furthermore, thiols are more nucleophilic than alcohols, which means that in the
presence of a base catalyst that generate thiolate anions, the reaction will proceed

rapidly in reference to their oxygen-based counterparts.1®3

Thiol-isocyanate reaction, in the presence of a base, has been a well-known reaction
for many years,'® but only recently it has been included in the family of the click
reactions and is increasingly attracting attention of the scientific community.**> In fact,
the thiol-isocyanate nucleophilic coupling reaction leads to a fast, efficient and high-

yielding process without the formation of by-products.*®

The reaction mechanism of the thiol and isocyanate in presence of base catalyst is
presented in Figure 1-30a. The reaction starts by the rapid abstraction of a proton by
the base from a thiol, due to its relatively low pKavalue, with the formation of thiolate
anion, which are the species that attack the partially positive charged isocyanate
carbonyl carbon. This leads to the formation of a negative charge on the nitrogen in
the thiourethane, which extracts a proton from a neighbouring thiol to stabilize the
thiourethane moieties with the subsequent generation of a new thiolate anion.
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a) Basic catalyst

w o 0
s =C=N—R, o R,—SH
Re—SH Re—S ————> R,—S—C—N—R, — > R,—S—C—NH—R, + Ry—S*
b) Acid catalyst
0
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Figure 1-30. Proposed mechanisms of poly(thiouretane) formation in both basic and acidic
conditions.

The most common basic catalysts involved in the thiol-isocyanate reaction are tertiary
amines such as triethylamine (TEA)¥’ or amidine compounds such as 1,5-
diazabicyclo[4.3.0]non-5-ene (DBN) or 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU),*°®
leading to a very rapid reaction. The reaction times are frequently of the order of
seconds, that can limit their use in polymer synthesis.!®® To overcome this issue, the
use of a latent amine initiators has been proposed by Salmi et a/.?°° and Shin et al.,?**
and in both works the reaction was triggered by UV irradiation.

Alternatively, this reaction can be catalyzed by Lewis acids,?®

usually by Tin catalyst
like dibutyltin dilaurate (DBTDL),?°®> and the mechanism of the poly(thiourethane)
formation is shown in Figure 1-30b. The reaction proceeds via the coordination of the
tin-catalyst with the oxygen or nitrogen lone pairs of the isocyanate (electrophilic
activation) which can be attacked by the low nucleophilic thiols, with a slower reaction

rate.

The main application where crosslinked poly(thiourethane)s (PTUs) have been used is
the preparation of optical materials, thanks to their high refractive indexes. In the
preparation of optical PTUs usually tin catalysts have been selected to obtain excellent
homogeneity, optical characteristics and good mechanical performance.?%42%

1.7 Objectives

1.7.1 Problem statement

As already stated in the previous sections of this work, the design and preparation of
polymeric materials that combine the reprocessing properties of thermoplastics and
the advantages of thermosets is crucial to relieve the environmental pressure.
Different reversible covalent networks have been explored and used to form
reprocessable materials, among them the polyurethane crosslinked materials are one
of the most widely studied.

Poly(thiourethane)s (PTUs), compared to their oxygen counterparts (PU), can present
similar properties due to the presence of hydrogen bonding in both materials, but they
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present several advantages. They are obtained by click-type reactions from
isocyanates and thiols. Thus, their formation it is not accompanied by side-reactions
contrary to what occurs in the poly(urethane) synthesis and therefore, a
homogeneous material with tailored properties can be easily obtained.

Since the vitrimeric behaviour in poly(urethanes) was attributed to a
transcarbamoylation or carbamate exchange reaction, it was hypothesized that
analogue mechanisms can occur with poly(thiourethane) thermosets. Furthermore,
since thiols are more acidic than alcohols and sulfide anions are more nucleophilic
than alkoxides and at the same time better leaving groups, the exchange process in
poly(thiourethane)s could be faster than the one observed in poly(urethane)s.

It is important to notice, that at the beginning of this project, no examples of
poly(thiourethane) bond exchange chemistry to obtain covalent adaptable networks

5 used

had been described yet. Parallel to our work, Torkelson and co-workers?°
poly(thiourethane)s to develop a new type of adaptative covalent networks,

illustrating the strong interest of the scientific community in these materials.

1.7.2 Goals of the thesis

The main objective of this doctoral thesis is to design, synthesize and characterize
advanced poly(thiourethane)s thermosets (PTUs) with the ability to be reprocessed
and recycled thanks to the introduction of novel covalent exchange chemistries.

The study on the poly(thiourethane) materials has been divided in five main sections:

1) Preparation and characterization of “thiol-isocyanate” based materials triggered by
a tin catalyst or latent amines. More in detail, the main objectives identified in this

section are:

- Understanding the viability of the “thiol-isocyanate” reaction in acid and
basic conditions catalysed by DBTDL and two latent catalysts that release 1-
methylimidazole.

- Investigate the influence of different aliphatic isocyanates on the kinetics of
the reaction and on the final thermal and mechanical properties of the
synthesized materials.

Il) Development of a new dual-curing procedure, exploiting the approach of the click
chemistry to obtain a sequential dual-curing processing combining “thiol-isocyanate”

and “thiol-epoxy” reactions. The specific objective of the section Il is the following:

- Design of a new dual-curing system based on the thiol-isocyanate/thiol-
epoxy reactions and further characterization of the physical and
thermomechanical properties of the dual-cured materials.

I11) Development and characterization of PTU based shape-memory polymers using
latent-amines. The specific objective of this part is the following:
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- Design and development of a series of poly(thiourethane) thermosets for
shape-memory applications with different activation temperature, but
similar performance.

1V) Development and characterization of covalent adaptable networks based on PTU
chemistry, to demonstrate their ability to undergo a topological change and to study
the effect of the proportion of DBTDL on the transcarbamoylation process. The

specific objectives of the section IV are:

- Demonstrate the viability of transthiocarbamoylation process by using model
compounds.
- Evaluate the effect of the proportion of the tin-catalyst on the relaxation
behaviour.
- Investigate the recyclability of the materials prepared with different
isocyanates.
V) Development of more environmentally friendly PTUs covalent adaptable networks
catalyzed by latent organic catalysts, with the objectives of:

- Replace the metal-based catalyst with a less toxic latent organocatalyst for
the additional purpose of accelerating the transthiocarbamoylation process.

- Investigate the effect of the isocyanate/thiol ratio on the relaxation behavior
and on the recyclability of the final PTU materials.

- Optimize the recycling conditions of the poly(urethanes) obtained by latent
organocatalysts

Observations for the reader

This thesis work is presented as a compilation of scientific papers, which were
published during the PhD period. The reader should thus, consider the presented
articles as subsequent insights and learnings on the topic of poly(thiourethane)s and
their vitrimeric behaviour. Given the novelty of the subject treated, some of the initial
conclusions reported were revised in light of new scientific papers, published in
parallel to this work by other research groups. These new learnings have led us to tune
our conclusions in the last published paper and has driven the general conclusions
reported in this thesis work. This learning process has shaded light on the degradation
mechanism of poly(thiourethane)s and their vitrimeric behaviour.
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1I-1 Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) provides quantitative and qualitative
information about physical and chemical changes that involve endothermic or
exothermic processes, or changes in the heat capacity. The DSC device measures the
amount of heat that flow into or out of samples subject to dynamic or isothermal
heating procedures. The technique is based on detect the difference in the amount of
heat required to increase the temperature of a sample and reference as a function of
temperature.! DSC is the most widely used analytical technique to characterize
thermoset thanks to the possibility to quickly measure the glass transition
temperature. During crosslinking reaction, the formation of new chemical and
physical bonds is accompanied by a release of heat (a typical exotherm curve of a

curing process is shown in Figure ll-1a).

(@ 1 b t

Heat Flow
Heat Flow

Temperature Temperature

Figure lI-1. DSC analysis of polymeric materials: (a) heat released as a function of the
temperature during the curing process and (b) variation of the heat capacity as a function of
the temperature during a glass transition in a thermosetting polymer.

In a kinetic study by DSC the heat released is directly related to the extent of the

reaction, as follows:

dx _ dh /dt (1)

dt  Ah,

L (2)
Ahtotal

Where dx/dt is the curing rate, x is the degree of curing, dh/dt is the heat flow, Ah: is
the heat released from the beginning to the time t and Ah:otaris the total heat released
during the curing process.

On the other hand, second order transitions, such as the glass transition, are
measured through step variation of the heat capacity associated to the structural
reorganization of the network (see the heat capacity jump and the determination

method during the glass transition in Figure II-1b).
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In this thesis, DSC experiments were carried out using a Mettler DSC-3+, Figure 1I-2.
Samples of ~ 5-10 mg of weight were placed in covered aluminium pans with pierced
lids and analysed in nitrogen atmosphere with a gas flow of 50 cm3/min.

Figure 1I-2. DSC-3+ device from Mettler Toledo (left) and detail of its furnace (right).

11-2 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a technique where the mass of a polymer is
constantly measured as a function of temperature or time while the sample is
subjected to a controlled temperature program in a controlled atmosphere.

The TGA is used for different scopes such as: material characterization, degradation
studies, determination of organic, inorganic or moisture content. The instrument
consists of a precision balance, located in a furnace, which can measure the weight as
a function of temperature and time while a purge gas flowing through the furnace
creates an inert, oxidizing or reducing atmosphere.?

A thermobalance Mettler Toledo TGA 2 (Figure 11.3) was used to analyze the thermal
degradation of cured samples. The most important parameters extracted from the
analysis of such curves are the initial degradation temperature, the temperature of
the maximum degradation rate and the char yield.

Figure II-3. Thermobalance Mettler TGA 2 (left) and a detailed image of the oven of the TGA
(right).
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11-3 Fourier-transformed infrared spectroscopy (FT-IR)

Infrared (IR) spectroscopy is one of the most common and widely used spectroscopic
techniques employed to determine specific structures of organic compounds. In this
technique infrared light interacts with a sample which can be solid or liquid. A certain
amount of incident light goes through the sample and a certain amount gets absorbed
by the molecules of the sample, obtaining the absorption and transmission spectrum.?
The signal is transferred to a computer in which Fourier transform (FT) is carried out.
The term FTIR comes from the fact that a Fourier transform is required to convert the
raw data into the actual spectrum.* The principle which allows following the curing
reaction using FTIR measurements is the Lambert-Beer law, which is as follows:

A=¢-C-L (3)

where A is the absorbance of a specie at a certain frequency, € is the absorptivity
coefficient, Cis the concentration and L is the optical pathway.

The resultant absorbance bands are proportional to the concentration of different
functional groups. Therefore, the curing process can be followed by monitoring the
signals of the groups involved in the reaction, before, during and after the curing
process. Since the absorbance is proportional to the optical pathway, L, it is needed
to normalize the analyzed band against a reference band which remains constant
during the curing process. Thus, the conversion x can be determined by FT-IR
experiments and written as follows:
.. (4)
Ay
where At is the normalized absorbance at a certain time and A% is the initial.

In this work, the infrared spectroscopy has been used to determine the progress of
the “thiol-isocyanate” reaction and to evaluate a possible change in the spectra of the
PTU materials occurred after the recycling process.

The FT-IR spectra were recorded with a FT-IR spectrophotometer Bruker Vertex 70
(Figure 11-4), with resolution of 4 cm™ in absorbance mode. The spectrophotometer is
equipped with an attenuated total reflection (ATR) device which is temperature
controlled (heated single-reflection diamond ATR crystal)
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Figure II-4. Photograph of the FT-IR Bruker Vertex 70.

11-4 Gel-point determination (Rheometer)

The curing of thermosets is a complex process, in which crosslinks between polymer
chains are formed during the chemical reactions producing an infusible and insoluble
polymer network. During this process two distinct physical phenomena can take place,
gelation and vitrification of the material.

The gelation time is defined as the time in which covalent bonds connect across the
network and a material of infinite molecular weight is produced. Above the gel point,
the material loses its ability to flow and cannot be processed anymore, therefore
gelation represents the limit of the work life. The gelation leads to a drastic change in
the physical response: the viscosity tends to infinite and the material response
becomes more elastic than viscous. The vitrification takes place when the material
behaves as a glass and the glass transition temperature becomes equal to the cure

temperature.®

In this investigation, the gel-point was determined by means of rheological
experiments. The experiments were carried out using a Rheometer AR-G2 (Figure II-
5a) (TA Instruments, New Castle, DE) equipped with an electrical heated plate (EHP)
and parallel plate geometry (Figure II-5b). The network formation and gel point
determination of the “thiol-isocyanate” systems are presented and studied in Chapter
V.
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Figure II-5. Pictures of the rheometer AR-G2: (a) device and (b) parallel plate geometry.

11-5 Dynamic-mechanical analysis (DMA)

Viscoelastic materials, like polymers, exhibit both viscous and elastic behaviour when
they undergo deformation. DMA is a powerful and commonly used technique to study
the viscoelastic behaviour of polymers. There are three fundamental test methods to
characterize the viscoelastic behaviour of polymers: creep, stress relaxation and

dynamic mechanical analysis.

The most common test is the dynamic mechanical analysis, in which a sinusoidal pulse
is applied to the sample and the sample will deform sinusoidally (Figure 11-6).5

A A

a(®) £(H)

Stress
Strain

Time
Figure 1I-6. Applied strain and related stress as a function of time in DMA.
At any given time, the strain applied to the sample, £(t), follows the expression:
& = g sin(wt) (5)

where & is the strain amplitude, o is the oscillation frequency and t is the time. The

resultant stress, o(t), has the same frequency but a phase lag &:
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o = g, sin(wt + §) (6)
Rewriting equation 6 as follow:
0 = gy sin(wt) cos § + g, cos(wt) sin § (7)

The above equation indicates that the stress has two components: g, cos § which is
in phase with the strain and g, sin § which is 90° out of phase with the strain. For small
strain amplitudes and time independent polymers (linear viscoelastic regime) the
resulting stress can be written in terms of the dynamic storage modulus (E’) and the
dynamic loss modulus (E”):

o
E'=-"coss (8)
€o
o
E" =sing (9)
€o

The storage modulus E' represents the elastic response or the ability to store energy
of the material, while the loss modulus E" represents the viscous response or the
ability to lose energy of the material. The relation between both moduli determines
the damping capabilities of the polymer:

E" (10)
E

The tangent of the phase angle (tan ) or damping factor provides a measure of how

tand =

much energy is lost due to the viscous nature of the material.

Oscillatory tests, at a fixed frequency of 1 Hz and dynamic heating between 2 and 5
°C/min, are usually carried out, to determine the thermomechanical parameters of
the polymer. A typical DMA analysis of a crosslinked polymer is showed in Figure II-7.

——Tan d

Tan &
Storage Modulus

Temperature

Figure lI-7. Evolution of the storage modulus and tan 6 as a function of the temperature at
fixed frequency for a thermoset subjected to an oscillatory stress DMA experiment.
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The thermal transition processes can be described by the appearance of a peak in the
tan 6 curve. The shape of the curve is indicative of the homogeneity of the material,
as the narrower the tan 6 peak is, the more homogeneous the network structure. The
parameter used to quantify the homogeneity is the “full width at half maximum”
(FWHM). The peak of the tan 6 curve is normally used to evaluate the glass transition
temperature (Ty). The other method used to determine the Ty, which tends to be
similar to the T, defined by pure thermal methods, is to consider the onset
temperature of the decrease in the storage modulus, named T4 The Ty temperatures
determined by the two different methods are not identical. It is important to consider
that glass transition occurs in a temperature range and the frequency and heating rate
affect the transition. Criteria for determining the T, are selected depending on the
study and in this thesis the Ty is generally assumed as the temperature of the

maximum of the peak of the tan o curve.

The evolution of £’ is also important and crosslinked polymers present two plateaux
before and after the glass transition. The relatively flat region at lower temperatures
corresponds to the glassy state of the polymer and the value of E” is comparable to
that obtained from static three-point-bending methods, as long as the experiment
proceeds under linear elasticity conditions. The rubbery modulus after the glass
transition is related to the crosslinking density of the network. The relation, according
to the rubber elasticity theory,”® follows the following expression:
Er (11)

" 3RT

where R is the universal constant for gases, T is the temperature at which the Er is

Vg

determined and ¢ is the density of crosslinks.

11-5.1 Creep and Relaxation experiments

Creep is defined as the tendency of a polymer to distort under a fix external load. A
creep test involves loading a sample with a continuous stress and recording the
resulting strain over an extended period of time. The test can be paired with a
recovery test, which assesses how the material relaxes once the stress is removed.®

The inverse of creep experiment is a stress-relaxation experiment. In this test a sample
is studied by applying a constant deformation to the specimen and measuring the
stress required to maintain that strain as a function of time. The sample is quickly
distorted to a set length and the stress needed to hold the strain decreases over time.

Creep and stress-relaxation data can be treated as mainly reciprocal, and the
deformation mechanisms associated with these experiments are both related to the
molecular segmental motions of the polymer. In a creep experiment, the continuous
loading gradually induces strain accumulation as the polymer molecules tend to rotate
and unwind to accommodate the load. Similarly, in relaxation test, after the sudden
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initial strain, over time the molecules will again rotate and unwind so that less stress
is needed to maintain the same strain level.l° The viscoelastic flow properties of a
thermoplastic are due to the lack of primary bonds between molecular chains that
allow molecular movement. In thermosets due to the presence of crosslinking sites
between molecular chains the segmental motion is further limited.

A typical creep test for thermoplastic and thermosets is presented in Figure II-8a. For
a thermoset the strain will tend to a constant value after a long time because the
crosslinks do not allow flow, even if some creep does occur in thermosets at high
temperature if the crosslink density is low enough, in highly crosslinked materials no
creep is usually observed. For a thermoplastic the strain can increase untethered as
the molecular chains start to rotate and unwind allowing viscous flow. Once the stress
is removed also the resulting strain variation depends on the nature of the polymer,
Figure II-8b. For an ideal thermoset material, the strain will decay to zero after a
sufficient interval of time, since they retain a remarkable memory of their original
structure. For an ideal thermoplastic material, a residual deformation will remain even

after a very long (or infinite) time.

s (a) (b)

Stress
Stress

&
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B

Time Time

+  Thermoplastic
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\ »
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¥

Time Time

Figure 1I-8. (a) Creep and (b) creep recovery tests: stress input above and qualitative stress
response for thermoplastic and thermosetting polymers below.
A typical strain input and stress output for thermosetting and thermoplastic polymers
in a relaxation test are shown Fig. 1I-9. For an ideal thermoplastic polymer, the stress
decay to zero at long enough times. For a crosslinked polymer, the stress can decrease
to a finite value, since viscous flow cannot occur as the crosslinking points hinder chain

movements.!!
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Figure 11-9. Relaxation test: (a) strain input; and (b) qualitative stress response for

thermoplastic and thermosetting polymers.

DMA measurements were carried out with a DMA Q800 (TA Instruments) equipped
with 3-point-bending, single cantilever, or tension film clamp depending on the tested

sample (Figure 11-10).

Figure 1I-10. Photographs of the TA Instruments DMA Q800 equipment: (a) device and (b)
tension film clamp.

11-6 Tensile tests

Tensile tests consist of applying a controlled uniaxial stress to a sample until failure

occurs and the stress/strain response of the material is registered by a computer. The

tensile properties of the material depend on the experimental conditions such as:

temperature, humidity and testing rate.

Atypical stress/strain curve of a thermoset at room temperature is presented in Figure

II-11a. The stress at break (ob) and deformation at break (eb) are determined from the

failure point. The elastic modulus E is calculated from the slope of the curve in the

linear part of the curve.
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(a) 1

Stress

>

Strain €

Figure II-11. (a) Typical stress/strain response of a thermosets at room temperature and (b)
photograph of the tensile machine (Shimadzu AGS-X).

The specimen size was adapted from ASTM D638 requirements, adopting a Type IV
dog-bone shape (Figure 11-12).

10518 62005

| e ]

\ R4t
— R261

15

Figure II-12. ASTMDG638 - 1V, details of the specimen dimensions (in mm).

In this investigation, uniaxial tensile experiments at room temperature were carried
out using an electromechanical universal testing machine (Shimadzu AGS-X) with a
1000 N load cell at 5 mm/min (Figure 11-11b).

11-7 Characterization of covalent adaptable networks

Covalent adaptable networks (CANs) are crosslinked networks with dynamic covalent
bonds that allow the network to undergo topological change. Therefore, the
characterization of a CAN usually starts from an analysis of the exchange pathway, to
confirm the existence of the dynamic interactions.

Once the dynamic nature of the covalent bonds is demonstrated the typical
characterization of covalent adaptable networks can be divided in three major parts:

1) Characterization of the crosslinked network

First, the thermosetting character of the dynamic crosslinked network has to be
determined by:

- Infrared spectroscopy: to confirm that the reaction is completed and a fully
crosslinked network is formed.
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- Dynamic mechanical analysis: to ensure that the network exhibits a stable
rubbery plateau up to the glass transition temperature, since the flow
properties will be calculated at high temperature. In addition, from the DMTA
analyses the value of the glass transition temperature and elastic modulus in
the rubbery state are determined.

- Thermogravimetric analysis: to evaluate the thermal stability of the
materials, as the characterization and processing of CANs require numerous
heating steps at high temperatures for long periods of time.

- Dissolution tests: to demonstrate that the network integrity in an organic
solvent is maintained. Samples can swell but do not dissolve in good solvents
even after immersion at elevated temperature for a long period of time.

Il) Viscoelastic characterization

Once the crosslinked nature of network is proved, the second part of the
characterization is focused on the analysis of the viscoelastic properties of the CANs
at elevated temperatures. To evaluate these characteristics, different experiments
can be performed:

Stress-relaxation experiments (SRE)s:  to evaluate the viscosity-temperature
relationships, SREs are performed at different temperatures until the material reach
a complete stress relaxation process. In the case of covalent adaptable networks, the
stress relaxation is achieved through interchange of bonds. Two pairs of neighbouring
bonds are broken, and new bonds are formed in a new no-load configuration. When
all bonds are reshuffled the stress reach the zero value. This is represented in Figure
11-13.

ol
16 <=

Figure 1I-13. Schematic representation of the exchange of covalent bond in a stress-relaxation
experiment.

From the stress-relaxation results the characteristic relaxation time (t*) is
extrapolated, defined as the time required for the stress relaxation modulus to reach
37% (1/e) of its initial value. The viscosity and the characteristic relaxation time are
correlated via the Maxwell equation??:
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n=E -1 (12)

where 77is the viscosity, E’ the storage modulus in the rubbery state and t* is the
characteristic relaxation time. The relaxation times, t*, obtained at each temperature
are then plotted in an Arrhenius plot to verify that t* and consequentially i follow an
Arrhenius relationship, Eq. 13:

=1, e(g_%) (13)

where 1o is the characteristic relaxation time at infinite T, Eq is the activation energy
of the bond exchange reaction, R is the universal gas constant and T is the
temperature. Rewriting Eq. 13 as follows:

(14)

Int* =Inty + —
° " RT

the activation energy (Ea) of the exchange mechanism and the topology freezing

transition temperature (7,) can be calculated, referring to Figure 11-14.

..
—”.“-
-“'"
.
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= ot In(t)=m/T +q
* | €7
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<

/T (K1)

Figure 1I-14. Schematic representation of the variation of the relaxation time with the inverse
of the temperature.

The activation energy is calculated directly from the slope of the line, while the T, can
be calculated substituting the value of viscosity of 10%2 Pa-s (liquid to solid transition)
and the elastic modulus in the Maxwell equation obtaining the relaxation time (7%).
Then the extrapolated value of t* is substituted in the Arrhenius relationship to
calculate the hypothetical T, using Eq. 15:
oM (15)
Y In(t) —q
where m and g are the slope and the intercept of the straight line.

Dilatometry experiments: Dilatometry experiments allow to determine the evolution
of specific volume with temperature, in the case of CANs these experiments are useful
to locate the glass transition temperature and then the topological transition
temperature, Ty. This test is convenient and simple to confirm that the network is
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capable of topological rearrangement and provides an easy way to understand when
the exchange reaction became effective.

Creep experiments: creep-recovery experiments are performed to ensure that the
material does not show plastic deformation at the service temperature, behaving like
a crosslinked at ambient temperature or slight above the glass transition. In particular,
elastomeric CANs are susceptible to this problem under conditions of use, as the
molecular chains already present certain mobility at room temperature.

To further validate that CANs behave like a viscoelastic liquid at elevated
temperatures, creep experiments are typically performed. From a series of creep
experiments at different temperatures it is possible to determine the viscosity and
represent the Angell Fragility Plot.!® The viscosity 7 (Pa-s) can be calculated from the
slope of the linear part of the graph strain-temperature, as showed in Figure 11-15.

Y

Strain (%)

Time (min)

Figure 1I-15. Schematic representation of the viscoelastic behavior during a creep experiment
performed on a vitrimer at high temperature.

Then, the logarithm of the extrapolated viscosity at different temperatures is
represented as function of the inverse temperature scaled to transition temperature,
thus obtaining the Angell Fragility plot.!* Hypothetical T, is normally selected as
transition temperature in the case of vitrimers.'® In this work, to elaborate the Angell
Fragility Plot we referred to the Ty, if the Ty is located above the Ty, or to the Ty, if the
Tvis located below the Ty since no physical transition can happen in the glassy state.

1) Recyclability

Once, the ability to flow has been demonstrated, the CANs can be reprocessed and
recycled. To investigate the recyclability of CANs, crosslinked materials are grinded
into small particles and then reformed into a new specimen by hot pressing, as
showed inf Figure 11-16.1%17 The duration and the temperature of the hot-pressing
procedure can be extrapolated approximatively from the results of the relaxation
experiments. To ensure good contact between the polymer powder, the pressure
must be adjusted carefully.

59



UNIVERSITAT ROVIRA I VIRGILI
ADVANCED THERMOSETS BASED ON THIOL-ISOCYANATE CHEMISTRY
Francesco Gamardella

Chapter Il

Original polymer Grinded polymer

Heated under pressure

Figure II-16. Photographs of a typical recycling procedure from the original to the obtained of
the recycled sample.
The properties of the recycled materials are evaluated by comparison with those of
the initial material. The properties are assessed performing a new standard
characterization of crosslinked network via DMA and FTIR and TGA analysis on the
recycled sample. Furthermore, in order to ensure that the mechanical properties of
the materials are not compromised during the recycling process, the tensile properties
of the original and reprocessed materials are tested by means of a uniaxial tensile test.
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Abstract

Different poly(thiourethane) thermosets were prepared by means of a thiol-
isocyanate click reaction, starting from three diisocyanates with different structure
(isophorone diisocyanate, IPDI, 4,4’ -methylene bis(cyclohexy isocyanate), HMDI and
hexamethylene diisocyanate, HDI and a tetrathiol, pentaerythritol tetrakis(3-
mercaptopropionate), PETMP. The curing process was catalyzed by basic and acid
catalysts. The use of a thermally activated base generator (1-methylimidazolium
tetraphenylborate, BG1MI), which is an organocatalyst, allowed a better control of
the onset of the polymerization compared to the dibutyltin dilaurate (DBTDL) or
commonly used tertiary amines. The curing evolution was investigated by DSC and
FTIR spectroscopy.

The materials were characterized by thermomechanical and mechanical tests. The
chemical structure of the network was correlated with the thermal and mechanical
data determined. Homogeneous materials were obtained in all cases with glass
transition temperature (Tg) values in the range between 75 and 150 °C. The thermal
degradation of these materials was investigated and a complex degradation
mechanism with three different steps was observed.

The thermosets obtained using the latent organocatalyst have similar thermal and
thermomechanical characteristics to the ones obtained by using the common DBTDL.

Keywords:

poly(thiourethanes), click reaction, thermosets, latency, organocatalysts.
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1. Introduction

Click-chemistry, introduced for the first time by Kolb et al. in 2001 [1], has attracted a
broad interest in the field of thermosets due to its efficiency, selectivity, speed and
effective reaction mechanism, that leads to the formation of highly homogeneous
materials with high crosslinking density and without the formation of unexpected
structures and volatile by-products [2]. There are several efficient reactions that can
be considered as click reactions, among them the nucleophilic addition of thiols to
isocyanate satisfied all the criteria required to be considered as “click reaction” [3-6].

Although the reaction that leads to the formation of poly(thiourethanes) (PTUs) is
known for a long time [7], it has been less investigated than the process leading to the
formation of their oxygen analogs, poly(urethanes) (PUs), which have a great
industrial importance, reflected in a nearly 5% of total polymer production [8]. The
formation of poly(thiourethanes) is not accompanied by side-reactions, often
observed in the poly(urethanes) synthesis with the formation of urea and
allophanates [9].

Poly(thiourethanes), also named poly(thiocarbamates), are very versatile polymeric
materials due to their biocompatibility, excellent physical, mechanical and optical
properties. In comparison to poly(urethanes), the incorporation of sulfur to the
backbone of the polymeric structure increases flexibility, crystallinity and feasibility to
incorporate these structures to polymerizable systems [10,11]. Moreover, the
enhanced refractive index makes PTUs suitable for optical applications. In fact, Lu et
al. prepared PbS/PTU and ZnS/PTU polymer nanocomposites as optical materials with
high refractive index in the range between 1.5 and 2 [12,13]. Jaffrennou et al. studied
a poly(thiourethane) thermosetting system based on trithiol/diisocyanate
formulations for optical applications [14], and Ireni et al. synthesized a
poly(thiourethane-urethane-urea) with impressive optical properties, transmittance
(>90%) and a refractive index value of 1.5 [15]. Poly(thiourethane)s have also been
applied in microfluidics and microparticles preparation [16,17]. Some papers on
coatings applications of these materials have also been published [18,19].

In the preparation of poly(urethanes) and poly(thiourethanes), the reaction can be
catalyzed by several bases and by different Lewis acids [20]. Depending on the
characteristics of the catalyst used, the activation occurs through two different ways.
When a basic catalyst is selected, the base activates the alcohol or thiol by forming
the corresponding anion (nucleophilic activation) which are the species that attack the
isocyanate carbon (see Scheme 1). Alternatively, when a Lewis acid is used, the acid
coordinates with the oxygen or nitrogen lone pairs of the isocyanate (electrophilic
activation), which can be attacked by less nucleophilic agents like neutral thiols or
alcohols [21,22]. Generally speaking, thiols are more acidic than alcohols, and the
basic catalyst helps to form thiolate anions, with an accentuated nucleophilic
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character, higher than alkoxides. According to that, the reactivity of thiols is higher
than the reactivity of alcohols and subsequently, the attack to the isocyanate is much
faster in the formation of PTUs.

Basic catalyst

N o
NRj3 © 0=C=N—-R; [e) R,—SH
- - 2
ReSH — > R;—S  — > R,—$—C—N—R, — s R,—S—C—NH—R, + Ry—s®
Acid catalyst
HS—R Ng // HS—R /’ i
0=C=N—R; 2 \ _/CO-SR, 2 \ 4 I
+ / / \ R;—S—C—NH—R,
N \
Sn\ R4
OOCR'

Scheme llI-1. Proposed mechanisms of poly(thiouretane) formation in both basic and acidic
conditions.

The aim of the present work is the preparation and characterization of a series of
poly(thiourethane) networks, investigating the most adequate curing schedule and
conditions to obtain thermosets with high performance. According to that, the
selection of the catalyst and its proportion is the key point to reach a high technical
applicability in the desired processing time.

The most common basic catalysts involved in the thiol-isocyanate polycondensation
are tertiary amines such as triethylamine (TEA) or amidine compounds such as 1,5-
diazabicyclo[4.3.0]non-5-ene (DBN) or 1,8-diazabicyclo[5.4.0lundec-7-ene (DBU)
[23,24]. Recently, Shin et al. reported the use of amines to perform thiol-isocyanate-
ene ternary networks by sequential and simultaneous click reactions [25]. The same
research group described the synthesis of elastic segmented poly(thiourethane)s by
sequential thiol-ene and thiol-isocyanate reactions in the presence of TEA [26]. In
presence of a basic catalyst, once initiated the reaction is too fast and the system is
difficult to process due to the high reactivity of the monomers involved in the reaction.
The fast reaction can be attributed to the low pKa of thiol species and their easy
deprotonation in presence of a base. Thus, the formation of poly(thiourethane)
networks is much faster, and consequently more problematic in terms of processing,
than the formation of crosslinked poly(urethanes) [12,13,27,28].

To reduce the speed of the reaction, one of the possibilities is to decrease the amount
of catalyst. However, in many studies a low degree of conversion of the monomers
involved was obtained, which leads to a reduction of the Ty values. The use of a latent
basic catalyst, that releases a base after the application of an external stimulus could
be a solution to prepare poly(thiourethanes) in a controlled way.

In addition to the use of bases, the most common acid catalysts used by several
authors to prepare PTUs for optical applications are organometallic tin compounds,
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especially dibutyltin dilaurate (DBTDL) [12,13,14]. For example, Kultys et al. selected
DBTDL to synthetize a new copolymeric thermoplastic, poly(thiourethane-urethane)s
[29]. The use of DBTDL leads to low reaction rates, resulting in long curing times or
high curing temperatures, which can negatively affect the performance of the
crosslinked materials. In addition to that, the European Union have restricted the use
of organotin-based compounds. Therefore, the use of organocatalyst in the
preparation of polymeric materials is one of the improvements to be made to fulfil
the EU regulations and to open new possibilities of application in the biomedical field
[30,31]. In previous studies of our group, the use of latent bases has been explored to
catalyze well-controlled crosslinking procedures. A commercially available
encapsulated imidazole, LC-80, and photo-latent bases as tertiary ammonium
tetraphenylborates (BG) that liberated amines on reaching a certain temperature,
were used in the preparation of thermosets by thiol-epoxy reaction [32,33]. Shin et al.
described the use of a photo-latent base in the preparation of poly(thiourethane)s
triggered by UV-irradiation. However, this system has some limitations such as lower
curing degree in shadowed areas, possible vitrification of the material and that the
photochemical processes are restricted to the preparation of thin layers [34].

In the present study, we tested the latent bases (LC-80 and 1-methylimidazolium
tetraphenylborate (BG1MI)) as efficient catalyst for thiol-isocyanate reaction, their
performances were compared with DBTDL by means of calorimetric and FT-IR studies.
Three different isocyanates: isophorone diisocyanate (IPDI), 4,4'-methylene
bis(cyclohexyl isocyanate) (HMDI) and hexamethylene diisocyanate (HDI); and a
pentaerythritol tetrakis(3-mercaptopropionate) (PETMP) (see Scheme 2) were used

as starting monomers.

HG NCO
QNCO 0=C=N N=C=0  0=C=N">""NC0
HsC

IPDI HMDI HDI
)(?L SI/,E;rCHz(CHz)QCHg HS 0:><:O SH
n
CHa(CHa)oCHy ™ 07 o HS o o SH
HBC/\) \/\O]/ WO]/\/
DBTDL PETMP
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Scheme llI-2. Structure of the starting compounds.

The mechanical and thermal properties of the resultant poly(thiourethane)
thermosets were investigated by thermomechanical and thermogravimetric analysis,
and by mechanical tests.

2. Experimental Methods
2.1. Materials

Pentaerythritol tetrakis(3-mercaptopropionate) (PETMP), dibutyltin dilaurate (DBTDL)
and hexamethylene diisocyanate (HDI) were purchased from Sigma-Aldrich.
Isophorone diisocyanate (IPDI) and 4,4'-methylene bis(cyclohexyl isocyanate) (HMDI)
from Acros Organics. Technicure® LC-80 (encapsulated imidazole) were provided by
AC Catalysts. The base generator, 1-methylimidazolium tetraphenylborate (BG1MI),
was synthesized according to a reported methodology [33,35] and its characterization
was performed by FTIR and H-NMR spectroscopy (see supporting information).

2.2. Preparation of the formulations

The different formulations were prepared by adding the corresponding amount of
diisocyanate, to a solution of the selected amount of LC80 or BG1MI in the thiol.
Isocyanate and thiol groups are mixed in stoichiometric proportions. In case of using
DBTDL as the catalyst, it was first dissolved in the isocyanate and the corresponding
amount of thiol was added. The different catalysts were added in several proportions
0.5, 1 and 2 phr, in reference to the thiol amount (parts of catalysts per hundred parts
of thiol).

The thiol-catalyst mixtures were manually stirred until homogeneity at room
temperature, with the exception of BG1MI, in which a temperature of 80°C and
magnetic stirring was required. This mixture was cooled down and then the
diisocyanate was added. The samples were studied freshly prepared.

2.3. Sample preparation

For DMTA analysis, the prepared formulations were poured onto aluminium moulds
and cured sequentially at 80, 100, 130 and 160 °C one hour at each temperature.

For tensile test, films were prepared by pouring the formulations between two glasses
(protected with an adhesive sheet of Teflon) and using Teflon spacers to ensure a
homogeneous thickness of 0.4 mm. The curing schedule applied was as before and a
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post-curing of 2 h at 170 °C was done to reach the complete curing. The films were
die-cut to obtain Type V specimens adapted for ASTM D638-14 requirements.

2.4. Characterization techniques

A differential scanning calorimeter (DSC) Mettler DSC-3+ calibrated using an indium
standard (heat flow calibration) and an indium-lead-zinc standard (temperature
calibration) was used to analyze the curing evolution. Samples of approximately 5-10
mg were tested in aluminum pans with a pierced lid in a nitrogen atmosphere with a
gas flow of 50 mL/min. The dynamic studies were performed in a temperature range
of 30-250 °C with a heating rate of 10 °C/min. The enthalpy (AH) released during curing
of the samples was calculated by integration of the calorimetric signal using a straight
baseline, with the help of the STARe software.

'H NMR spectra were registered in a Varian Gemini 400 spectrometer. CDClz was used
as the solvent. For internal calibration, the solvent signal corresponding to CDCls was
used. 8 (*H) = 7.26 ppm.

The conversion (a) of isocyanate groups as function of the time were determined by
monitoring the evolution of the peak at 2250 cm™. The degree of conversion of
isocyanate were calculated as:

Ay (1)

where A is the normalized area of the isocyanate band, and the subscripts t and 0
indicate the curing time and at the beginning of the curing, respectively. The peak at
1680 cm™ (stretch of ester ring of thiol) was used as an internal standard. The band
corresponding to the S-H stretch vibration of the thiol group at 2570 cm™ was only
analyzed from a qualitative point of view, due to its weak intensity.

Dynamic mechanical thermal analyses (DMTAs) were performed with a TA
Instruments DMA Q800 analyzer. Prismatic rectangular samples (15 x 6 x 1.5 mm?3),
after isothermal cure, were analyzed by three-point bending at a heating rate of
3°C/min from 35 to 180 °C using a frequency of 1 Hz and oscillation of 0.1% of sample

deformation.

The Young’s moduli (E) were determined under flexural conditions at 30°C, with the
same clamp and geometry samples, by using a force ramp at a constant rate of 1
N/min, and ensuring that only the elastic behaviour of the material was evaluated.
Three samples of each material were analyzed and the results were averaged. E was
calculated from the slope of the linear proportional part of the load-deflection curve
according to the following equation:
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L*m (2)
EF=——
4bt3
where E is the elastic modulus of the sample (MPa), L is the support span (mm), b and
t are the width and the thickness, respectively, of the sample tested (mm) and m is
the gradient of the slope in the linear region (N/mm).

The thermal stability of the cured samples was studied by thermogravimetric analysis
(TGA), using a Mettler TGA/SDTA 851e thermobalance. All experiments were
performed under inert atmosphere (N2 at 100 mL/min). Pieces of cured samples of 10-
15 mg were degraded between 30 and 600 °C at a heating rate of 10 °C/min.

Tensile tests at room temperature were carried out by using an electromechanical
universal testing machine (Shimadzu AGS-X 10 kN) at a crosshead speed of 1 mm/min
and using Type V samples according to ASTM D638-14 standard. Three samples of
each material were analyzed and the results were averaged.

Vickers microindentation hardness was measured with a Wilson Wolpert (Micro-
Vickers 401 MAV) device following ASTM E384-16 standard procedure. For each
material at least 20 determinations were made with a confidence level of 95%. The
Vickers hardness number (HV) was calculated from the following equation:
1.854 « F 3
. 3)
d2

where F is the load applied to the indenter in kgf (0.05 kgf) and d is the arithmetic
mean of the length of the two diagonals of the surface area of the indentation
measured after load removal in mm.

3. Results and Discussion
3.1. Calorimetric study of the curing process

In order to obtain a temporal control of the reaction, we investigated the curing
process in the presence of the acid catalyst dibutyltin dilaurate (DBTDL) and two latent
basic catalysts, LC80 and BG1MI; which are an encapsulated imidazole and a
tetraphenyl borate imidazolium salt, respectively, which on heating release the base
[33]. Isophorone diisocyanate (IPDI) and pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP) were selected as starting monomers. Stoichiometric
formulations of the monomers were used in all cases to reach the highest crosslinking
density.

Dynamic calorimetric studies were performed to analyze the curing evolution of thiol-
isocyanate formulations with 1 phr of the different catalyst selected. Fig. lll-1 shows
the calorimetric curves for the formulations studied.
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Figure llI-1. DSC curves of formulations of PETMP-IPDI and 1 phr of the different catalysts
selected.

The exotherms in Figure IlI-1 present different shapes and temperatures at which the
curing process starts, depending on the catalyst selected. The use of BG1MI allowed
a significant control of the initiation of the reaction, since the curing reaction starts at
temperatures higher than 100 °C, in which the imidazolium salt decomposes releasing
the base, as represented in Scheme 3 [35]. An approximate enthalpy was evaluated
from the DSC curves, and the values are 72 kJ / isocyanate equivalent using BG1MI as
a catalyst, 45 kJ / i.e. with LC80 and 64 kJ / i.e. with DBTDL. The lower values obtained
by using LC80 and DBTDL as catalysts are due to the fact that polymerization begins
immediately with these catalysts and part of the reaction heat is lost in the

m L
/ ) B
IMI-HBPh, ——> >y + O

heat |
CH;

H H

preparation of the experiment.

Scheme llI-3. Thermal activation of the base generator BGIMI.

Surprisingly, the LC80 did not show the expected latent behavior, and the reaction
started already at room temperature, evidenced by a slight increase in viscosity during
the preparation of the sample at room temperature. This makes the evaluation of the
curing enthalpy unreliable for this material. This behavior is contrary to the one
observed in thiol-epoxy systems in which the samples could be stored during more
than one week at 35°C without any appreciable change in viscosity [32]. The use of
DBTDL as the catalyst leads to a broad curve, which starts at room temperature
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without recovery the base-line, indicating that the curing is still not finished at 250°C
or that some degradation processes occur.

The effect of varying the proportion of catalysts on the curing reaction was also
investigated by DSC. The calorimetric curves for the different catalysts are collected in
Figure IlI-2. The shape of the curves did not allow us to determine accurately the
enthalpy released by gram of mixture or by isocyanate mol.
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- === lphr BGIMI 044 4R ----jpl\rl, g
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P r I
Temperature (°C)
Figure IlI-2. DSC curves of formulations of PETMP-IPDI and the different catalysts in
proportions of 0.5, 1 and 2phr.

In Figure IlI-2A we cannot see many differences among the curing exotherms on
varying the amount of BG1MI and in all cases the latent character was maintained;
only a slight decrease of the peak of the maximum of the curve on increasing the
amount of the catalyst was observed. In the case of the LC80, decreasing the amount
of catalyst to 0.5 phr seems to improve the latency of the system, since the shape of
the exotherm changes and the reaction starts at 70°C. However, the mixture with 0.5
phr of LC80 was not stable for long time at room temperature and after half an hour
a clearly change in the viscosity of the mixture was observed, probably due to the
release of the imidazole by swelling or partial dissolution of the capsules. The
formulations based on DBTDL did not show a latent characteristic, but the
polymerization speed clearly increased with the DBTDL proportion. The curing seems
to be finished at 250°C when 2 phr of catalyst are used in the formulation, although
probably thermal degradation takes place in some proportion since the baseline does

not recover.
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With the results obtained we investigated the kinetic behaviour of three different
aliphatic diisocyanates; IPDI, HMDI and HDI. According to the low stability of LC80
formulations, only DBTDL and BG1MI were used as catalysts in a proportion of 0.5 phr.
It should be commented that both LC80 and BG1MI follow the same anionic reaction
mechanism, since both release imidazole, but in different conditions. Figure IlI-3

present the calorimetric curves of these formulations.

—— IPDI-BGIMI
- = IPDI- DBTDL
- - - -HMDI- BGIMI
04 4—-— HMDI-DBTDL
— - —~HDI-BGIMI
----- HDI-DBTDL
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—
é‘-’ 02 1
b i
E 00
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-0.4
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Figure IlI-3. DSC curves of formulations of PETMP-(IPDI/HMDI/HDI) and the catalysts in
proportions of 0.5 phr.

From Figure 1lI-3, it can be seen that HDI, with a linear structure, is the most reactive
monomer with both catalysts and it reacts slowly at temperatures about 75°C. On the
other hand, HMDI reacts at higher temperatures than IPDI in both cases, but this effect
is more noticeable in anionic conditions. The HDI cures rapidly with both catalysts,
whereas IPDI and HMDI react faster when the base generator is used. The use of
DBTDL needs higher temperature and longer reaction times to complete the process.

From this study, we can state that from the point of view of the kinetics and ease of
preparation of these materials, BG1MI is the most advantageous catalyst and that 0.5
phr seems to be enough to reach a high crosslinking density with all the diisocyanates

selected.
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3.2. FTIR study of the curing evolution

The thiol-isocyanate reaction was followed by FT-IR spectroscopy to investigate the
kinetics of the reaction and verify that complete formation of poly(thiourethane)
networks was reached.

The FTIR spectra of the IPDI-0.5 phr of BG1MI formulation at different curing times
were collected in Figure Ill-4. On the basis of the calorimetric curves, a temperature
of 120°C was selected for the isothermal curing. The reduction in the isocyanate and
thiol peaks, at 2270 cm™ and 2570 cm™, respectively, was accompanied by the
appearance of N-H st. (3350 cm™) and carbonyl stretching (1670 cm™) of the

thiourethane groups, which are indicative of the network formation. The thiol band is
very weak and has no kinetic significance. The carbonyl absorption peak of the
thiourethane group is partially overlapped with the carbonyl ester absorption band of
the PETMP and the deconvolution were done in order to extract quantitative
information. As we can see in the spectrum registered after 60 min at 120 °C, some
isocyanate absorption still remains, which indicates that this thermal treatment was
not enough to reach the complete curing. The fully conversion of isocyanate was
achieved after a post-curing treatment at 160 °C for 1 h. The limited conversion at 120
°C could be attributed to the vitrification of the material.
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Figure llI-4. FTIR spectra of the PETMP-IPDI and 0.5 phr of BGIMI at 120°C.

The conversion of the isocyanate group at the temperature of 120 °C, for the
formulation containing a stoichiometric amount of IPDI and PETMP with the different
catalysts, was determined and represented in Figure II-5.
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Figure llI-5. Kinetic profile at 120°C of the conversion of NCO group in the formulation of IPDI
and PETMP with 0.5 phr of the different catalysts obtained from FTIR analysis.

After 1h at 120°C, the maximum conversion of the isocyanate group was obtained
with the BG1MI catalyst, which reached a conversion higher than 90%. The reaction
with the BG1MI latent catalyst does not start immediately, but after a short activation
period; unlike the systems based on LC80 or DBTDL in which the reaction starts
instantaneously at 120 °C. The quickest reaction occurs with LC80, but the conversion
achieved is quite low. Complete conversion was achieved with all these catalysts when
a post-curing at higher temperatures was performed.

From the studies of the curing process by DSC and FT-IR, the adequacy of BG1MI as
the catalyst were proved. This catalyst allows a good control of the curing process
while reaching the complete curing at moderated temperatures.

3.3 Thermal characterization of the poly(thiourethane) thermosets

According to the kinetic study, we selected only BG1MI and DBTDL as catalysts with a
proportion of 0.5% to follow the investigation. Higher proportions of catalyst were not
used, since 0.5% by wt. of catalyst is enough to complete the polymerization reaction,
as demonstrated by FTIR studies.

Thus, we investigated the thermomechanical behaviour of all the materials prepared
from formulations with the three diisocyanates selected and PETMP with 0.5 phr of
DBTDL or BG1MI. Figure IlI-6 shows the tan & (A) and storage modulus (B) curves
obtained by DMTA. The main data extracted from these curves are collected in Table
1-1.
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Figure llI-6. (A) tan 6 and (B) storage modulus against temperature of the different materials
prepared with PETMP-IPDI/HMDI/HDI-0.5phr of catalysts.

The tan delta curves are very narrow indicating the formation of uniform network
structures, thanks to the click reaction mechanism without any side-reaction. The
materials obtained show values of FWHM (width of the curves at half height) in the
range between 9 and 16 °C (see Table Ill-1), which are lower than those obtained by
Shin et al. that reach values in the range from 15 to 28 °C [34]. These authors also
prepared materials based on IPDI and PETMP by photoinitiation with a base
generator, but a value of 16 °C of FWHM was obtained. This result can be justified by
the fast curing performed in photochemical conditions [34].

Table llI-1. Thermal data obtained from the materials obtained from the different
diisocyanates and PETMP with different catalysts at 0.5 phr.

72 | FwHME Young’s - Tond e Char
Sample tand Modulus 2% max Yieldf
(°c) (°C) (MPa) | (°C) (°C)
(GPa)
IPDI-0.5%BG1MI 153 11 2.8 23 284 305- 3.0
347-437
IPDI-0.5%DBTDL 144 10 2.8 21 289 308- 4.9
338-425
HMDI- 140 16 2.2 19 287 316- 2.9
0.5%BG1MI 348-453
HMDI-0.5%DBTDL 135 14 2.0 19 289 312- 4.3
337-438
HDI-0.5%BG1MI 77 9 2.0 24 276 304- 2.2
348-469
HDI-0.5%DBTDL 75 10 2.0 23 285 317- 2.4
350-467

2 Temperature of maximum of the tan § at 1 Hz.

5 FWHM stands by full width at half maximum.

¢ Relaxed modulus determined at the Tiwns + 40°C (in the rubber state).
4 Temperature of 2% of weight loss

€ Temperatures of the maximum rate of the three steps of degradation
fChar residue at 600°C
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The values of the temperature of the maximum of tan o, reported in Table IlI-1, are
dependent from both the monomer structure and the catalyst used. The flexible
structure of HDI leads to lower tan & temperatures in comparison to the materials
containing rigid cycloaliphatic groups, without much difference on changing the
catalyst. IPDI and HMDI derived materials show variations of tan 6 peak on changing
the catalyst, leading to higher temperature of tan dvalues when the base generator
was used. Although a post-curing at 170 °C for 2 hours or an increase in the DBTDL
proportion were tested, the crosslinking density seems to be limited and this value did
not increase. This fact can be related to the kinetic evolution of the curing process
observed by DSC (Fig. 1lI-3), in which DBTDL cures at higher temperature and the
enthalpy released seems to be lower. IPDI derived materials present the highest Tians
due to their higher compact and rigid network.

In Figure 111-6B the evolution of storage modulus with the temperature is represented
for all the samples. As we can see, the relaxation of the material takes place sharply
with a significant change in the moduli in glass and rubber state. There are no big
differences in the relaxed moduli (see Table 1lI-1), but a certain correlation with the
molecular weight between crosslinks can be appreciated. The highest molecular
weight between crosslinks of HMDI materials leads to the lowest modulus. Although
the difference is only slight, the use of DBTDL leads to a lower value, according to the
lower crosslinking density achieved with this catalyst.

The highest value of Young’s modulus, as expected, was reached with the material
based on the IPDI which presents the most rigid network structure.

The thermal stability of the PTUs was analysed by TGA and the weight loss and the
derivative curves are shown in Figure IlI-7. The data extracted from these experiments
are collected in Table I1I-1.

Some authors already studied the degradation of poly(urethane)s [20] and
poly(thiourethane-urethane)s [36] thermoplastics and a complex degradation
mechanism, with two or three degradation steps, was reported. Depending on the
aliphatic or aromatic character of the urethane structure the reversion of urethane to
isocyanate and hydroxyl groups takes place between 120 to 250 °C, being the aliphatic
ones the most stable. The first degradation step was attributed to this degradative
process. The second step, at higher temperature, corresponds to a typical B-
elimination process, if there are hydrogen atoms in y-position. This process leads to
the formation of a carbamic acid and an olefin. Carbamic acid, which is unstable,
release carbon dioxide and the corresponding amine is formed. It has been reported
that this process can lead to one or two degradation steps [37].
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The derivative of TGA degradation curves (DTG) of the PTU thermosets prepared in
the present work, Figure 1lI-7, clearly presents three different degradation steps, with
not many differences on changing the isocyanate and the catalyst.
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Figure llI-7. DTG curves of PETMP-(IPDI/HDMI/HDI) thermosets using 0.5 phr of BGIMI (A) and
0.5 phr of DBTDL as the catalysts.

The first degradation step begins around 300 °C, which indicates that
poly(thiourethane)s are more stable than their corresponding oxygen analogues,
which decompose at about 250 °C [20]. In our case, two possible B-elimination
processes can occur, because not only thiourethanes are present but also ester groups
from the tetrathiol structure. Both [-elimination processes could overlap and
contribute to the degradation maximum at about 350 °C. The degradation peak at the
highest temperature must correspond to the fully degradation of the network. If we
look to these temperatures of the maximum rate of degradation (Table Ill-1), we can
see that the values for the last step are more dependent on the urethane structure.
The char yields, Table Ill-1, are slightly higher for the materials prepared with DBTDL.

From these studies, we can state that these materials exhibit a quite good thermal
stability, higher than the poly(urethane) analogues, with decomposition temperatures
higher than 280 °C, except for the material obtained from HDI and the base generator
that loss a 2% of weight at 276°C, attributable to its linear aliphatic structure.

3.4 Mechanical Characterization of the Materials

Microindentation hardness tests and tensile tests at break were performed for all the
thermosets prepared. The data extracted from these tests are listed in Table I1I-2.
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Table 1lI-2. Mechanical data determined from the materials obtained with the different

diisocyanates and different catalysts.

Tensile P
ob© &b
Sample VH? Modulus®
(MPa) (%)
(GPa)

IPDI-0.5%BG1MI 19.6£0.7 2.1+0.1 729126 58+0.4
IPDI-0.5%DBTDL 19.2+0.5 2.1+0.1 76.1+£2.2 6.3+£0.8
HMDI-0.5%BG1MI 16.1+£0.7 1.7+0.1 67.1+1.7 6.4+04
HMDI-0.5%DBTDL 159+0.6 1.7+0.1 64.1+25 6.6+0.8
HDI-0.5%BG1MI 13.2+0.8 1.7+0.1 47.3+1.6 3.8+0.2
HDI-0.5%DBTDL 12.4+0.6 1.7+0.1 446+1.4 3.2+0.1

2Vickers microindentation hardness.
bTensile modulus at room temperature.
¢Stress at break.

4 Deformation at break.

Mechanical characteristics are fully dependent on the chemical structure of the
network and crosslinking densities. The higher values of microindentation hardness
were obtained for IPDI derived thermosets, due to its rigid structure. On increasing
the flexibility of the selected isocyanate, a decrease in microindentation hardness was
observed. The lowest values were obtained for HDI derived thermosets, with a long
aliphatic chain between thiourethane moieties.

A similar influence on changing the monomer structure was expected in the tensile
modulus, but the materials prepared from HMDI and HDI exhibited similar behaviour
due to the glassy state at room temperature. However, the rigid and compact
structure of IPDI leads to a notable higher modulus. These results are in accordance
with those obtained from DMTA tests. The most relevant differences between these
materials can be observed in the stress and strain at break values. The tensile strength
is the highest when the rigid IPDI moiety was in the network structure and the lowest
with the linear and aliphatic HDI. The strain at break, related to the ductility, is
maximum for the poly(thiourethanes) based on HMDI, since materials based on HDI
suffer an easier breakage at lower stress due to their significantly lower strength. The
type of catalyst used seems not to influence in a significant manner the tensile
characteristics of the thermosets as the values presented are similar.

4, Conclusions

The use of 1-methylimidazolium tetraphenylborate (BG1MI), as latent base catalyst,
allowed a much better control of the thiol-iscoyanate reaction than the commonly
used dibutyltin dilaurate (DBTDL). The reaction, using the BG1MI, begins at 120 °C and
occurs rapidly. LC80, which is an encapsulated imidazole, did not show the expected
latent behaviour in this curing process.
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The conversion of isocyanates was higher than 90% with BG1MI, after 1 hour at 120
°C, whereas the use of DBTDL reached only a conversion of 75%. On increasing the
temperature, the fully conversion was achieved with both catalysts.

Different poly(thiourethane) thermosets were prepared from three different
isocyanates: isophorone diisocyanate (IPDI), 4,4’-methylene bis(cyclohexy isocyanate)
(HMDI) and hexamethylene diisocyanate (HDI) and a tetrathiol, pentaerythritol
tetrakis(3-mercaptopropionate) (PETMP) with DBTDL and BG1MI, as acid and basic
catalysts.

All materials prepared showed very narrow tan o6 curves, which stands for highly

homogeneous networks. Tg values increase with increasing the rigidity of the
isocyanate monomer, reaching a maximum value of 150 °C for IPDI derived materials.
The use of the base generator as the catalyst leads to materials with higher T.

The initial degradation of these materials occurred at elevated temperatures than the
related poly(urethanes). Their degradation curves allowed to detect three different
degradation mechanisms. The first one, at the lowest temperature, corresponds to
the reversion of thiourethanes to form isocyanate and thiol groups. On increasing the
temperature, the B-elimination of the remaining thiourethanes and ester groups of
the thiol structure occurs and then, at the highest temperature, the complete
degradation of the network structure could be observed.

The mechanical behaviour of the prepared materials was correlated to the network
structure, according to the rigid or flexible character of the selected diisocyanate
monomer. IPDI derived materials are more strength, rigid and harder than those
derived from HDI, which present the lowest mechanical performance. The materials
obtained from the latent catalyst have similar mechanical characteristics to the ones
obtained by using the commonly used DBTDL.

Acknowledgments

The authors would like to thank MINECO (Ministerio de Economia, Industria y
Competitividad, MAT2017-82849-C2-1-R and 2-R) and Generalitat de Catalunya
(2017-SGR-77) for their financial support.

81



UNIVERSITAT ROVIRA I VIRGILI
ADVANCED THERMOSETS BASED ON THIOL-ISOCYANATE CHEMISTRY
Francesco Gamardella

Chapter lll

References

[1] H.C. Kolb, M.G. Finn, K.B. Sharpless, Click chemistry: diverse chemical function from a few
good reactions, Angew. Chem. 2001, 40, 2004-2021.

[2] X. Ramis, X. Fernandez-Francos, S. De La Flor, F. Ferrando, A. Serra, Click-Based Dual-Curing
Thermosets, in Q. Guo, (Ed.), Thermosets: Structure, Properties and Applications, 2nd ed.,
Elsevier, Amsterdam, 2018, Chap. 16.

[3] C.E. Hoyle, C.N. Bowman, Thiol-Ene click chemistry, Angew. Chem. 2010, 49, 1540-1573.

[4] S. Chandrasekaran, Click Reactions in Organic Synthesis, Wiley-VCH, Weinheim, Germany,
2016.

[5] A.B Lowe, Thiol-ene “click” reactions and recent applications in polymer and materials
synthesis, Polym. Chem. 2009, 1, 17-36.

[6] H. Li, B. Yu, H. Matushima, C.E. Hoyle, A.B. Lowe, The thiol-isocyanate click reaction: facile
and quantitative access to w-end-functional poly(N,N-diethylacrylamide) synthesized by RAFT
radical polymerization, Macromolecules 2009, 42, 6537-6542.

[7] E. Dyer, D.W. Osborne, The synthesis of polythiolcarbamates, J. Polym. Sci. 1960, 47, 361-
371.

[8] H.-W. Engels, H.-G. Pirkl, R. Albers, R. W. Albach, J. Krause, A. Hoffmann, H. Casselmann, J.
Dormish, Polyurethanes: versatile materials and sustainable problem solvers for today’s
challenges, Angew. Chem. 2013 52, 9422-9441.

[9] A.B. Lowe, C.N. Bowman, Thiol-X Chemistries in Polymer and Materials Science, RSC Polymer
Chemistry Series 6, Croydon, UK, 2013.

[10] K. Strzelec, N. Baczek, S. Ostrowska, K. Wasikowska, M.l. Szynkowska, J. Grams, Synthesis
and characterization of novel polythiourethane hardeners for epoxy resins, C. R. Chimie 2012,
15, 1065-1071.

[11] Q. Li, H. Zhou, A. Wicks, C.E. Hoyle, D.H. Magers, H.R. McAlexander, Comparison of small

molecule and polymeric urethanes, thiourethanes, and dithiourethanes: hydrogen bonding and
thermal, physical, and mechanical properties, Macromolecules 2009, 42, 1824-1833.

[12] C. Lu, Z. Cui, Z. Li, B. Yang, J. Shen, High refractive index thin films of ZnS/polythiourethane
nanocomposites, J. Mater. Chem. 2003, 13, 526-530.

[13] C. Ly, C. Guan, Y. Liu, Y. Cheng, B. Yang, PbS/Polymer nanocomposite optical materials with
high refractive index, Chem. Mater. 2005, 17, 2448-2454.

[14] B. Jaffrennou, N. Droger, F. Mechin, J.-L. Halary, J.-P Pascault, Characterization, structural
transitions and properties of a tightly crosslinked polythiourethane network for optical
applications, e-Polym. 2005, 82, 1618-7229.

[15] N.G. Ireni, R. Narayan, P. Basak, K.V.S.N. Raju, Poly(thiourethane-urethane-urea) as
anticorrosion coatings with impressive optical properties, Polymer 2016, 97, 370-379.

[16] J. Tan, C. Li, H. Li, H. Zhang, J. Gu, B. Zhang, H. Zhang, Q. Zhang, Water-borne thiol—-
isocyanate click chemistry in microfluidics: rapid and energy-efficient preparation of uniform
particles, Polym. Chem. 2015, 6, 4366-47373.

82



UNIVERSITAT ROVIRA I VIRGILI
ADVANCED THERMOSETS BASED ON THIOL-ISOCYANATE CHEMISTRY
Francesco Gamardella

Reactive and Functional Polymers 134 (2019) 174-182

[17] C. Li, J. Tan, H. Li, D. Yin, J. Gu, B. Zhang, Q. Zhang, Thiol—-isocyanate click reaction in a
Pickering emulsion: a rapid and efficient route to encapsulation of healing agents, Polym. Chem.
2015, 6, 7100-7111.

[18]J. Yan, S. Ariyasivam, D. Weerasinghe, J. He, B. Chisholm, Z. Chen, D. Webster, Thiourethane
thermoset coatings from bio-based thiols. Polym. Int. 2012, 61, 602-608.

[19] X. K. D. Hillewaere, R. F. A. Teixeira, L-T. T. Nguyen, J. A. Ramos, H. Rahier, F. E. Du Prez,
Autonomous Self-Healing of Epoxy Thermosets with Thiol-Isocyanate Chemistry, Adv. Funct.
Mater. 2014, 24, 5575-5583.

[20] E. Delebecq, J.P. Pascault, B. Boutevin, F. Ganachaud, On the versatility of urethane/urea

bonds: reversibility, blocked isocyanate, and non-isocyanate polyurethanes, Chem. Rev. 2012,
113, 80-118.

[21] A.L. Silvia, J.C. Bordado, Recent developments in polyurethane catalysis: catalytic
mechanism review. Cat. Rev. - Sci. Eng. 2004, 46, 31-51.

[22] H. Sardon, A. Pascual, D. Mecerreyes, D. Taton, H. Cramail, J.L. Hendirck, Synthesis of
polyurethanes using organocatalysis: a perspective, Macromolecules 2015, 48, 315-3165.

[23] S. Kuypers, S.K. Paramanik, L. D’Olieslaeger, G. Reekmans, M. Peters, J. D'Haen, D.
Vanderzande, T. Junkers, P. Adriaensens, A. Ethirajan, Interfacial thiol-isocyanate reactions for
functional nanocarriers: a facile route towards tunable morphologies and hydrophilic payload
encapsulation, Chem. Commun. 2015, 51, 15858-15861.

[24] H. Salmi, X. Allonas, C. Ley, Polythiourethane networks catalyzed by photobase generators,
Prog. Org. Coatings 2016, 100, 81-85.

[25] J. Shin, H. Matsushima, M.C. Comer, C.N. Bowman, C.E. Hoyle, Thiol-Isocyanate-Ene
ternary networks by sequential and simultaneous thiol click reactions, Chem. Mater. 2010, 22,
2616-2625.

[26] J. Shin, H. Matsushima, J.W. Chan, C.E. Hoyle, Segmented polythiourethane elastomers
through sequential thiol-ene and thiol-isocyanate reactions. Macromolecules, 2009, 42, 3294-
3301.

[27] S. Chatani, R. Sheridan, M. Podgorski, D.P. Nair, C.N. Bowman, Temporal control of thiol-
click chemistry. Chem. Mater. 2013, 25, 3897-3901.

[28] H. Matsushima, J. Shin, C.N. Bowman, C.E. Hoyle, Thiol-isocyanate-acrylate ternary
networks by selective thiol-click chemistry, J. Polym. Sci. Part A. Polym. Chem. 2010, 48, 3255-
3264.

[29] A. Kultys, M. Rogulska, S. Pikus, The synthesis and characterization of new thermoplastic
poly(thiourethane-urethane)s, J. Polym. Sci. Part A. Polym. Chem. 2008, 46, 1770-1782.

[30] A.Basterretxea, Y. Haga, A. Sanchez-Sanchez, M. Isik, L. Irusta, M. Tanaka, K. Fukushima, H.
Sardon, Biocompatibility and hemocompatibility evaluation of polyether urethanes synthesized
using DBU organocatalyst. Eur. Polym. J. 2016, 84, 750-758.

[31] Official Journal of the European Union 1.4.2010. Commission Regulation N2 276/2010

[32] D. Guzman, X. Ramis, X. Fernandez-Francos, A. Serra, New catalysts for diglycidyl ether of
bisphenol A curing based on thiol-epoxy click reaction, Eur. Polym. J. 2014, 59, 377-386.

83


https://doi.org/10.1039/1364-548X/1996

UNIVERSITAT ROVIRA I VIRGILI
ADVANCED THERMOSETS BASED ON THIOL-ISOCYANATE CHEMISTRY
Francesco Gamardella

Chapter lll

[33] O. Konuray, N. Areny, J.M. Morancho, X. Fernandez-Francos, A. Serra, X. Ramis, Preparation
and characterization of dual-curable off-stoichiometric amine-epoxy thermosets with latent
reactivity. Polymer 2018, 146, 42-52.

[34] J. Shin, J. Lee, H.M. Jeong, Properties of polythiouretanes prepared by thiol-isocyanate click
reaction, J. Appl. Polym. Sci. 2018, 135, 1-8.

[35] X. Sun, J.P. Gao, Z.Y. Wang, Bicyclic guanidinium tetraphenylborate: a photobase generator
and a photocatalyst for living anionic ring-opening polymerization and cross-linking of
polymeric materials containing ester and hydroxy groups, J. Am. Chem. Soc. 2008, 130, 8130—
8131.

[36] M. Rogulska, A. Kultys, E. Olszewska, New thermoplastics poly(thiourethane-urethane)
elastomers based on hexane-1,6-diyl diisocyanate (HDI), J. Therm. Anal. Calorim. 2013,114, 903-
916.

[37] G. Trovati, E.A. Sanches, S.C. Neto, Y.P. Mascarenhas, G.O. Chierice, Characterization of
polyurethane resins by FTIR, TGA, and XRD, J. Appl. Polym. Sci. 2010, 115, 263-268.

84



UNIVERSITAT ROVIRA I VIRGILI
ADVANCED THERMOSETS BASED ON THIOL-ISOCYANATE CHEMISTRY

Francesco Gamardella

Reactive and Functional Polymers 134 (2019) 174-182

Supporting Information

88— pGiMmr
06
_
=
NS
g o4l
g
%
=0
=
0’2 -
00
T T T T T T T T T T
3500 3000 2500 2000 1500 1000

Wavemmumber (cm ')

Figure 111-S1. FTIR spectra of BGIMI in the absorbance mode at room temperature.

Figure 111-S2. 1H-NMR spectra of 1-methyimidazole (on the top) and BGIMI (on the bottom) in
CDCl; solution at 400 MHz.
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Abstract

In this work, a new family of thermosets based on thiol-isocyanate-epoxy networks
was prepared via sequential dual-curing methodology where both reactions are
activated by temperature. The sequential dual behaviour of the new system proposed
is based on the faster reaction kinetic of the first curing stage, i.e. the isocyanate-thiol
coupling, which proceeds at a relatively low temperature, compared to the second
stage, i.e. the epoxy-thiol reaction, between the remaining thiol functionalities and
the epoxy groups that takes place at a higher temperature. Furthermore, the effect of
using different aliphatic isocyanates was investigated. Both reactions have a click
character and the intermediate/final materials show a wide range of properties
depending on the relative contribution of both curing stages, due to the selected ratio
between the isocyanate and epoxy groups. The new thermosets obtained were
characterized from the thermal and dynamic mechanical point of view, resulting
excellent candidates as smart materials due to their narrow transitions, which favours

fast and controlled changes in their macromolecular features.
Keywords:
thiol, isocyanate, epoxy, sequential dual-curing, thermosets.

1. Introduction

Thermosets have been known for over a hundred years and, nowadays these
materials cover a broad range of applications in several high added-value sectors, i.e.
aeronautical engineering, automotive industry, optoelectronics and coatings.'
Furthermore, the success of these materials depends in part on the treatment
techniques used to improve thermosets properties and, fortunately, the scientific
research continues to thrive.
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Nowadays, the dual-curing methodology represents an efficient way to enhance
thermosets processing features. A dual-curing process is a combination of two
different polymerization routes that can take place sequentially or simultaneously.®
Sequential dual-curing systems are characterized by noteworthy improvements in
terms of process design and control of the formed network.®

In this kind of synthetic methodology, materials can be partially cured before their
processing, storage or assembly; on the other side, their final features can be attained
whenever desired by means of thermal or UV-light sources to cure the resins
completely. The different contributions of both curing reactions and the properties of
the intermediate material can be easily controlled by changing the composition of the
formulation, as well as cure technical parameters, i.e. the time and the reaction
temperature.” Up to now, sequential curing systems are being used in several fields
where tailored materials and flexible processes are mandatory, e.g. shape-memory

materials, adhesive coatings, holography and lithography.®12

The exploration of different processing routes does not represent the end of
thermosets development cycle, but it marks the beginning of a new generation of
materials that grows with each new monomer or with new proposed combinations of
them. In this contest, despite poly(thiourethane)s (PTU) are widely used materials in
optical applications thanks to their satisfactory mechanical, physical and optical
features, PTU synthetic routes that lead to their formulation have not been widely
studied as in the case of their oxygen analogs, poly(urethane)s (PU).1314

Thiol-isocyanate coupling reactions to form thermosets have aroused recently some
interest. For example Shin et al. reported a base catalysed thiol-isocyanate curing
exploiting the use of different thiols in combination with isophorone diisocyanate
(IPDI) and Gamardella et al. described the preparation and characterization of a new
PTU thermoset family combining thiols with different kinds of aliphatic isocyanates by
using latent catalysts that allows the control of the process.'>® However, only few
works about PTU-based networks obtained via sequential dual-curing methodologies
are reported until now in the scientific literature.

Sequential thiol-isocyanate and thiol-ene/acrylate reactions are the most common
dual curing procedures studied.’”” Bowman et al. reported the preparation of thiol-
isocyanate-ene networks based on two independent thiol-click reaction mechanisms:
a thiol-alkene free radical photopolymerization and a base catalysed thiol-isocyanate
anionic reaction.'® Matsushima et al. described thiol-isocyanate-acrylate ternary
networks formed by the combination of thiol-isocyanate coupling, thiol-acrylate
Michael addition and acrylate homopolymerization.'® These results suggest the high
potentiality of this type of networks, obtained through dual-curing processes, being
the key of its success the specialized engineering of manufacturing these materials.
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Thus, taking all of this into account, in the present publication we report the
preparation and characterization of a new family of thermosets based on thiol-
isocyanate-epoxy networks where both reactions are activated by temperature. The
sequential dual character of this curing system relies on the faster reaction kinetic of
the isocyanate-thiol coupling that occurs at a relatively low temperature, compared
to the epoxy-thiol reaction between the remaining thiol groups and the epoxy that
takes place at a higher temperature.?® The extent of the first curing step is controlled
by the equivalent ratio between the isocyanate and thiol, rnco, which also controls the
intermediate and final materials properties. It should also be noticed that both
reactions have a click character implying that they are specific, without the formation
of undesired by-products, and therefore they lead to homogeneous networks. In
general, this type of thermosets is adequate to be applied as smart materials, since
they have narrow transitions, which allows quick movements and a rapid change in
their properties.

To this purpose, a reactive system containing a thiol crosslinker pentaerythritol
tetrakis(3-mercaptopropionate), (S4), a diisocyanate monomer (isophorone
diisocyanate (IPDI) or hexamethylene diisocyanate (HDI)) and an epoxy resin
(diglycidyl ether of bisphenol A, DGEBA) was studied. 1-Methylimidazole (1MI) was
used as the catalyst and its effect in terms of different loadings on curing process was
investigated. Both diisocyanates were selected since they have different reactivity and
their structure leads to materials with different characteristics.

The kinetics of both curing stages and the conversion achieved were studied by
differential scanning calorimetry (DSC) and Fourier transform infrared spectroscopy
(FTIR). Intermediate materials were characterized by calorimetry and fully cured
samples by DSC, thermal dynamo mechanical (DMA) and thermogravimetric (TGA)
analyses.

2. Experimental Methods
2.1. Materials

1-Methylimidazole (1Ml), pentaerythritol tetrakis (3-mercaptopropionate) (54, >95%,
122.17 g/eq), isophorone diisocyanate (IPDI, 98%, 111.14 g/eq) and hexamethylene
diisocyanate (HDI, >99%, 84.10 g/eq) were supplied from Sigma Aldrich and used
without further purification. Diglycidyl ether of bisphenol A (DGEBA, 170.21 g/eq) was
supplied by Hexion Specialty Chemicals and dried in vacuum for 2 hours at 80°C before
use.

2.2. Samples preparation

To investigate which is the best amount of catalyst to get duality, IPDI and HDI were
alternatively mixed with S4 and DGEBA using a fixed ratio between the molar
equivalents of isocyanate and thiol comonomers (rnco) of 0.5 egnco/eqt, and changing
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the 1Ml amount in the proportions 0.1, 0.05 or 0.025 phr (parts of catalyst for hundred
parts of monomers mixture). Once selected the proportion of 0.025 phr of 1M,
samples were prepared varying the rnco as 0.2 and 0.8 egwnco/eq:. The pure S4-
isocyanate (rnco= 1) and S4-DGEBA (rnco= 0) formulations were also studied. The
theoretical critical gelation ratio, r,, was calculated using the Flory-Stockmayer
equation (Eq. 1) in a similar manner as in a previous work, where fnco and f; are the
average functionalities of isocyanate (fvco=2) and S4 (fi=4) comonomers.?’ Both
families of thermosets studied are characterized by a r.=0.33.
1
o w

Formulations were prepared by adding the components into a 10 mL glass vial by the
following order: i) 1MlI; ii) S4; iii) DGEBA and iv) isocyanate. The whole mixture was
manually stirred and immediately analysed. Table 1V-1 shows the compositions of
pure and dual formulations. Since S4 and DGEBA are present in all compositions, the
dual samples were coded as “x_r_y”, where x indicates the isocyanate used and y is
the rnco chosen; in the case of pure formulations, x indicates if DGEBA or IPDI/HDI
were selected. As an example, IPDI_r_0.5 is a formulation in which one half of S4
equivalents react with IPDI isocyanate equivalents and the other half react with
DGEBA epoxy equivalents.

Table IV-1. Composition of the pure and dual formulations prepared.

S4q DGEBA IPDI HDI
(Wt %) | (Wt%) | (Wt%) | (wt %)
DGEBA r 0 | 41.8 | 582 - -

IPDI_r_1 52.4 - 47.6 -

HDI r_1 59.2 - - 40.8

IPDIr 0.2 | 435 | 485 7.9 -
IPDI_r 0.5 | 465 324 | 211 -
IPDI_r_0.8 49.8 13.9 36.3 -

Sample

HDIr 0.2 | 44.4 | 495 - 6.1
HDIr 05 | 49.0 | 34.1 - 16.9
HDIr 0.8 | 547 | 15.2 - 30.1

Fully cured samples for dynamic mechanical (DMA) and thermogravimetric (TGA)
analyses were prepared in an open mould, with dimensions of 1.5 X 5 X 15 mm?3,
made by PTFE to avoid the presence of bubbles and to facilitate the samples release.
The liquid formulations were poured into the mould and kept in an oven at 60°C for
60 min in the case of IPDI-based compositions and for 40 min for HDI formulations
(stage 1); after which the samples were post-cured at 120°C for 120 min (stage 2) and
then slowly cooled to room temperature inside the oven. The curing times reported
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were optimized according to Fourier transform infrared spectroscopy (FTIR) and
differential scanning calorimetry (DSC) analyses described in the following
paragraphs. The samples were polished with sandpaper to obtain uniform final
dimensions.

2.3. Characterization Techniques

DSC analyses were carried out on a Mettler DSC-821 instruments calibrated using
indium (heat flow calibration) and zinc (temperature calibration) standards. Samples
of approximately 8-10 mg were placed in aluminium pans with pierced lids and
analysed in nitrogen atmosphere with a gas flow of 50 cm3/min. Dynamic studies
between 30 and 250°C with a heating rate of 10°C/min were performed to
characterize the curing process and measure the final glass transition temperature
(Tg). Dynamic curing tests were also performed with heating rates of 2, 5 and
20°C/min. The reaction enthalpy (Ah) was integrated from the calorimetric heat flow
signal (dh/dt) using a straight baseline with the help of the STARe software. Due to the
high reactivity of thiol-isocyanate reaction, the curing begins at room temperature
during the preparation of the mixtures. In consequence, the relative conversions were
used instead of absolute conversion.?! The calorimetric relative conversion at a given
temperature was determined as reported in Eq. 2.
Xpsc = & )
Ah’tot

where Ahris the heat released up to T and Ahtwo: the total reaction heat evolved in a
dynamic run.

The Tgs of the intermediate materials were determined with the following procedure:
i) isothermal curing at 60°C until the first reaction comes to the end (40 min for HDI
and 60 min for IPDI mixtures); ii) dynamic heating from -50 to 100°C at 10°C/min.
Furthermore, intermediate and final materials Tgs were estimated using the Fox
copolymer rule given by Eq. 3 and 4 respectively.??
1 wwco 4 1-wnco-t (3)
Tg,1  TTancoty  Tge)

1 wneot + 1-wnco-t (4)
Tg,?2 T TUancoy T gy

where Tg1 and T2 are the Tys of intermediate material and final thermoset for any
rnco considered. wnco-t is the weight fraction of the isocyanate plus the part of thiol
which participate in the first curing step; T%(e) is the experimental Ty of the uncured
epoxy-thiol system; T gncot) and Tg(et) are the Ty of the cured isocyanate-thiol and
epoxy-thiol systems, respectively.

To monitor the dual-curing process and to quantitatively determine the degree of
cure, a FTIR spectrometer Bruker Vertex 70 with an attenuated total reflection
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accessory with thermal control and a diamond crystal (Golden Gate Heated Single
Reflection Diamond ATR Specac-Teknokroma) and equipped with a mid-band liquid
nitrogen-cooled mercury-cadmium-telluride (MCT) detector was used. Real-time
spectra were collected in absorbance mode with a resolution of 4 cm™ in the
wavelength range 4000 to 600 cm™ averaging 20 scans for each spectrum. The first
step of the dual-curing process was conducted at 60°C and the second one at 120°C.
The characteristic absorbance peak of the isocyanate at 2280 cm™ (vibration of -
N=C=0 groups) was used to monitor the conversion during thiol-isocyanate reaction.?
The disappearance of the absorbance peak at 915 cm™ was used to monitor the
reaction of epoxy groups.?* Absorbance of each scanned sample were normalized with
that of the S4-ester group at 1730 cm™.2> Isocyanate groups conversion (Xnco) and
epoxy groups conversion (Xe) were calculated by Eq. 5 and 6.

A 2280 (5)
Xnco = 1 —
A 2280,0
Aoz
X =1— o (6)
A o150

where Az280 and Az2s0,0 are the normalized absorbances of the isocyanate peak at 2280
cm at a given reaction time and at the beginning of the curing process, respectively
and Asss and Agisothe normalized absorbances of the epoxy peak at 915 cm™ at the
same time than isocyanate peak.

The thermomechanical properties were evaluated using DMA Q800 (TA Instrument)
equipped with a three-point bending clamp. Prismatic rectangular samples of 1.5 X 5
X 15 mm?3 were analysed from 30 to 150°C, at 1 Hz, 0.1% strain and with a heating
rate of 3°C/min. The Young modulus were defined under flexural conditions at 30°C
with a force ramp rate of 1N/min.

TGA analyses were carried out with a Mettler Toledo TGA2 thermo-balance. Cured
samples, weighting around 10 mg, were degraded between 30 and 600°C at a heating
rate of 10°C/min in N2 atmosphere with a flow of 50 cm3/min.

3. Theoretical Part

In non-isothermal kinetics of heterogeneous condensed phase reactions, it is usually
accepted that the reaction rate is given by Eq. 7.25%7

(7)

da _

L jf(a)

da E
— = Aexp| ——
ﬂdT p( RT
where « is the degree of conversion, T temperature, t time, f (@) the differential
conversion function, R the gas constant, S the linear constant heating rate f=d7/dt
and A and E the pre-exponential factor and the activation energy given by the

Arrhenius equation.
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By integrating Eq. 7, in non-isothermal conditions, the integral rate equation, so-called
temperature integral, may be expressed as Eq. 8.

a T (8)
g(a):j da :%J‘ e E/RNgT
0 0

where g (@) is the integral conversion function.

By using the Coats-Redfern approximation to solve Eq. 8 and considering that 2RT/E is
much lower than 1, the Kissinger-Akahira-Sunose (KAS) equation (Eq. 9) may be

.n(ﬁjz.n[i}i ©)
T? g(@)E | RT

For each conversion degree, the linear plot of In(5/T?) versus T enables E and In

written

[AR/g(a)E] to be determined from the slope and the intercept. Iso-conversional
kinetic parameters were obtained in this work by using Eq. 9. If the reaction model, g
(), is known, the corresponding pre-exponential factor can be calculated for each

conversion.

Rearranging Eq. 9, the Coats—Redfern equation can be written as Eq. 10.3!

In(g(azl jzln{ﬂ}—i 1o
T BE | RT

For a given model and heating rate, the linear plot of the left-hand side of Eq. 10 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 model with
an activation energy similar to that obtained iso-conversionally (Eg. 9) and with a good
correlation coefficient in Eq. 10 (Coats-Redfern method).

The rate constant k and the reaction rate da/dt were calculated for each conversion
from non-isothermal E, and A data using the Arrhenius equation and Eq. 7 and the
kinetic model, respectively.

Integrating Eq. 7 for isothermal experiments, we can obtain Eq.11:

Intzln[—g(a)}+£ (11)
A RT

This equation relates, for each conversion, the temperature and the time of curing.
The constant In[g(a)/A]] is directly related to the value In [AR/g(a)E] by E/R, which can
be deduced from the non-isothermal adjustment (Eqg. 9), if isothermal and non-
isothermal curing take place in the same conditions. In this work we used In [AR/g(a)E]
and E/R obtained by dynamic experiments and Eqg. 9 to estimate the time of curing for
both curing stages by using Eq. 11.
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4. Results and Discussion
4.1. Study of the dual curing by DSC and FTIR

Calorimetric kinetics and FTIR conversions of the sequential dual curing processes
were studied using a fixed rnco equal to 0.5 egnco/eqg: and varying the amount of
catalyst, to improve the sequential character of the dual curing system. The use of
different proportions of 1Ml as the catalyst (0.1-0.05-0.025 phr) for the IPDI_r_0.5
(Figure 1V-1a) and the HDI_r_0.5 (Figure 1V-1b) systems was studied firstly through
dynamic DSC studies.

a . IPDI_r_0.5 b HDI_r 0.5
f .
i

— _ 1|
20 £ P F
= A N U T — IM1O01phr ! i e IM1 0.1 phr
- - 1 :
< e ! ]
s —— 1M1 0.05phr 5 ; —— IMI 0.05phr
= & N T A B O IMI 0025l 5 h - TMI 0.025phr

H

}

80 1, 230 30 80 130 180 230

30 0 180
T(°C) T(C)

Figure IV-1. DSC thermograms corresponding to the dynamic curing at 10°C/min with different
IMI amounts of a) IPDI_r_0.5 and b) HDI_r_0.5.
It can be observed, that as the catalyst proportion increases, the exotherm related to
the first stage shifts at lower temperatures, and the curve becomes flattened and is
difficult to define and control the on-set and end-set temperatures of the isocyanate-
thiol coupling. Due to the high reactivity at low temperatures of the thiol-isocyanate
reaction in presence of a base, the process starts while we are adding the isocyanate
to the corresponding formulation. It is worth to note that in all the samples there is a
sequential succession of curing steps with a clear separation between both peaks, due
to isocyanate-thiol and epoxy-thiol click reactions, respectively. Furthermore, the
separation between both steps increases as the amount of 1Ml decreases, allowing to
obtain an excellent control over the global curing process. Comparing the curves for
IPDI and HDI curing processes, we can state that the separation between both

processes is more defined in HDI formulations.

Table IV-2 collects the most characteristic calorimetric data of the curing of the
samples studied, in terms of heat reaction (Ah) and temperature of the maximum of
exothermic peak (Tpeak).

As we can see in the table, the heat released during the dynamic curing of the
isocyanate-thiol reaction (Ahwco) is always lower in HDI formulations than in IPDI. In
addition, this value decreases on increasing the amount of 1Ml in the formulation.
These observations indicate that HDI is more reactive than IPDI and that the mixtures

begin to react during the preparation, leading to a loss of enthalpy.
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On the other hand, when we compare the enthalpies released in the thiol-epoxy
reaction for both type of formulations, the values obtained are comparable. As
expected, the temperature of the maximum of the peaks corresponding to both
processes (Tpeak) increases on decreasing the proportion of 1Ml in the formulation.
Taking all of this into account, we have selected as optimal catalyst loading for thiol-
isocyanate-epoxy networks 0.025 phr of 1MI.

Table IV-2. Calorimetric data of IPDI_r_0.5 and HDI_r_0.5 curing using 0.1-0.05-0.025 phr of

IMLI.

Sample imi Ahnco? Ahnco® Ah Ahc? Treaknco® | Tpeake?

(phr) | (/g) | (ki/eq) | (J/g) | (ki/eq) (°c) (°c)
0.1 60.2 31.7 247.7 | 130.2 69.1 112.8
IPDI_r_0.5 | 0.05 90.9 47.8 248.7 | 130.7 76.6 120.4
0.025 | 103.7 54.5 252.3 | 1326 82.7 127.5
0.1 24.6 12.3 252.3 | 125.8 68.4 112.3
HDI_r_0.5 0.05 27.8 13.8 263.4 131.4 73.4 121.0
0.025 40.1 19.6 272.5 135.9 80.3 128.8

2Enthalpy released in the thiol-isocyanate process by gr of mixture and by equivalent of isocyanate
b Enthalpy released in the thiol-epoxy process by gr of mixture and by equivalent of epoxide

¢ Temperature of the maximum of the peak of the thiol-isocyanate process

4 Temperature of the maximum of the peak of the thiol-epoxy process

To obtain the kinetic parameters and the kinetic model, which best describes the
reactive processes involved in our thiol-isocyanate-epoxy curing systems, dynamic
DSC experiments were performed.

Figure IV-2 plots conversion against temperature, calculated according to Eq. 2, for
isocyanate-thiol and epoxy-thiol reactions that occur at lower and higher curing
temperatures, respectively, for IPDI_r_0.5 formulations at different heating rates (2,
5, 10 and 20°C/min). In Supporting Information, Figure IV-S1 reports the same study
for HDI_r_0.5 formulations.

L @ IPDI_r_0.5:I stage L b IPDI_r_0.5: II stage
0.9 0.9
0.8 0.8
0.7 0.7
0.6 0.6

s g: 10°C/min /' 20°C/min :53: 2°C/min [ 5°C/min [ 10°C/min 20°C/min
0.3 0.3
0.2 0.2
0.1 0.1
0 0
60 70 80 20 100 110 80 100 120 140 160
Temperature (°C) Temperature (°C)

Figure IV-2. Degree of conversion versus temperature for IPDI_r_0.5. formulation with 0.025
phr of 1Ml a) first and b) second stages.
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The kinetic parameters of non-isothermal curing for both curing stages obtained by
DSC dynamic experiments are reported in Table IV-3 for IPDI_r_0.5 formulations. The
results obtained for HDI_r_0.5 formulations are collected in Table IV-S1 (Supporting
Information).

Table 1V-3. Kinetic parameters of dynamic curing obtained by DSC of IPDI_r_0.5 formulation.

Stage o? E® In[AR/g(a)E] r In A¢ ke do/dtf
(k)/mol) (K*s?) (s) (s
first 0.1 72.49 15.11 0.990 23.43 1.07 0.64
0.2 72.25 14.81 0.991 23.38 1.10 0.97
0.3 71.66 14.49 0.992 23.21 1.12 1.18
0.4 71.34 14.29 0.992 23.12 1.14 1.31
0.5 71.47 14.25 0.993 23.19 1.16 1.36
0.6 71.94 14.32 0.993 23.36 1.19 1.34
0.7 72.83 14.52 0.993 23.66 1.21 1.23
0.8 74.03 14.80 0.993 24.05 1.21 1.00
0.9 75.39 15.07 0.993 24.46 1.18 0.61
second 0.1 70.13 11.31 0.997 19.78 0.06 0.04
0.2 67.83 10.45 0.996 19.08 0.06 0.06
0.3 66.35 9.91 0.996 18.64 0.06 0.08
0.4 65.63 9.62 0.996 18.43 0.06 0.09
0.5 65.49 9.52 0.996 18.40 0.07 0.10
0.6 65.75 9.54 0.996 18.49 0.07 0.10
0.7 66.13 9.58 0.997 18.61 0.07 0.09
0.8 65.59 9.43 0.997 18.53 0.07 0.07
0.9 63.69 8.49 0.999 17.64 0.06 0.04

2 Conversion degree

b Activation energy

¢ Correlation coefficient

4Pre-exponential factor calculated using kinetic model As and A, for the 15t and 2"stage, respectively
€ Rate constant calculated by Arrhenius equation

fReaction rate calculated by Eq. 7.

From Table IV-3 it is possible to observe that the activation energy remains, during
both curing stages, relatively constant. This result suggests that the reaction
mechanism is the same in the whole range of curing, according to the click character
of the reaction, and a single kinetic model is only needed to describe the curing. In
many reaction processes the values of activation energy, due to the compensation
effect between the activation energy and the pre-exponential factor, do not reflect
exactly the reaction rate and it is better to discuss the rate constants calculated using
Eq. 7 and the kinetic model.?
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In accordance with the Coats-Redfern method described in the theoretical section,
various kinetic models have been studied: diffusion (D1, D2, D3, and D), Avrami-
Erofeev (A2, As/2, A3, and As4), power law, phase-boundary-controlled reaction (R2 and
Rs3), autocatalytic (n + m = 1, 2 and 3), and order n (n = 1, 2 and 3).33 We have found
that all the systems studied follow at all heating rates an Avrami-Erofeev model As
(first curing stage) and A4 (second curing stage). Although there is no reason for some
of these models to have any physicochemical meaning in the curing processes, they
can still be used to aid to the description of the calorimetric curve.

Table IV-3 also highlights the dual nature of the system studied since isocyanate-thiol
coupling shows rate constants about fifteen times greater than epoxy-thiol reaction.
HDI_r_0.5 shows the same behaviour, but in a more pronounced way (see Table IV-
S1). Furthermore, it can be observed than the rate constant increases with the
conversion, and after reaching a maximum, decreases in accordance with the
autocatalytic nature of both curing stages. It is well known, that OH groups catalyzes
the nucleophilic attack to the epoxides, due to the hydrogen bonding between
hydroxylic protons, formed during the reaction, and the epoxides, facilitating the
opening of the ring.3* The attack of the thiol to the isocyanate can be also catalysed
by the formation of hydrogen bonding, increasing the electrophilic character of the
isocyanate group.

DSC dynamic studies provide information about the heat evolved in the overall
reaction process but the evolution of the functional groups during curing and the
structure of the network formed needs to be observed by FTIR spectroscopy. In this
way, detailed data about the curing methodology can be obtained by determining the
evolution of the absorption bands of the isocyanate and epoxide groups. This method
allows the determination of the conversion progress at several reaction times for the
different functional groups reacting during the curing process. As an example, Figure
IV-S2 in Supporting Information shows some representative FTIR spectral regions
collected during a) the first stage at 60°C and b) the second stage at 120°Cof HDI_r_0.5
formulation. It can be observed the complete disappearance of the characteristic
absorbance peaks of free isocyanate groups at 2280 cm™ and epoxies at 915 cm™.

According to DSC results, we found in both formulations that the conversion was
complete at the end of both curing stages, indicated by a fractional conversion of 0.5
and 1 at the end of stage 1 and stage 2, respectively.

Figure IV-3 shows the evolution of the bands of the reactive groups during the first
and second stages of the curing for the HDI_r_0.5 mixture.
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Figure IV-3. Evolution of the FTIR spectra during curing of HDI_r_0.5 mixture at a) 60°C, for 5
min during the 1%t stage of curing and b) 120°C, for 60 minutes during 2" stage of curing.

As we can see, in the first curing stage (Figure IV-3) the isocyanate band completely
disappears after 5 min of reaction at 60°C (red arrow), while thiourethane absorptions
at 1670 and 3350 cm™ are formed (blue arrows), indicating that the complete
formation of thiourethane was achieved. The mixture with IPDI reacts more slowly as
can be seen in Figure 1V-S3 and a reaction time of 30 min is needed for the complete
disappearance of the isocyanate band. In the second stage of the curing, hydroxyl
absorptions appear during the process while the epoxy band at 915 cm™ disappears.
The second stage is finished in 60 min for both mixtures. Thiol absorptions at 2580 cm-
! can be detected but their evolution can be only followed from a qualitative point of
view, due to its weak intensity. The peak at 1730 cm™ attributed to the carbonyl
absorption of ester groups of the S4 does not experiment any change during the curing
process and has been used as internal reference for kinetic studies.

Several authors reported the formation of oxazolidone moieties in the curing of
mixtures of isocyanate and epoxide.3>3® This reaction can also lead to the formation
of isocyanurate groups by cyclization of isocyanates at lower temperatures than
oxazolidone moieties.?® Therefore, the formation of isocyanurate rings could occur in
the first stage of the curing of the dual process, in which the temperature is too low
to allow the formation of oxazolidone moiety. In the FTIR spectra of the intermediate
(Figure IV-3a) and final material (Figure IV-3b) no absorptions at 1715 cm, typical of
isocyanurate rings, nor absorptions at 1750-1740 cm™, indicative of oxazolidone
formation, can be observed. This indicates that in the first stage of curing, in which
isocyanate, thiol and epoxy groups coexist, the reaction of isocyanate and thiol is
favoured, confirming its click character. In the second stage, the formation of
oxazolidones cannot occur, since there is no unreacted isocyanate in the reactive
mixture.

Figure IV-4 shows the FTIR conversion plot during isothermal curing at 60°C
(isocyanate-thiol click reaction) and later at 120°C (epoxy-thiol click reaction) for
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IPDI_r_0.5 and HDI_r_0.5 samples. The temperature of the first and second stages
have been chosen according to DSC analyses and the isothermal reaction times,
tentatively, estimated by using Eq. 11 and the isoconversional non-isothermal kinetic
parameters previously determined (Tables IV-3 and S1).

II: 120°C

I: isocyanate-
thiol 206 i
click reaction k< 1: 60 !

_____

=
II: epoxy-thiol S 04 -
cliek reaction ’

/ I 120°C

z I 60°C.

0 10 20 30 40 50 60 70
Time (min)

-------- IPDI r 0.5 HDI r 0.5

Figure IV-4. FTIR isocyanate and epoxy conversion during isothermal curing at 60°C (stage 1)
and at 120°C (stage Il) for IPDI_r_0.5 and HDI_r_05 formulations.
From the FTIR and DSC studies, it is evident that the first curing stage is faster for HDI
formulations that for IPDI mixtures, as observed in a previous study, whereas the
second stage is not affected by the isocyanate used in the formulation.®

Although the curing times for both curing stages can be easily calculated from the
kinetic studies, the preparation of samples for DMTA in a metal mould in the oven
requires longer times and an optimization of the curing schedule is always needed.
Thus, by registering FTIR and DSC curves at different curing times, we optimized the
curing schedule to achieve complete conversion of isocyanate and epoxy groups at
the end of both stages. The optimized curing schedule is: i) stage 1 at 60°C for 1 hr in
the case of IPDI and for 40 min with HDI; ii) stage 2 at 120°C for 2 hr for both systems
studied. The curing times and temperatures reported here have been used for the
preparation of thermosets with different compositions based on IPDI and HDI.

In order to know the influence of the composition of the formulation in the dual curing
behaviour, we extended the calorimetric study to isocyanate contents 0.2 and 0.8. In
Figure IV-5, the DSC curves for a) IPDI and b) HDI formulations showing the exotherms
corresponding to each curing stage are represented.
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Figure IV-5. DSC thermograms corresponding to the dynamic curing at 10°C/min of different
compositions of a) IPDI and b) HDI formulations.

As we can see in the Figure IV-5, on increasing the isocyanate content (from rnco 0.2
to 0.8) the first curing stage shifts at higher temperatures whereas the second stage
remains almost unchanged. This result suggests that an excess of thiol favours the
nucleophilic thiol isocyanate reaction, but the network formed during first stage does
not modify significantly the kinetics of the epoxy-thiol reaction. It should be noticed,
that in all the formulations, in the second stage the epoxy-thiol proportions are
stoichiometric. Although, all the formulations are characterized by a sequential
succession of curing steps with a separation between both reaction peaks, in the case
of IPDI_r_0.8 sample the separation between the curing stages is not clearly defined.
This indicates that formulations with proportions of IPDI 0.8 or higher are not
adequate for applications requiring sequentiality. It can be also stated that a better
sequential dual-curing behaviour is obtained with epoxy-rich formulations.

The contribution of both isocyanate-thiol and epoxy-thiol reactions in terms of
reaction heat for all the formulations prepared is reported in Table 1V-4.

Table IV-4. Calorimetric data for both stages and theoretical and experimental Ty 1 and T 2.

15t stage 2nd stage 15t stage 2n stage
Sample | Ahyco | Ahnco | Ahe Bh, | therTy o | expTy b | therT, | exnT, d
(/g) | (k/eq) | ()/g) | (ki/eq) (°C) (°C) (°C) (°)
IPDI_r_0.2 40.4 56.7 376.4 131.9 -21.2 -18.8 60.4 54.6
IPDI_r_0.5 | 103.7 54.5 2523 132.6 10.4 10.6 74.1 74.7
IPDI_r_0.8 | 159.2 49.4 56.7 70.8 57.8 57.8 91.3 92.9
HDI_r_0.2 17.3 23.7 356.2 122.5 -27.1 -36.4 52.2 52.6
HDI_r_0.5 40.1 19.6 2725 135.9 -7.4 -3.3 51.4 52.9
HDI_r_0.8 63.4 17.8 108.0 120.7 21.5 28.3 50.5 48.7

2Ty value for the intermediate material calculated by the Fox Eq.
bExperimental T, value for the intermediate material determined by DSC.
¢ Ty value for the final material calculated by the Fox Eq.

dExperimental T, value for the intermediate material determined by DSC.
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In a previous study in the latent catalysed curing of thiols and IPDI we determined an
enthalpy by equivalent of 72 kiJ/eq.’ In the present study, the heat released by
equivalent is lower. This is because this reaction begins at room temperature during
the preparation of the reactive mixture and some heat get lost before DSC
experiment. The higher reactivity of HDI leads to lower values of enthalpy released. It
is reported that thiol-epoxy reactions release about 125 kJ per equivalent of epoxide.?”
As we can see in the Table IV-4, the thiol-epoxy reaction seems to be complete for all
the formulations, with the exception of IPDI_r_0.8 in which a partial overlapping of
both reactions occurs, which difficult the selection of the base-line. Thus, the
measured heat released confirms the sequential dual character of these curing
systems, except for IPDI_r_0.8 mixture.

4.2. Thermal and dynamo mechanical characterization

By using the Fox copolymer rule (Eq. 3 and 4) we are able to predict the Tys of
intermediate and final materials as function of the formulation composition, using the
experimental T, data of the uncured epoxy-thiol formulation, which is Te-y=-37.3°C
and the Tgs of the pure thermosets: i) IPDI-thiol T”guepr-ty= 105.4°C; ii) HDI-thiol, T”g(oi-
)= 49.8°C and iii) epoxy-thiol, T”ge-t)= 52.6°C.

Experimental Ty values have been determined by DSC in the intermediate and final
curing stages. The values of experimental and calculated Tys are collected in Table IV-
4 for all the formulations studied. Figure V-6 shows the dependence of the calculated
and experimental Tgs in function of the different rnco compositions for a) IPDI and b)
HDI mixtures. The theoretical critical gelation ratio, rc, has been calculated by the
Flory-Stockmayer theory (Eq. 1).
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Figure IV- 6. Plot of experimental (circles) and calculated (full squares) Tqs against ryco for a)
IPDI and b) HDI dual curing formulations.

As can be seen in Figure 1V-6, a wide range of intermediate and final materials could
be obtained using IPDI and HDI as isocyanates and different formulation compositions.
Furthermore, there is a significant influence of the type of isocyanate on the
intermediate and final Tgs, and the material properties, in particular in the final stage.
Whereas IPDI fully cured thermosets show a great variation of the T, with the
composition (from 52.6 to 105.4 °C), all the HDI thermosets have similar values. This
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is caused by the similar Ty values of the pure HDI-thiol and epoxy-thiol thermosets,
49.8 and 52.6°C, respectively. Calculated and experimental Tys fully agree, especially
for IPDI formulations, which indicates that the reactions implied occurred completely,
without side-reactions, as expected from click processes.

Keeping in mind the value of rc of 0.33 it is possible to obtain a gelled and therefore
solid-like and shape-conformable intermediate materials, after the first stage, for
compositions with rnco > 0.33 at compositions lower than this value, the material will
be viscous with high adhesion properties.

The thermal stability of the thermosets was evaluated by thermogravimetry. Figure
IV-7 shows the TGA curves for all formulations studied and the insets show the rate of
weight loss against temperature (DTGA curves). The main data obtained for these
experiments are collected in Table IV-5.
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Figure IV-7. TGA curves of a) IPDI and b) HDI thermosets with the different compositions
selected. Insets show the rate of weight loss against temperature, DTGA.

It can be observed that the degradation takes place in two principal steps, with a small
shoulder at lower temperature of the first degradation step, which increases with the
proportion of isocyanate in the formulation. The first stage, at the temperature range
of 280-400°C, is characterized by the decomposition of thiourethane segments and it
is reasonable to assume that the formation of the shoulder is significantly affected by
the rnco chosen.3® In a previous work of our group, based in poly(thiourethane)
networks, a complex degradation mechanism with three different steps was
observed.!® Thus, on increasing the amount of these structures in the global network,
the DTGA curves tend to become more complex with the clear appearance of a
shoulder. The second degradation step, occurring at the temperature range 400-
500°C, can be attributed to the degradation of hydroxy-thioether structures but also
to the poly(thiourethane) structure.® This is evident if we compare the temperatures
of the maximum rate of weight loss, higher in case of HDI thermosets, as seen in our
previous study.'® However, it should be pointed out that both degradation steps are
strongly overlapped, and therefore it is not possible to attribute exclusively the first
peak to the thiourethane structure and the second to the thiol-epoxy network. It must
be considered that the thiol monomer randomly interconnects both types of
networks, which are not independent each other. The overall thermal behaviour of
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the samples prepared is then the result of the different stability of the chemical bonds
formed during the first and the second stage.

Table IV-5. Thermogravimetric and thermomechanical data obtained for IPDI and HDI

thermosets.
Char Young’s
T25° Tmax® ] FWHM® | Tians® ef &
Sample . . Yield® . . Moduluss
(°C) (°c) . (°C) (°c) | (MPa)
(°c) (GPa)
IPDI_r_0.2 | 287.6 | 362/446 9.9 9.5 80.1 19.1 2.1
IPDI_r_0.5 | 257.5 | 353/432 7.3 13 104.7 18.9 2.5
IPDI_r_0.8 | 227.6 | 333/423 4.8 13 129.4 18.8 3.2
HDI_r_0.2 299.7 | 369/442 10.7 10 62.6 13.0 15
HDI_r_0.5 268.3 | 349/445 7.4 9.5 66.0 13.5 1.7
HDI_r_0.8 217.3 | 333/460 5.2 11.5 69.5 14.2 1.9

aTemperature of 2% of weight loss

b Temperatures of the maximum rate of degradation of the two main steps
¢ Char residue at 600°C.

4 Full width at half maximum of tan & peak

¢ Temperature of the maximum of tan 6 at 1 Hz

fRelaxed modulus determined at the Tians + 40°C in the rubbery state
8Young modulus determined at 30°C under flexural conditions

From the values of the table, we can see that the higher the proportion of
poly(thiourethane) fragments in the network the lower the thermal stability of the
material. This is reflected in the initial degradation temperatures (T2%) and in the
temperature of the maximum rate of degradation (Tmax). IPDI thermosets presents a
higher thermal stability than their HDI analogue. The presence of aromatic rings in the
epoxy compound leads to a higher char yield in the thermosets with a higher
proportion of DGEBA.

The thermomechanical behaviour of all the materials prepared was evaluated by
DMTA analyses. Figure IV-8 presents the tan & curves obtained for both types of
materials. The main data extracted from DMTA tests are collected in Table IV-5. As we
can see in Figure IV-8, the materials obtained are homogeneous with unimodal and
narrow shapes despite the dual curing procedure applied in the preparation. The
values of the width of the curve at half height (FWHM) are rather small, according to
the click character of the curing reactions implied, without the formation of
unexpected structures, and they are consistent with the ones reported by Gamardella
et al. for pure thiol-isocyanate thermosets.® The high homogeneity of these materials
and their narrow ranges of relaxation make these materials applicable to smart
technologies and as shape memory materials, as for example in actuators, valves,

robotics and optical applications, etc.3%42
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Figure IV-8. Tan 6 and storage modulus against temperature of IPDI (a) and HDI (b)
thermosets.

The values of the temperature of the maximum of tan 6 depend fundamentally on the
structure of the isocyanate monomer, rigid and compact, in the case of IPDI, and
flexible and linear for HDI. In the case of IPDI-based thermosets, the temperature of
the maximum of tan 6 increases as rnco increases, due to the high compactness and
rigid structure of IPDI monomer and the possibility to enhance interactions between
chains by hydrogen bonding. On the other side, with HDI samples, tan § temperatures
remain almost similar, in agreement with the trends observed by DSC measurements.
The values obtained are a little lower than those obtained in pure poly(thiourethane)
thermosets previously reported.’® Furthermore, for all the samples studied the height
of tan 6 curve is comparable for all the thermosets.

There are no significant differences in the E’ data for the IPDI samples prepared, but
this value tends to decrease on increasing the amount of HDI in the material. Finally,
the Young’s modulus yields the highest values in the case of IPDI materials, due to
their rigid network structure. Young moduli slightly increase on increasing the
isocyanate content, due to the higher rigidity of poly(thiourethane) networks, which
is enhanced by the presence of hydrogen bonding between chains.

4.3. Prospective applications

In this paragraph, we illustrate some possible applications of the prepared samples in
the field of materials with shape memory behaviour. IPDI_r_0.5 and HDI_r_0.5
samples were chosen as representative samples. As shown in Figure IV-9, IPDI and HDI
formulations, prepared as described in the experimental part, were poured into a
Teflon mould and cured at 60°C for 40 min in the case of HDI samples and for 60 min
in the case of IPDI materials (1° curing stage) to obtain intermediate prismatic shape
materials (step a). Thanks to the deformability of these gelled intermediate materials,
they were easily rolled onto stainless steel moulds having different geometries and
covered with a Teflon layer (step b) obtaining bent-shaped surfaces. To obtain
permanent shapes, the samples were heated up at 120°C for 120 min (2" curing
stage), cooled at room temperature and peeled off from the moulds (permanent
shapes, step c).
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The shape memory characterization consists of two steps: i) programming of
temporary shape and ii) recovery of the original shape. The first step was performed
between two stainless steel plates at 150°C (programming temperature) applying
enough pressure to flatten the sample (step d). They were cooled down quickly to
room temperature and the resulting material showed a prismatic flat shape. In the
second step, once the temporary shape was programmed, the recovery of the original
permanent bent shape was conducted by heating the samples at 120°C (step e). Since
the results obtained seems to be highly promising, the complete study of the shape
memory behaviour of the new materials prepared in this work will be carried out in
future projects to explore their possible applications.

first curing stage ;
a R

- temporary shape
—_—

stainless steel moulds with
different geometries

second curing stage

_ d -’( i - @ 4 —
lz B "VER’S’%%v ‘

—_— permanent shape

New materials with shape memory behavior

Figure IV-9. Representation of the bent-shaped sample processing, shape memory
programming and recovery process.

5. Conclusion

In this work, a new family of thermosets based on thiol-isocyanate-epoxy networks
was developed by means of a dual curing process and exploiting the use of two
different aliphatic isocyanates, isophorone diisocyanate and hexamethylene
diisocyanate. The sequential dual character of this new curing system relies on the
faster reaction kinetic of the isocyanate-thiol coupling that occurs at a relatively low
temperature, compared to the epoxy-thiol reaction between the remaining thiol
groups and the epoxy, taking place at higher temperature. The click character of both
reactive processes prevents other side reactions to occur. The extent of the first curing
step is controlled by the equivalent ratio between the isocyanate and thiol, which also
tailors the intermediate and final materials properties. Therefore, it is possible to
design intermediate materials, which can be gels or viscous liquids, depending on the
proportion of isocyanate, and fully cured materials, which can be loosely or tightly
crosslinked. The characteristics of the intermediate materials open the possibility to
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be used as adhesives or to be conformed to create complex shapes that can be further
crosslinked. Furthermore, the materials prepared show an interesting shape memory
behaviour that will be further studied, and which opens the possibility to be applied
in smart technologies.
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Figure IV-S1. HDI_r_0.5. degree of conversion versus temperature of a) first and b) second
stages.

Table IV-S1. Kinetic parameters of dynamic curing obtained by DSC of HDI_r_0.5 formulation.

Stage o? EP In[AR/g(a)E] R In Ad ke da/dtf
(ki/mol) (Kt-s?) (s?) (s?)
first 0.1 89.70 21.89 0.978 30.43 4.55 2.74
0.2 87.25 20.77 0.986 29.53 4.08 3.60
0.3 86.05 20.21 0.989 29.11 3.94 4.16
0.4 85.25 19.82 0.990 28.83 3.88 4.46
0.5 84.62 19.51 0.991 28.63 3.85 4.53
0.6 84.04 19.24 0.992 28.43 3.83 4.34
0.7 83.55 18.99 0.992 28.27 3.82 3.89
0.8 82.99 18.71 0.992 28.08 3.79 3.13
0.9 82.18 18.33 0.991 27.81 3.73 1.95
second 0.1 70.13 11.31 0.998 21.50 0.10 0.07
0.2 67.83 10.45 0.999 21.04 0.10 0.11
0.3 66.35 9.91 0.999 21.70 0.11 0.14
0.4 65.63 9.62 0.999 20.47 0.11 0.16
0.5 65.49 9.52 0.999 20.34 0.11 0.16
0.6 65.75 9.54 0.999 20.28 0.11 0.16
0.7 66.13 9.58 0.999 20.23 0.11 0.15
0.8 65.59 9.43 0.999 20.36 0.10 0.12
0.9 63.69 8.49 0.988 26.49 0.05 0.04

3 Conversion degree

b Activation energy

¢ Correlation coefficient

4Pre-exponential factor calculated using kinetic model As and A, for the 15t and 2"stage, respectively
¢ Rate constant calculated by Arrhenius equation

fReaction rate calculated by Eq. 7.
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Figure IV-S2. FTIR spectral zones of HDI_r_0.5 mixture at a) 60°C, for 5 minutes during
isocyanate-thiol reaction (isocyanate absorption) and b) 120°C, for 60 minutes during epoxy-
thiol click reaction (epoxy absorption).
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Figure IV-S3. Evolution of the FTIR spectra during curing of IPDI_r_0.5 mixture at a) 60°C, for
30 min during the 15t stage of curing and b) 120°C, for 60 minutes during 2" stage of curing.
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Actuator behavior of tailored poly(thiourethane)
shape-memory thermosets

Francesco Gamardella', Xavier Ramis?, Angels Serra?, Silvia De la Flor3

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

2 Thermodynamics Laboratory, ETSEIB Universitat Politecnica de Catalunya, Av. Diagonal,
08028, Barcelona, Spain

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

Abstract

In this work, a new family of poly(thiourethane) shape memory thermosetting
actuators was developed and characterized. These materials can be easily prepared
from mixtures of two different aliphatic diisocyanates and a trithiol in the presence of
a latent catalyst, allowing an easy manipulation of the formulation. Rheological
studies of the curing process confirm the latent character of the formulations. The
glass transition temperatures and the mechanical properties can be modified by
varying the proportion of diisocyanates (hexamethylene diisocyanate, HDI, and
isophorone diisocyanate, IPDI) with stoichiometric amounts of trimethylolpropane
tris(3-mercaptopropionate). The shape-memory behavior was deeply investigated
under three different conditions: unconstrained, partially constrained and fully
constrained. The tests were performed in single cantilever bending mode to simulate
conditions more closely like to real complex mechanics of thermomechanical
actuators under flexural performances. The complex recovery process in single
cantilever bending mode was compared with that obtained using tensile mode. The
results evidenced that the amount of recovery force in fully constrained conditions,
or energy released during the recovery process in partially constrained, can be
modulated by simple changing the proportion of both diisocyanates. A simple model
based on Timoshenko beam theory was used for the prediction of the amount of work
released. The reported results are an important guideline to design shape-memory
materials based on poly(thiourethane) networks, establishing criteria for the choice
of the material depending on the expected application.

Keywords:

poly(thiourethane), shape-memory, thermosets, latency, actuator, single cantilever.
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1. Introduction

Shape-memory polymers (SMPs) are a promising class of smart materials that are
capable to adopt a temporary shape, recovering their original shape upon the
application of an external stimulus [1,2]. This effect usually consists in a
thermomechanical process, during which the material is heated up to a temperature
close to or higher than a structural transition temperature of the network (Tirans) and
it is deformed to this temporary shape by applying an external stress. The Tirans Of a
SMP usually coincides with the polymer’s glass transition temperature (T;) or melting
temperature (Tm). Ttrans is an important parameter in SMP design, and it can be
modified by changing the network structure of the polymer. This temporary shape can
be fixed by cooling down the polymer below its Tians. Thus, the work carried out on
the sample to change the macromolecular conformation is accompanied by a change
in entropy, leaving the material in a high-energy state. After that, the original shape
can be recovered by subsequently heating above Tirans, and the strain energy stored
during the process can be released [3-5].

Consequently, SMPs are capable of displacing loads during the recovery process,
releasing their accumulated energy, behaving like a smart actuator [6-8]. These
outstanding properties have attracted a great interest in the last decades, and their
use in a wide range of applications such as biomedicine [9,10], aerospace [11], textile
engineering [12] and many others [13] have been studied.

Among SMPs, thermoset-based SMPs are increasingly studied for their easy
processing, durability, and superior thermal and mechanical performance in
comparison to common shape-memory elastomers or thermoplastic-based SMPs
[14,15]. In particular, high-performance shape memory thermosets (HPSMTs) are
particularly interesting for industrial applications, since they can perform mechanical
work against external loads [16,17]. Our research group has contributed significantly
to this field studying and characterizing several HPSMTs based on epoxy resins [18-
21].

Polyurethanes (PUs) are one of the most widely studied class of shape memory
polymers, thanks to their structural versatility, easy processing, low cost and high
number of monomers available on the market [22,23]. Poly(thiourethane)s (PTUs) are
related to their oxygen counterparts, showing comparative properties due to the
presence of similar hydrogen bonding, but they did not receive the same interests
from the scientific community. The formation of PTUs by nucleophilic addition of thiol
to an isocyanate in presence of a base catalyst, leads to a very fast and efficient click
reaction with high conversion and without the presence of unexpected groups [24].
Moreover, high refractive index and excellent mechanical properties make
poly(thiourethane)s interesting candidates for many advanced applications as optical
devices, lenses, advanced coatings and medical technology [25-28]. Despite these
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excellent features, the possibility of using PTUs as shape memory polymers is
relatively unexplored. Only few articles on comprehensive studies of the shape
memory of PTUs have been published in the last decades [29-31], and their use as
thermomechanical actuators is still unexplored. Our research group have already
tested qualitatively the potentiality of these materials as shape memory polymers,
preparing thermosets with different advanced characteristics. We prepared a family
of thiol-isocyanate-epoxy materials obtained via sequential dual-curing methodology
[32] and PTU covalent adaptable networks that present shape-memory characteristics
combined with the possibility to modify their permanent shape [33].

Bowman and co-workers developed SMPs using the thiol-isocyanate reaction in
conjunction with methacrylate homopolymerization [29] and thiol-Michael addition
to form networks via two-stage polymerization [30]. Nguyen et al. synthetized
urethane-thiourethane networks with shape memory properties and self-healing
ability via Diels-Alder chemistry [31]. Despite these excellent papers on the subject, all
these systems involved complex chemistry and multiple preparation steps, limiting
their possible large-scale applications at industrial level. Herein, we report a new type
of shape memory poly(thiourethane) networks, obtained from commercially available
monomers making their preparation feasible on industrial scale.

We have synthetized a family of novel thermosets based on thiol-isocyanate “click”
chemistry, in presence of a Lewis base, evaluating their performance as
thermomechanical actuators. A thermal latent base (1-methylimidazolium
tetraphenylborate) which release 1Ml at temperatures higher than 100 °C, previously
developed by our group, has been selected as the catalyst [34,35]. The use of such
latent base represents an interesting opportunity to reach a temporal control of the
reaction, offering the possibility to prepare the PTU thermosets in a controlled way;
since the use of bases such as amines leads to a too quick thiol-isocyanate reaction,
as already demonstrated in our previous paper [34]. To study the change of the
material properties according to the structural characteristics of the network, PTU
thermosets were prepared by varying the proportion of the flexible hexamethylene
diisocyanate (HDI) and the more rigid isophorone diisocyanate (IPDI) with
stoichiometric amounts of trimethylolpropane tris(3-mercaptopropionate) (S3). First,
the effect of changing the diisocyanate monomer ratio on the curing schedule of the
latent system was evaluated by rheological measurements. After that, a detailed
thermal and mechanical characterization was performed using thermogravimetric
analysis (TGA) and dynamic mechanical analysis (DMA) to have a better understanding
of the relationship between network structure and thermomechanical properties.
Then, to evaluate their ability to generate work during the recovery process and, in
consequence, evaluate their performance as SM actuators, the shape-memory
behavior of the PTU thermosets was investigated under three different conditions:
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unconstrained, partially-constrained and fully constrained. Since shape-memory
actuators are commonly used as smart mechanisms for autonomous control in
industrial applications, and the real operational conditions usually involve flexural
instead of tension or compression actuation designs. The testing mode chosen for this
study was the single cantilever mode, thus simulating an open-valve mechanism. The
reported results will provide an important guideline to design shape-memory
materials based on poly(thiourethane) networks, establishing criteria for choice of the
material structure depending on the expected application.

2. Experimental Methods
2.1. Materials

Trimethylolpropane tris(3-mercaptopropionate) (S3), hexamethylene diisocyanate
(HDI), isophorone diisocyanate (IPDI), 1-methylimidazole (1MI) and sodium
tetraphenylborate (NaBPhas) from Sigma-Aldrich (Saint Louis, MO, USA) were used as
received. The base generator, 1-methylimidazolium tetraphenylborate (BG1MI) was
synthesized according to a reported methodology [35, 36]. 10 mmol of 1MI were
solubilized in 2.6 mL of H:0 slightly acidified with 1 mL of conc., 36% HCI solution. 11
mmol of NaBPhs were solubilized in water and stirred until complete homogenization.
The two aqueous solutions were mixed, and a white salt was formed as a precipitate.
The salt was filtered, washed thoroughly with distilled water and MeOH, then
recrystallized from a 4:1 mixture of MeOH and CHCl;s, filtered and dried. The purity of
the synthesized compound was assessed via differential scanning calorimetry (DSC)
thermal scan and its melting point was found to be similar to the reported by other
equivalent salts in the literature [37-38].

The chemical structures of the reactants used in the preparation of the materials are
shown in Scheme V-1.

HDI IPDI
HsC NCO
OCN o~~~ nco ch>
HaC NCO
s3 BG1MI
0 o
Hs ™0 o Q@Q CE/H
HS O:><:CH3 @%@'Cﬁ
5 H

Scheme V-1. Schematic representation of the chemical substances used.
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2.2. Sample preparation

The composition of the formulations with different proportions of (HDI /IPDI) with
stoichiometric amount of S3 are detailed in Table V-1. 0.1 % wt of latent catalyst
BG1MI was added to the corresponding amount of S3. The catalyst was dissolved in
S3 at 80 °C until a homogeneous mixture was obtained. The mixture was poured onto
aluminium moulds and cured 2 h at 100 °C and 1 h at 125 °C with a post-curing of 2 h
at 150 °C.

Table V-1. Composition of the formulations prepared by changing the HDI/IPDI proportion in

molar and weight percentages. The thiol (S3) is added in stoichiometric proportions and the
latent base in 0.1 phr in reference to the thiol amount.

Sample Mole ratio (HDI/IPDI) | Weight ratio (S3/HDI/IPDI)
(%) (%)

HDI 100:0 61:39:0
80HDI_20IPDI 80:20 60:30:10
60HDI_40IPDI 60:40 58:22:20
40HDI_60IPDI 40:60 57:14:29
20HDI_80IPDI 20:80 56:7:37

IPDI 0:100 54:0:46

2.3. Characterization techniques
2.3.1. Rheological characterization

The evolution of the curing process was monitored through rheometric
measurements using a TA Instruments AR G2 (New Castle, USA) rheometer equipped
with electrical heated plates (EHP) in a parallel plate geometry (25-mm diameter
disposable aluminium plates). To confirm the latent character of the formulations and
determine the effect of the different proportions of both isocyanates on the curing,
dynamo-mechanical experiments were performed at 100 °C to determine the time
needed for the different formulations to reach the gel point. The rheometer oven was
pre-heated at 100 °C and, once the temperature was equilibrated, the formulation
was quickly placed between the parallel plates and the distance between the plates
was settled at 1 mm. Complex viscosity (77) and viscoelastic properties were recorded
as function of time at three different frequencies: 1, 3 and 10 Hz. The experiments
were conducted in the range of linear viscoelasticity obtained from constant shear
elastic modulus (G’) in a strain sweep experiment at 1 Hz. Gel points were determined
as the point where the viscosity diverges towards infinite.
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2.3.2. Thermal characterization

The thermal stability of the samples was evaluated by thermogravimetric analysis
(TGA), using a Mettler Toledo TGA2 thermobalance. Pieces of cured samples of 10-15
mg were degraded between 30 and 600 °C at 10 °C/min under inert atmosphere (N2
at 50 mL/min).

2.3.3. Thermo-mechanical characterization

A DMA Q800 (TA Instruments New Castle, USA) equipped with a 3-point-bending
clamp (with a span of 15 mm) was used for the analysis of the thermo-mechanical
properties of the materials. The experiments were performed at a heating rate of 3
°C/min, from 30 to 160 °C, at 1 Hz and 0.1% of strain. Prismatic rectangular samples
were thoroughly polished until uniform dimensions of about 30x5x1.5 mm3 were
obtained. The glass transition temperature T, was determined by the peak of the tan
6 curve. The full width at half maximum (FWHM) was also determined as this
parameter helps to quantify the homogeneity of the network structure. The values of
storage modulus, E’, below and above glass transition were evaluated. The T, was
calculated as the peak of the loss modulus. A peak in the deformability is obtained at
this temperature coinciding with the onset of the mechanical relaxation and this
temperature, as explained later, is relevant in shape memory characterization.

2.3.4. Mechanical characterization

The flexural modulus (E) of the materials was determined at T4f in three-point bending
mode on rectangular samples (30 x 5 x 1.5 mm?3) using the DMA Q800. A force ramp
with a constant rate of 1 N/min was imposed ensuring that only the viscoelastic
behaviour of the material was evaluated. Three samples of each material were
analysed and the results were averaged.

2.3.5. Shape memory characterization

To characterize the shape-memory behaviour of the PTU thermosets as bending-type
thermo-mechanical actuators, the DMA Q800 single cantilever clamp was selected.
DMA Q800 has the advantage in terms of accuracy of the applied load and
displacement measurements in comparison with standard testing machines, when
specimens with small cross sections are tested. Single cantilever mode consists of
anchoring the sample on one end by the stationary clamp and attaching to a moveable
clamp on the other. Through this moveable clamp, the apparatus applies a controlled
force while the displacement is simultaneously recorded. It is important to emphasize
that the span (L=17.5 mm) between these two anchoring points may vary, since the
moveable clamp can present a minor lateral movement and so, it should be measured
prior to each test. Moreover, the clamping ends introduce shear deformation in the
sample that should be taken into account when computing the relation between force
and displacement. The basic characteristics of this mode as well as the equivalent
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mechanical model (cantilever beam with end force) are represented in Fig. V-1(a-b).
In Figure V-1(c-d) some pictures of the real disposition of the sample (undeformed and
deformed) in the clamp are also presented.

(a)

Sample F
Fixed GRIP {- / ‘ p I//’ Moveable GRIP
V= v Fj/ﬁ w/
ti ‘7%,/
Ly L L
[e—sfe ot
F
6 |
A
A
-
A
A

Figure V-1. Single cantilever DMA operational mode (a) schematic representation and basic
parameters; (b) mechanical model. Arrangement of the sample with its original (c) and
programmed (d) shape.

In this bending mode, the relation between the force (F) applied and the displacement
measured in the moveable clamp (d) can be modelled as a first approximation using
Timoshenko beam theory and correcting it by including a factor for 3D clamping
effects. Consider a static linear elastic beam clamped at one end and with a point force
applied at the other end where the cross-section remains parallel to the force (this
last condition represents the movable clamp where the force is measured). Although
in Figure 1(d) it can be appreciated that this is not a typical cantilever beam (where
one of the ends is free), as a first approximation it can be referred as such. Using
Timoshenko beam theory, the vertical displacement can be determined using the
zero-angle boundary conditions at both ends and a zero-displacement in the clamped

end. The resulting maximum displacement (d) takes the value:

_ F.I
C12-E-1-a,

d (1)

<1 + 2 1+ ‘ 2)
" @0

L L )

@ = 0.7616 - 0.02713 - |- +0.1083 -In (?)

Where d is the maximum vertical displacement of the beam (in the tip), F is the force
applied an Lis the free length between the clamped end and where the force is applied
(i.e. the distance between the clamps themselves, not the distance between the
midpoints of the clamps). E is the flexural modulus of the linear elastic material; v is
its Poisson’s ratio; t is the thickness of the cross-sectional area; /| = w-t3/12 is the
second moment of area of the rectangular cross-section and « is the Timoshenko’s
shear coefficient (5/6 for a rectangular cross-section). The clamping correcting factor
introduced by DMAQS800 to consider the deformation of the sample within the

clamped region is ac and is given by the manufacturer.
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Prismatic rectangular samples of 5 mm in width (w) and 1.5 mm in thickness (t) have
been tested in three different conditions: unconstrained, partially-constrained and
fully-constrained. In all cases, there is a programming of the sample prior to the
recovery process. Depending on the experiment performed in the recovery process,
different DMA Q800 customized operation methods were used. The sample mounting
and the recovery analysis are depicted in Figure V-2.

Free F=0.01N
(Foree-controlled)
Original Programmed
Partially-
constrained t
_ | F=Fw
% (Force-controlled)
. Fixed load
‘ y
H Fully-
' constrained
d=1mm
DMA single-cantilever 3D view Axis definition (Strain-rate)

Fixed displacement
Figure V-2. lllustration of the DMA testing depending on the experiment conditions.

The temporary shape was fixed using a force-controlled mode, following the
thermomechanical procedure called programming, this procedure consists of
different steps. First, the specimen was heated up to the programming temperature
(Tprog) and deformed until reaching an imposed displacement dmax. The Tprog chosen
was T4, as it is demonstrated that it is the best programming condition to store the
maximum amount of entropic energy [8,17]. When dmax was reached, the sample was
rapidly cooled down to room temperature (well below its Ty) to fix the temporary
shape. After that, depending on the shape memory test, the experiments were carried
out under different conditions.

For comparison purposes, the same dmax must be imposed at T,£ to all the samples
and this value must be compatible with the physical limits of the DMA. Thus, dmax was
chosen to be equal to 14 mm. The theoretical force F, able to produce this dmax, was
also calculated using Equation (1) with the flexural modulus measured at Tt and
compared to the experimental force needed for this displacement in order to validate
the assumed Timoshenko beam theory.

For the unconstrained procedure, after the programing step, the DMA was set in
force-controlled mode, the applied force was released and only a minimal force of
0.01 N was imposed to register the recovery process. The sample was heated at 3
°C/min to a temperature above Ty while recording the displacement of the movable
clamp dy(T), thus measuring the shape-memory recovery process (SR) determined by
the following equation:
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SR(T)= dmax - dy(T) (3)
Aimax

where dmax is the programmed displacement and dy(T) is the displacement reached by

the movable clamp during the recovering process. The recovery process ended with a

displacement dy(Tena) which represents the amount of deformation that the sample is

not able to recover. These curves were normalized for comparison purposes (0 means

no recovery and 1 means completely recovered).

To analyse the effect of the different formulations on the shape-recovery process the
shape-recovery curves SR(T) were differentiated with respect to the temperature by
using equation (4) thus obtaining the instantaneous shape-recovery speed SRspeed(T)
as a measure of the shape-recovery sharpness. Using the SRspeed(T) curve, the
temperature corresponding to the maximum recovery speed was determined as the
peak of the curve (Tpeak).

dSR(T) (4)

dT

The shape-recovery rate (V;), a measure of the average shape-recovery speed, was
evaluated from SR(T:) = 0.15 to SR(T2) = 0.85, that is in the range between 15% and
85% of the shape recovery process (i.e. avoiding the early and final stages) using

SRspeed (T)=

equation (5):

SR159-85% 5
V. (%/min) = 15%—85% (5)

At5R15%—85%
Finally, the recovery-ratio was calculated by equation (6):

dy (Tena) (6)

R, =(1- )- 100

max
Fully-constrained experiments were performed to calculate the maximum recovery
force that the PTUs were able to generate. To do that, the experiments were carried
out in strain-rate mode imposing a minimum constant displacement (1.0 um) while
heating the sample at 3 °C/min. The force generated by the sample, F,(T), was
measured during the recovery process, until reaching a maximum value Fmax.

To evaluate the mechanical work generated, partially-constrained experiments were
performed in force-controlled mode applying a constant force (Fw) equal to the 50%
of the force generated for each sample during the fully-constrained experiments
(Fmax). Then, the sample was heated up to the recovery temperature while the
displacement of the movable clamp was measured. The relative work (W) developed
by the sample was calculated using equation (7). In this expression, for comparison
purposes, the final displacement reached, dy(Tens) has been normalized with respect
to the maximum displacement, dmax imposed during programming.
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. Aimax — dy (Tena) (7)

dmax

Wrel = FW

In equation (7) Fw is the constant force applied on the sample, dmax is the deflection
after the programming process and dy (Tend) is the displacement reached by the
movable clamp at the end of the recovery process.

The theoretical relative work that the sample could perform can be deduced assuming
that all the force produced by the sample during the shape-recovery process is equal
to the force given to program the sample in the temporary-shape (Fprog). Fprog can be
deduced, as explained before, from equation (1) using Timoshenko beam theory
assuming dmax=14 mm (the maximum deflection imposed in programing) and with the
flexural modulus measured at T,f. Once Fprog is determined, the theoretical
displacement that the sample could reach in the recovery process, dy-theor (Tend) can be
determined again by equation (1) but considering that the force applied by the DMA,
Fw, acts in opposite direction during the recovery experiment. Thus, in equation (1), F
is calculated as F = Fprog-Fw. Finally, the theoretical relative work can be calculated as:

. dmax - dy—theor (Te”d) (8)

dmax

Wrel—theor = Fw

For a better comprehension of the stress-strain behaviour in single cantilever bending,
the shape-memory behaviour under unconstrained conditions was also analysed
using a tension-film clamp (the simplest stress-state possible in mechanics) and
compared with the behaviour in bending mode. The experiments were conducted in
controlled-force mode on rectangular specimens with dimensions of 20x5x0.5 mm?3.
Under this tensile mode, the sample was heated up to the programming temperature
and loaded at 1 N/min until a programming stress (oprog) equal to 75 % of the stress at
break reached (0prog=0.75- Obreak). The permanent shape was recovered by heating the
programmed sample at 3 °C/min to a temperature above T,. The recovery process
ended with a deformation value of &y, which represents the amount of deformation
that the sample was not able to recover. The shape-memory recovery (SR) was
determined using equation (9).

Emax—E
SR(T)=M. 100 (9)

t(':1’)1.(2.)(

Where &max is the deformation corresponding at the 75% of the strain at break and &
is the value of the deformation at the end of the recovery process.
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3. Results and Discussion

Two different isocyanates were selected as starting monomers, hexamethylene
diisocyanate (HDI) with a linear and flexible structure and isophorone diisocyanate
(IPDI) more rigid due to the presence of a cyclohexane ring in the structure. Both were
crosslinked with a trifunctional thiol (S3) in the presence of a base to obtain PTUs with
different mechanical and thermal properties. Fixing the thiol at the stoichiometric
proportion and the amount of catalyst in the formulation and varying only the
proportion of both aliphatic diisocyanates, it can be analysed the influence of the
compositional ratio on the dynamic mechanical and thermal properties of
poly(thiourethane) networks.

3.1. Rheological study

As a first step of the material characterization, the rate of the network formation was
analysed by means of a rheological study. During the curing process, the physical state
of the formulation changes from a liquid to a sol/gel rubber and then to a glassy or
solid and the rate at which this occurs depends on several factors such as: monomer
structure, catalyst type, amount of catalyst, curing temperature, etc.; all of them
affecting the processing conditions [39]. The gel point represents the endpoint for a
formulation to flow in a mould or to be applied in an industrial process. After the gel
point, it is difficult or impossible the manipulation of the mixture and therefore the
time at which it occurs has a great technological relevance. With this rheological study,
we aim to demonstrate the latent character of the formulation and evaluate the effect
of changing the diisocyanate monomer ratio on the gel time of the system. The
isothermal curing processes of the different formulations prepared were investigated
in the rheometer, to obtain the polymerization time dependence on the diisocyanate
proportion, determining the time gel at 100 °C. The changes in complex viscosity (77)
as a function of time at 100 °C for all the formulations are shown in Figure V-3.

30000

7]
& 25000
o
E 20000
= HDI
2
s
9 15000
2
=
= 40HDI-60IPDI
® 10000
= 20HDI-80IPDI
g
8 5000

0 —

0 50 100 150 200

Time (min)

Figure V-3. Time sweep experiment for the different formulations prepared at 100°C.
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As we can see in Figure V-3, at the beginning of the curing stage the viscosity remains
constant for several time, and then, at a certain point a rapid increase in viscosity is
observed, demonstrating the latent character of the formulations. The critical gel time
was determined as the time in which the viscosity diverges towards infinity without
reaching a steady state [40]. The gel times obtained are given in Table V-2.

Table V-2. Rheological, thermal (TGA) and thermomechanical (DMA) data obtained for the PTU

samples.
Rheometer | TGA DMA
Sample GelTime?! | To? | TF3 | Towans® | E%5 | E¥S | FWHM7 | E%/ E,
(min) A | | () | (ePa) | (MPa) ()

HDI 48 276 44 57 2.3 10 8.5 164
80HDI-201PDI 58 273 55 65 2.3 12 10 176
60HDI-40IPDI 83 269 75 85 2.8 12 11 200
40HDI-60IPDI 120 269 84 97 29 13 13 223
20HDI-80IPDI 133 269 97 108 3.0 14 13 214

IPDI 137 267 | 114 125 3.2 13 11 246

1 Gel point determined at the time when the viscosity diverges toward infinity.
2Temperature of 2% of weight loss determined by TGA in N2 at 10 °C/min

3 Temperature of the peak of the loss modulus.

4 Temperature of maximum of the tan 6.

5 Glassy modulus determined at 25°C

6 Relaxed modulus determined at the Tiwns + 30°C (in the rubber state).

7 Full width at half maximum of tan &.

The gelation time depends on the stoichiometry of the formulation since the reactivity
of both diisocyanates is different. The more flexible structure of HDI, with respect to
IPDI, presents greater mobility which can affect the rate of the curing reaction. In the
HDI both isocyanate groups are linked to a methylene carbon, but in IPDI one of the
isocyanates is linked to a methine carbon in the cyclohexane ring, which can
experiment steric hindrance to the attack to the thiol groups, reducing in this way its
reactivity. According to these factors, the time to reach the gelation increases with
the proportion of IPDI in the reactive mixture.

3.2 Thermal degradation study

A thermal degradation study was performed to ensure that all the samples are fully
stable in the temperature range used in the shape memory process. The thermal
stability of the PTUs was analysed by TGA and the derivative curves of the TGA
degradation are shown in Fig. V-4, where the overlapped curves are shifted for a
better understanding. The initial degradation temperature (T24%) extracted from these
experiments are collected in Table V-2. All of them present a high thermal stability,
with a T2% around 270 °C for all samples, with a slight decrease on increasing IPDI
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content in the samples. Figure V-4 shows that there are barely differences in the
degradation evolution for all the materials evaluated.
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Figure V-4. DTG curves of the poly(thiourethane)s prepared (the curves are shifted for a better
understanding).

As we can see in Fig. V-4, the degradation mechanism is quite complex, presenting
three different stages. The first degradation step is attributed to the carbonyl sulphide
elimination, as already demonstrated by Rogulska et al [41] and by our group, with a
maximum placed around 300 °C [35]. This first peak is shifted to higher temperature
when increasing the amount of HDI. The second step is associated with the
decomposition of the ester bond of the thiol structural units. First and second peaks
of degradation are more overlapped on increasing the proportion of HDI in the
formulation. The third degradation peak corresponds to the fully degradation of the
network. From the degradation study, we can state that all these materials are fully
stable up to temperatures around 250 °C and, consequently, in the entire working
temperature range in the shape memory behaviour.

3.3 Thermomechanical analysis

To determine the effect of changing the proportion of both aliphatic diisocyanates on
the network homogeneity and on the glass transition temperature, dynamic
thermomechanical analyses of PTUs were performed. The resultant plots are shown
in Figure V-5 and the main data extracted from thermomechanical tests are
summarized in Table V-2.
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Figure V-5. (a) Evolution of tan & and (b) storage modulus with temperature of the different
poly(thiourethane) samples.

As shown in Table V-2, the glass transition temperatures and the storage moduli at
glassy state can be tailored by varying the proportion of both isocyanates in the
samples. As the content of IPDI increases, due to its high rigidity, higher values of T,
and E’; are obtained. By mixing both diisocyanates, we obtained a wide range of glass
transition temperatures between 57 °C and 125 °C, referred to the tan delta peak. The
storage modulus at 30 °C significantly increases as the IPDI content increases, from
2.3 to 3.2 GPa, moving from the more flexible structure to the rigid one.

All these thermomechanical changes were obtained without affecting the
homogeneity of the sample as shown by the very narrow tan é curves in Figure V-5.
The slight decrease of the height of tan & curve for samples prepared with higher
content of IPDI is indicative of a more densely crosslinked network with more
restricted mobility. The high homogeneity of the samples is derived from the click
character of the thiol-isocyanate reaction catalysed by a base, and it is demonstrated
by the low values of the width of the curve at half height (FWHM) in the range
between 8.5 °C and 13 °C. To achieve good fixation and fast recovery, a high
homogeneity of the material is crucial for shape-memory applications, because the
narrower the transition, the faster the recovery process.

In terms of shape-memory properties, the E’y/E’; ratio is higher than 100 in all cases.

This means two orders of magnitude, which is high enough to expect good shape-

memory properties in terms of shape-fixation and shape-recovery. This parameter

increases as the proportion of IPDI increases. In all the materials the value of the

rubbery modulus E’; is similar regardless of the structural differences, therefore the
’o/E’r ratio is mainly governed by E’,.

In light of these considerations, we can state that the main thermomechanical
properties such as Ty, T, or storage moduli £’y of the PTUs can be easily tuned by
changing the structure and composition of the isocyanate monomer. These changes
were achieved by maintaining the uniformity of the network associated with thiol-
isocyanate polymeric materials. Therefore, we can obtain different materials with a
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wide range of thermomechanical properties that meet the requirements in terms of
’e/E’r, and that can present exciting characteristics for shape-memory applications.

3.4 Shape-memory results
3.4.1 Unconstrained recovery

The shape-memory properties, as explained in the experimental part, were analysed
in three different conditions. First of all, the unconstrained recovery experiments were
carried out to evaluate the shape-memory effect of the different PTUs prepared. This
shape memory characterization consists of two steps: programming of temporary
shape and recovery of the original shape without any constraints. The maximum
displacement, dmax, imposed in programming was set to 14 mm and, consequently, for
comparison purposes, the dimensions (thickness and width) in all the samples were
the same. The theoretical force F generated during programming was computed with
equation (1), with the bending stiffness measured at T, for each sample, and this
force was compared to the experimental one. In Figure V-6 this comparison, together
with the bending stiffness at T, is presented. As it can be observed in Figure V-6(a),
in all the samples, the predicted forces are higher than the experimental ones. This is
because the theoretical model predicts a linear behaviour, in which F and dmax are
proportional while, but the stress-strain behaviour at T, is viscoelastic and only linear
and proportional during the initial part. Nevertheless, the assumption of the
Timoshenko beam model can be used as an upper boundary limit for a simple initial
prediction. It is worth noting that for the 20HDI-80IPDI and IPDI, due to the high
rigidity of the samples, the predicted forces were higher than the limits of the DMA
(18 N). To avoid this problem, in these two samples, the thickness was reduced to 1.3
mm instead of 1.5 mm. That is the reason why the forces in 40HDI-60IPDI, 20HDI-
80IPDI and IPDI are very similar. To avoid these small differences in dimensions, the
stress corresponding to this force was calculated using bending stress-strain relations
and represented in Figure V-6(b). This relation can be only used for comparison
purposes because, as it will be demonstrated later, the stress-state along the sample

is much more complex.
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Figure V-6. Theoretical and experimental forces (a) and stresses (b) in the programming
process. Bending stiffness obtained for each sample is also indicated.

The free-recovery processes for all the samples are shown in Figure V-7, in which the
shape-recovery (SR) and the recovery speed (SRspeed) are plotted as function of the
temperature. The main parameters obtained from these tests are presented in Table
V-3. It is important to notice that all the samples were able to recover the original
shape, with shape-recovery ratios, R, close to 100%. The value of R, slightly decreases
as the IPDI content increases, obtaining the lowest R with the material completely
based on IPDI. This is probably due to a stress hardening process taking place during
the loading process that generates permanent deformation in the network structure
after programming the temporary shape [15].
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Figure V-7. (a) Shape-memory unconstrained recovery experiment, shape-recovery (SR)
against temperature. (b) Derivative of the shape-recovery with respect to temperature (SRspeed)
as function of temperature.
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Table V-3. Parameters obtained from the shape-memory tests (unconstrained, fully-constrained
and partially-constrained experiments) of the different materials: Recovery-rate (R;), shape-
recovery speed (V,), peak temperature of the derivate of the shape recovery (Tpeak), Shape-
recovery force (Fmax), relative work (Wre).

Unconstrained Fully-constrained Partially-
constrained
Sample R: Vr Tipeak | Tipeak | Fmax Tpeak Wie
(%) | (%/min) | (°C) (°C) (N) (°C) mN/(mm/mm)

HDI 98.0 135 44.8 57.0 7.4 42.8 501.5
80HDI-20IPDI | 98.0 12.4 60.3 70.8 8.5 58.6 542.7
60HDI-40IPDI | 97.5 11.1 74.0 88.2 9.3 72.4 560.5
40HDI-60IPDI | 97.6 12.3 86.3 99.9 9.1 84.8 585.9
20HDI-80IPDI | 96.8 11.9 105.0 | 111.2 7.6 102.0 503.1
IPDI 95.9 11.8 112.6 | 122.0 8.5 111.8 660.9

The shape-recovery speed curves (SRspeed) presented in Figure V-7(b) show that the
materials prepared with high content of HDI are slightly faster than the materials
based on IPDI. The values of recovery rate (V;), presented in Table V-3, increase from
11.8 %/min for IPDI to 13.5 %/min in HDI sample. As expected, the increase of the
content of IPDI in the formulation produces a decrease in V; due to the lower mobility
of the network structure and the slightly higher heterogeneity also highlighted by the
FWHM parameter.

The curves of the derivative of the shape-recovery shown in Figure V-7(b) present a
different shape respect to the one usually observed when testing in tensile mode.
These curves present two peaks (Tipeak and Tipeak in Table V-3) reflecting the
temperatures where the recovery process is maximum. These temperatures are
strictly related to the glass transition temperature of the material and are located
close to the values of T, and Ty-tan 5 (see Table V-2). The fact that these curves present
two maximum peaks instead only one like in tensile mode, is probably related to the
complex stress state suffered by the samples in single cantilever bending mode. This
is also evident in Figure V-7(a) where the curves present a slight shoulder in the middle
of the recovery process. During the programming process in this stress-state mode,
unlike in tension mode, the stress distribution is not uniform along the beam, being
the maximum programming bending stress located near the fixed and moveable
clamp while the minimum stress is located in the centre of the beam. To evidence this
stress concentration effect, the mechanical behaviour of the sample 60HDI-40IPDI
programmed at ;5 was modelled using the classical beam theory in Finite Element
Analysis using Ansys® Academic Research Mechanical, Release 2019R2. It is important
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to mention that the moveable clamp measures Lg = 6.35 mm, while the fixed clamp
measures Lgi = 7.625 mm and the load applied in the deformation process is
distributed along Lg1, as observed in Figure V-1(a). Therefore, these lengths should be
taken into account when modelling the imposed displacement in the moveable clamp
and the fixed support in the Finite Element Modelling simulation. The programmed
sample (directional displacement of 14 mm) is shown in Figure V-8(a). In Figure V-8(b)
the resultant stress state due to the programming (Von Mises stress) is shown, where
the maximum stress locations are pointed out. Note that the stress obtained by the
simulation is slightly higher than the theoretical one, as plotted in Figure V-6(b),
because of the differences in the way the displacement is applied, the constrains and
second-order effects.

(a)

2019 R2
ACADEMIC

FIXED CLAMP

MOVEABLE CLAMP

Qo0 5.000 10,000 ()
)

2019 R2
ACADEMIC

MOVEABLE CLAMP

200 5.000 10.000 (o)
———

Figure V-8. Finite Element Modelling of the programmed sample 60HDI-40IPDI (dmax=14 mm) in
single cantilever mode using classical beam theory. (a) Deformed beam after programming and
(b) Von Mises stress distribution where the points of maximum stress are indicated with arrows.

To demonstrate that the shape of the SR curves (Figure V-7) in the free recovery
process is related to the complex stress-state to which the sample is subjected in
single cantilever mode and not to the network structure of the material; the shape
memory effect was also evaluated in tension mode, using film-tension clamp, and
compared with the results previously obtained.
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For this comparison, we selected the material with 60% of HDI and 40% of IPDI to have
at the same time the presence of both isocyanates. The comparison of the two
recovery processes can be observed in Figure V-9.

(a) (b)
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0.01

25 45 105 125 25 45

65 85 65 85
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Figure V-9. Shape-memory unconstrained recovery experiment with tensile and single
cantilever clamp for the material prepared with S3-60HDI-40IPDI: (a) Shape Recovery vs.
temperature and (b) (SRspeed) Vs. temperature.

As can be seen in Figure V-9, the recovery process in tensile mode is uniform with a
progressive evolution, clearly visible in the derivative of the shape recovery, that
presents only one peak at 77 °C. This SR process is faster in tensile (V= 19.1%/min)
compared to single cantilever-bending mode (V= 11.1%/min), due to the simplicity in
the stress and strain state along the sample in the first mode. Nevertheless, the
mechanics of a complex SMP actuator look like a cantilever mode rather than a tensile
mode (for example, in functional mechanisms like flexural jointed mechanisms and
other robotic systems, especially in the micro-domain). These results put in evidence
that the use of the single cantilever clamp affects the shape recovery process,
producing two different recovery phenomena as evidenced from the derivative of SR,
even if in both cases the materials were able to recover their original shape.

3.4.2 Fully-constrained recovery tests
To determine the maximum forces generated by the SMPs under a completely
impeded scenario, fully-constrained experiments were carried out. The curves of the

force generated, and the force rate calculated against temperature, dF/dT, are
presented in Figure V-10. The parameters obtained are summarized in Table V-3.
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Force (N)
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Figure V-10. (a) Force generated with increasing temperature in fully-constrained recovery
experiments; (b) derivative of the force generated with respect to the temperature (dF/dT), as
function of temperature.

The force generated is strictly related to the network structure, more densely
crosslinked networks usually produce higher driving forces being the crosslinking
density the most important factor in the generation of the recovery force. Since the
crosslinking density is related to the value of the modulus in rubbery state, materials
with a higher value of relaxed modulus, usually, are able to generate higher recovery
forces [18], if no hardening effects are present. In our case, as the relaxed moduli
(Table V-2) are very similar for all the PTUs prepared, the forces generated are
expected to be similar for all the materials. As it can be observed in Figure V-10(a),
during the recovery process the forces progressively increase with temperature until
reaching a maximum value. These maximum forces produced are relatively high and
similar for all the materials, reaching values between 7.4 N and 9.3 N. For materials
with lower content of IPDI, as E’ is slightly lower, the forces generated are also slightly
lower (7.4 N and 8.5 N). As the IPDI content increases, Fmax increases (around a
maximum of 9.3 N for sample 40HDI-60IPDI). For samples with the highest content of
IPDI, although with a similar E’; to 40HDI-60IPDI, Fmax is limited, probably due to a
strain hardening process that may cause small irreversible plastic deformation in the
network structure.

In a similar way to the SRspeeq, the force rate, dF,/dT in (N/°C), is plotted in Figure V-
10(b). Paying attention to the peak of these curves, it is clear that the Tpeais strictly
related to the glass transition temperature of the materials, since the maximum rate
of force generated is located close to the Ty, according to the unconstrained
experiments.

The force applied for programming the samples were also compared with the force
generated in fully constrained conditions. In Figure V-11, these values for each sample
in terms of force (Figure V-11(a)) and stress (Figure V-11(b)) are presented. The stress
generated by the PTUs were calculated using bending stress-strain relations with the
purpose of eliminating the influence of sample dimensions. In terms of efficiency, all
the samples except those with higher proportion of IPDI “lost” around 25-30% of the
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stress. Samples 20HDI-80IPDI and IPDI lost around 53% probably due to the hardening
process and plastic deformation that took place during the loading process as already
mentioned. The values of stress must be considered only for comparison purposes (to
obtain values independent of dimensions) because, as it has been already said, the
stress-state is much more complex.

These results are considerable higher than the ones reported by Belmonte et al. [21]
using thiol-epoxy shape-memory actuators under 3-point bending conditions.
Although the values of £/ in [21] are considerable higher than PTUs values of E/, the
force generated by the PTUs are higher than the values reported by Belmonte et al.
which were not greater than 3 N (or 6 MPa in terms of stress to obtain values
independent of dimensions).

(a) Force-Constrained (Fmax) Force-Programming (Fprog) (b) Stress- Constrained - Stress-Programming
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Figure V-11. (a) Maximum force generated in fully-constrained recovery experiments (Fmax)
compared to the maximum force needed in programming (Fprog); (b) for comparison purposes
these forces have been made independent from dimensional parameters thus calculating the
corresponding stresses.

3.4.3 Partially-constrained recovery tests

Partially-constrained experiments were performed to fully characterize the PTU
thermosets as actuators, because the primary use of a polymer actuator is to recover
its shape by working against a force, thus developing work.

In this test, a constant force, Fw, was imposed at the moveable clamp and the work
generated during the recovery-process was calculated using equation (8). To avoid the
break of the sample, the force applied was calculated as the 50% of the maximum
force generated during the fully-constrained experiments (i.e. Fw = 0.5%Fmax). It is
important to notice that all the samples were able to produce positive work in the
shape recovering process, even if the force applied on the samples was greater than
3.5 N. The values obtained from the partially-constrained experiments are presented
in Figure V-12(a). For a better comparison, the stress corresponding to Fwv and the
strains corresponding to the displacements can be simply computed with bending
stress-strain relations. Thus, the work developed during the constrained recovery can
be calculated per unit volume (kJ/m3) as:
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Figure V-12. (a) Experimental relative work output for all the PTUs prepared; (b) comparison
between experimental and theoretical relative work generated.

The amount of work generated presents comparable values for all the materials
prepared. Among them, the material with 100% IPDI was able to generate the best
result in terms of work, reaching a maximum value of around 660 mN*m/m (around
490 kJ/m?3) due to its higher rigidity. The thermomechanical parameter that governs
the work developed is E’g/E’~. Although in the IPDI sample, the applied Fu is
comparatively lower with respect to other PTU samples (due to its relative lower Fmax)
the work generated is the highest due to the highest E’y/E’r ratio. The values obtained
with the poly(thiourethane) thermosets are considerably higher than the values
reported by Belmonte et al. [21] with dual cured thiol-epoxy polymers, who obtained
a maximum value of 314 mN*mm/mm in 3-point bending conditions.

As explained in the experimental part, the maximum theoretical work, that the
materials are able to generate, can be estimated assuming that the sample produces
a force during the recovery process equal to Fprog; i.€. there are no energy losses during
programming and therefore, all programmed force is released later during the
recovery-process. In Figure V-12(b) the comparison between the experimental and
theoretical work is presented. It can be observed that the Timoshenko beam theory
predicts an upper maximum limit that fits quite well with the work developed by the
samples, given the best adjustment for samples with lower proportion of IPDI. As it
was explained in free-recovery experiments, the predicted Fprog is higher than the
experimental ones because the model assumes a linear and proportional behaviour,
without any strain hardening effect that probably takes place in samples with higher
proportion of IPDI and that reduces the recovery process.

These results indicate that all the poly(thiourethane) thermosets synthetized exhibit
good performance during the partially-constrained experiments in single cantilever
mode. In this way, the possibility of obtaining actuators with different activation
temperatures by varying the Ty has been demonstrated by only changing the
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diisocyanate structure, so that they better match with potential future applications
without influencing their ability to perform a work.

4. Conclusions

In this work, we developed a new family of shape-memory actuators based on
poly(thiourethane) networks using two different aliphatic isocyanates, isophorone
diisocyanate (IPDI) and hexamethylene diisocyanate (HDI) and a trifunctional thiol (S3)
acting as the crosslinker. The curing of thiol-isocyanate formulations was influenced
by the proportion and structure of the diisocyanate monomers. The use of 1-
methylimidazolium tetraphenylborate (BG1MI), as a latent base catalyst, allowed a
control of the reaction using both aliphatic diisocyanates. The materials showed high
homogeneity within a broad range of glass transition temperatures between 50 and
120 °C. The Ty values increased on increasing the content of the rigid IPDI monomer.

The SMP behaviour of the poly(thiourethane)s were fully characterized as potential
actuators in single cantilever bending mode to reproduce real mechanics of complex
SMP actuators as in functional mechanisms. Three different scenarios were tested:
unconstrained, partially constrained and fully constrained. Free-recovery experiments
showed an efficient recovery process for all the materials prepared. Fully-constrained
recovery experiments indicated a notable capacity of these materials to generate
force, with a maximum value obtained higher than 9 N, thanks to the combination of
the two different diisocyanate monomers selected. Partially-constrained recovery
experiments demonstrated the ability of these materials to produce high levels of
work output, despite the complex stress and strain state caused by the single
cantilever clamp. Using classical Timoshenko beam theory, the maximum potentiality
of these materials can be efficiently predicted as a first approximation both in
programming, unconstrained and partially constrained conditions.

In conclusion, we have demonstrated the ability of this new series of
poly(thiourethanes)to be used as smart materials and the possibility to combine
different diisocyanate monomers to tune the thermomechanical properties without
affecting the homogeneity of the sample and preserving the shape-memory ability.

Acknowledgments

The authors would like to thank MINECO (Ministerio de Economia, Industria y
Competitividad, MAT2017-82849-C2-1-R and 2-R) and Generalitat de Catalunya
(2017-SGR-77) for their financial support.

137



UNIVERSITAT ROVIRA I VIRGILI
ADVANCED THERMOSETS BASED ON THIOL-ISOCYANATE CHEMISTRY

Francesco Gamardella

Chapter V
References

1. Hager, M.D.; Bode, S.; Weber, C.; Schubert, U.S. Shape memory polymers: Past,
present and future developments. Prog. Polym. Sci. 2015, 49-50, 3-33.

2. Zhao, Q. Qi.J.; Xie, T. Recent progress in shape memory polymer: New behavior,
enabling materials, and mechanistic understanding. Prog. Polym. Sci. 2015, 79, 49-
50.

3. Hu, J.; Zhu, Y.; Huang, H.; Lu, J. Recent advances in shape—memory polymers:
Structure, mechanism, functionality, modelling and applications. Prog. Polym. Sci.
2012, 37, 1720-1763.

4, Souri, M.; Lu, Y.C.; Erol, A.; Pulla, S.S.; Karaca, H.E. Characterization of unconstraint
and constraint shape recoveries of an epoxy based shape memory polymer. Polym.
Test. 2015, 41, 231-238.

5. Lendlein, A.; Gould O.E. C. Reprogrammable recovery and actuation behaviour of
shape- memory polymers. Nat. Rev. Mater. 2019, 4, 116-133.

6. Berg, G. J.; McBride, M. K.; Wang, C.; Bowman, C. N. New directions in the
chemistry of shape memory polymers. Polymer 2014, 55, 5849-5872.

7.  Anthamatten, M.; Roddecha, S.; Li, J. Energy storage capacity of shape-memory
polymers. Macromolecules 2013, 46, 4230-4234.

8. Belmonte, A.; Guzman, D.; Fernandez-Francos, X.; De la Flor, S. Effect of the
network structure and programming temperature on the shape-memory response
of thiol-epoxy “click” systems. Polymers 2015, 7, 2146-2164.

9. Small, W.; Singhal, P.; Wilson, T. S.; Maitland, D. J. Biomedical applications of
thermally activated shape memory polymers. J. Mater. Chem. 2010, 20, 3356-3366.

10. Hardy, J. G.; Palma, M.; Wind, S. J.; Biggs, M. J. Responsive biomaterials: Advances
in materials based on shape-memory polymers. Adv. Mater. 2016, 28, 5717-5724.

11. Liu, Y.; Du, H.; Liu, L.; Leng, J. Shape memory polymers and their composites in
aerospace applications: a review. Smart Mater. Struct. 2014, 23, 023001.

12. Hu, J.; Chen, S. A review of actively moving polymers in textile applications. J.
Mater. Chem. 2010, 20, 3346-3355.

13. Pilate, F.; Toncheva, A.; Dubois, P.; Raquez, J.-M. Shape-memory polymers for
multiple applications in the materials world. Eur. Polym. J. 2016, 80, 268-294.

14. Xie, F.; Huang, L.; Leng, J.; Liu, Y. Thermoset shape memory polymers and their
composites. J. Intel. Mat. Syst. Str. 2016, 27, 2433-2455.

15. Belmonte, A.; Fernandez-Francos, X.; De la Flor, S. New understanding of the shape-
memory response in thiol-epoxy click systems: towards controlling the recovery
process. J. Mater. Sci. 2017, 52, 1625-1638.

16. Small, W.; Singhal, P.; Wilson, T. S.; Maitland, D. J. High performance shape memory
epoxy/carbon nanotube nanocomposites. ACS Appl. Mater. Inter. 2016, 8, 311-320.

17. Russo, C.; Fernandez Francos, X; De la Flor, S. Shape-memory actuators based on
dual-curing thiol-acrylate-epoxy thermosets. Express Polym. Lett. 2020, 15, 58-71.

18. Belmonte, A.; Fernandez-Francos, X.; De la Flor, S. Thermomechanical

characterization of thiol-epoxy shape memory thermosets for mechanical actuators
design. AIP Conf. Proc. 2018, 030012, 1-12.

138



UNIVERSITAT ROVIRA I VIRGILI
ADVANCED THERMOSETS BASED ON THIOL-ISOCYANATE CHEMISTRY

Francesco Gamardella

Chapter V

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Santiago, D.; Fabregat-Sanjuan, A.; Ferrando, F.; De la Flor, S. Recovery stress and
work output in hyperbranched poly(ethyleneimine)-modified shape-memory epoxy
polymers. J. Polym. Sci. Part B: Polym. Phys. 2016, 54, 1002-1013.

Belmonte, A.; Lama, G. C.; Gentile, G.; Cerruti, P.; Ambrogi, V.; Fernandez-Francos,
X.; De la Flor, S. Thermally-triggered free-standing shape-memory actuators. Eur.
Polym. J. 2017, 97, 241-252.

Belmonte, A.; Russo, C.; Ambrogi, V.; Fernandez-Francos, X.; De la Flor, S. Epoxy-
based shape-memory actuators obtained via dual-curing of off-stoichiometric
“thiol-epoxy” mixtures. Polymers 2017, 9, 113-132.

Mather, P. T.; Luo, X.; Rousseau, |. A. Shape memory polymer research. Annu. Rev.
Mater. Res. 2009, 39, 445-471.

Kausar, A. Review on technological significance of photoactive, electroactive, pH-
sensitive, water-active, and thermoresponsive polyurethane materials. Polym.
Plast. Techn. Eng. 2017, 56, 606-616.

Delebecq, E.; Pascault, J. P.; Boutevin, B.; Ganachaud, F. On the versatility of
urethane/urea bonds: reversibility, blocked isocyanate, and non-isocyanate
polyurethane. Chem. Rev. 2013, 113, 80-118.

Ireni, N.G.; Narayan, R.; Basak, P.; Raju, K.V.S.N. Poly(thiourethane-urethane-urea)
as anticorrosion coatings with impressive optical properties. Polymer 2016, 97, 370-
379.

Li, C.; Tan, J.; Li, H.; Yin, D.; Gu, J.; Zhang, B.; Zhang, Q. Thiol—isocyanate click
reaction in a Pickering emulsion: a rapid and efficient route to encapsulation of
healing agents. Polym. Chem. 2015, 6, 7100-7111.

Yan, J.; Ariyasivam, S.; Weerasinghe, D.; He, J.; Chisholm, B.; Chen, Z.; Webster, D.
Thiourethane thermoset coatings from bio-based thiols. Polym. Int. 2012, 61, 602-
608.

Jia, Y.; Shi, B.; Jin, J.; Li, J. High refractive index polythiourethane networks with high
mechanical property via thiol-isocyanate click reaction. Polymer 2019, 180, 121746.
Podgdrski, M.; Nair, D. P.; Chatani, S.; Berg, G.; Bowman, C. N. Programmable
mechanically assisted geometric deformations of glassy two-stage reactive
polymeric materials. ACS Appl. Mater. Inter. 2014, 6, 6111-6119.

Podgorski, M.; Wanga, C.; Bowman, C. N. Multiple shape memory polymers based
on laminates formed from thiol-click chemistry-based polymerizations. Soft Matter.
2015, 11, 6852-6858.

Nguyen, L. T.; Truong, T. T.; Nguyen, H. T.; Le, L.; Nguyen, V. Q.; Van Le, T.; Luu, A. T.
Healable shape memory (thio)urethane thermosets. Polym. Chem. 2015, 6, 3143-
3154.

Gamardella, F.; Sabatini, V.; Ramis, X.; Serra, A. Tailor-made thermosets obtained
by sequential dual-curing combining isocyanate-thiol and epoxy-thiol click
reactions. Polymer 2019, 174, 200-209.

Gamardella, F.; Guerrero, F.; De la Flor, S.; Ramis, X.; Serra, A. A new class of
vitrimers based on aliphatic poly(thiourethane) networks with shape memory and
permanent shape reconfiguration, Eur. Polym. J. 2019, 122, 109361.

139



UNIVERSITAT ROVIRA I VIRGILI
ADVANCED THERMOSETS BASED ON THIOL-ISOCYANATE CHEMISTRY
Francesco Gamardella

Chapter V

34,

35.

36.

37.

38.

39.

40.

41.

Gamardella, F.; Ramis. X.; De la Flor, S.; Serra, A. Preparation of poly(thiourethane)
thermosets by controlled thiol-isocyanate click reaction using a latent
organocatalyst. React. Funct. Polym. 2019, 134, 174-182.

Gamardella, F.; Mufioz, S.; De la Flor, S.; Ramis, X.; Serra, A. Recyclable
Organocatalyzed Poly(Thiourethane) Covalent Adaptable Networks. Polymers 2020,
12,2913.

Konuray, O.; Areny, N.; Morancho, J.M.; Fernandez-Francos, X.; Serra, A.; Ramis, X.
Preparation and characterization of dual-curable off-stoichiometric amine-epoxy
thermosets with latent reactivity, Polymer 2018, 146, 42-52.

Konuray, O.; Liendo, F.; Fernandez-Francos, X.; Serra, A; Sangermano, M.; Ramis, X.
Sequential curing of thiol-acetoacetate-acrylate thermosets by latent Michael
addition reactions. Polymer 2017, 113, 193-199.

Sun, X.; Gao, J.P.; Wang Z.Y. Bicyclic guanidinium tetraphenylborate: a photobase
generator and a photocatalyst for living anionic ring-opening polymerization and
cross-linking of polymeric materials containing ester and hydroxy groups. J. Am.
Chem. Soc. 2008, 130, 8130-8131.

Shonaike, G. O.; Advani, S. G. Advanced Polymeric Materials: Structure Property
Relationships. CRC Press, Boca Raton, FL, USA 2003.

Winter, H. H.; Chambon, F. Analysis of linear viscoelasticity of a crosslinking
polymer at the gel point. J. Rheol. 1986, 30, 367-382.

Rogulska, M.; Kultys, A.; Olszewska, E. New thermoplastics poly(thiourethane-
urethane) elastomers based on hexane-1,6-diyl diisocyanate (HDI). J. Therm. Anal.
Calorim. 2013, 114, 903-916.

140



UNIVERSITAT ROVIRA I VIRGILI
ADVANCED THERMOSETS BASED ON THIOL-ISOCYANATE CHEMISTRY
Francesco Gamardella

Chapter VI

A new class of vitrimers based on aliphatic
poly(thiourethane) networks with shape memory

and permanent shape reconfiguration



UNIVERSITAT ROVIRA I VIRGILI
ADVANCED THERMOSETS BASED ON THIOL-ISOCYANATE CHEMISTRY
Francesco Gamardella



UNIVERSITAT ROVIRA I VIRGILI
ADVANCED THERMOSETS BASED ON THIOL-ISOCYANATE CHEMISTRY
Francesco Gamardella

European Polymer Journal 122 (2020) 109361

A new class of vitrimers based on aliphatic
poly(thiourethane) networks with shape memory
and permanent shape reconfiguration

Francesco Gamardellal, Federico Guerrero,? Silvia De la Flor,? Xavier Ramis® and
Angels Serra?

1 pDept.of Analytical and Organic Chemistry, Universitat Rovira i Virgili, C/ Marcel-lIi Domingo,
43007, Tarragona, Spain

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

3 Thermodynamics Laboratory, ETSEIB Universitat Politecnica de Catalunya, Av. Diagonal,
08028, Barcelona, Spain

Abstract

Vitrimers are a new promising class of polymeric materials, which are attracting
increasing attention thanks to their thermosetting characteristics with their capability
of being reprocessed and recyclable, which make them more environmentally friendly
in reference to the conventional thermosets. In the present study, we report a new
class of vitrimeric materials consisting in poly(thiourethane) networks. These
materials can be easily prepared from readily available isocyanate and thiol
monomers in the presence of dibutyltin dilaurate (DBTDL) as the catalyst. The reaction
has a click nature and therefore leads to highly homogeneous networks. The materials
studied behave as conventional thermosets until the topological rearrangement
started. Freezing topological temperatures (T,) between 95 and 132 °C were
determined depending on the amount of catalyst in the material. The vitrimers
prepared showed good shape memory and welding abilities and a high optical
transparency and therefore they have a great potentiality in advanced engineering
applications. The occurrence of the trans-thiocarbamoylation reaction, responsible of
the rearrangement, has been confirmed by using model compounds. The materials
remained unaltered after reprocessing, which was proved by means of FTIR and
thermomechanical studies.

Keywords:

vitrimers; poly(thiourethane); thermosets; shape-memory; click reaction.
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1. Introduction

Thermosetting polymers are very useful in a broad range of industrial applications,
due to their chemical, thermal and environmental resistance and excellent mechanical
performance. However, the existence of covalent bonds in the three dimensions of
the network prevents reshaping, reprocessing, or recycling and makes difficult their
reparation. To avoid these drawbacks a new family of materials, called vitrimers, has
been developed. These new materials combine the excellent performance of
thermosets with some of the processability advantages of thermoplastics [1, 2, 3].

Vitrimers consist in three-dimensional polymeric structures with dynamic covalent
bonds within an organic network, which can lead to topological changes without
affecting the average crosslinking degree. This fact allows reshaping, self-welding,
reprocessing and not less important, the elimination of internal stresses, which appear
during their curing or service-life [4].

This type of materials shows a characteristic transition temperature, Ty, also called
topology freezing transition temperature, that corresponds to a reversible transition
from viscoelastic solid to a viscoelastic liquid. This temperature depends on the
kinetics of the reversible reaction, responsible of the topological changes in the
network structure [5].

In advanced technologies, there is a great demand for smart materials, especially for
shape memory thermosets. They are quite advantageous in comparison to
thermoplastics, since they have higher thermal stability, fixation ability and shape-
recovery rate and can perform higher levels of mechanical work [6, 7].

The introduction of a new class of vitrimers with good shape memory behaviour can
overcome the limitations of the traditional thermosets in the formation of
sophisticated and geometrically complex forms, thanks to the combination of
elasticity (shape memory) and plasticity (vitrimers). In addition, these materials, after
recycling, can also exhibit comparable mechanical performance [8, 9, 10].

In recent years, different reversible exchange reactions have been explored for the
preparation of vitrimers [4]. Among them, transesterification [1, 5], transamination
[11], disulfide exchange [12, 13], transalkylation [14], siloxane equilibrium [15],
dioxaborolane metathesis [16], amine-urea exchange [17] and transcarbamoylation
[18, 19] can be mentioned. These exchange reactions are the responsible of the
reformation of the network structure. These chemical processes are triggered by
external stimuli, usually by heating, and the exchange rate can be enhanced by the
addition of catalysts [4].

Polyurethanes have a broad application because of their versatility. They are durable
and tough, and they have been applied in the field of elastomers, coatings, rigid foams
and adhesives [20]. The vitrimeric characteristics of polyurethane thermosets has
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been already reported [21, 22]. Dynamic exchange reactions have already been
demonstrated in a variety of poly(hydroxyurethane) materials [23]. In addition, their
shape memory behaviour has also been reported.

Poly(thiourethane)s, also called poly(thiocarbamate)s, are related to the above-
mentioned materials, but they present several advantages. Since they are obtained by
click-type reactions from isocyanates and thiols, the network structure is highly
homogeneous and consequently relaxation processes occur in a narrow temperature
range [24]. Thiol-isocyanate reaction does not present by-reactions such as occurs in
the polyurethane synthesis, which leads to the formation of allophanate units in the
network structure. In addition to that, poly(thiourethane) thermosets have quite
valuable properties such as biocompatibility, flexibility and excellent optical
transparence [25].

Herein, we report a new type of vitrimers with shape memory performance based on
poly(thiourethane) networks. Because the vitrimeric behaviour in poly(urethanes)
was attributed to a transcarbamoylation reaction, it was hypothesized that trans-
thiocarbamoylation could also lead to a rapid exchange allowing reshaping, self-
welding and stress dissipation, even in a more efficient way, due to the presence of
sulphur, which has an enhanced reactivity in front of its oxygen analogues.

The materials prepared can be easily obtained from commercially available
precursors. In the present case, hexamethylene diisocyanate (HDI) and
trimethylolpropane tris(3-mercaptopropionate) (S3) in stoichiometric proportions
were selected as starting monomers and a Lewis acid (dibutyltin dilaurate, DBTDL) was
used as a catalyst. Although this type of materials can be obtained from different
monomers, the study was carried out with only one type of material as a proof of
concept.

It should be noticed that in the literature, there are no references to the trans-
thiocarbamoylation process in absence of thiol in excess, nor in the field of materials
science, nor in the field of pure organic chemistry. Moreover, the trans-
carbamoylation previously proposed by Yan et al., as the responsible of the reversible
structural change in those vitrimers, was not structurally demonstrated by these
authors [21].
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2.Experimental part
2.1 Materials

Trimethylolpropane tris(3-mercaptopropionate) (S3), hexamethylene diisocyanate
(HDI), n-butanethiol, 2-methyl-1-propanethiol, n-butyl isocyanate, tert-butyl
isocyanate and dibutyltin dilaurate (DBTDL) from Sigma-Aldrich were used as
received.

2.2 Preparation of the formulations

HDI and S3 were mixed in stoichiometric proportions, 2 mol of S3 per 3 mol of HDI.
The selected amount of DBTDL was first dissolved in the isocyanate and the
corresponding amount of thiol was then added. Different formulations were prepared
with 1, 2 and 4 phr of DBTDL (parts of catalysts per hundred parts of thiol). The
mixtures were manually stirred until homogeneity at room temperature and freshly
used.

2.3 Synthesis of the model compounds

S-Butyl butylcarbamothioate (L-L) was prepared by reacting stoichiometric
proportions of n-butanethiol and n-butyl isocyanate with a 5 wt% of DBTDL at 90 °Cin
a 10 mL flask under argon atmosphere for 96 h. The final product was purified by
eliminating unreacted volatile products at vacuum in the rotary evaporator. *H NMR
(CDCl3, 6 in ppm) (see Figure VI-S1): 5.25 (1H), 3.28 (2H), 2.90 (2H), 1.59 (2H), 1.50
(2H), 1.39 (2H), 1.35 (2H), 0.93 (3H) and 0.90 (3H).

S-isobutyl tert-butylcarbamothioate (I-T) was prepared as described before for L-L,
starting from stoichiometric proportions of 2-methyl-1-propanethiol and tert-butyl
isocyanate. 'H NMR (CDCls, 6 in ppm) (see Figure VI-S2): 5.15 (1H), 2.75 (2H), 1.80
(1H), 1.33 (9H) and 0.95 (6H).

2.4 Trans-thiocarbamoylation assessment

An equimolar mixture of S-butyl butylcarbamothioate (L-L) and S-isobutyl tert-
butylcarbamothioate (I-T) with 5 wt.% of DBTDL was heated under argon atmosphere
at 120 °C for 24 h. The mixtures before and after heating were analyzed by gas
chromatography equipped with a mass detector (see Figure VI-1). The mass spectra
registered for each compound can be visualized in Figures VI-S3, VI-S4, VI-S5 and VI-
S6in SI.

2.5 Sample preparation

For DMTA analysis, films were prepared by pouring the formulations on pre-silanized
glasses and using Teflon spacers to ensure a homogeneous thickness of 0.5 mm. The
formulations were cured at 60°C, 80°C, 100°C and 150°C for two hours at each
temperature. The films were die-cut to obtain a rectangular specimen of 20 x 5 x 0.5
mm? dimensions.
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2.6 Characterization techniques

'H NMR spectra were registered in a Varian Gemini 400 spectrometer. CDClz was used
as the solvent. For internal calibration the solvent signal corresponding to CDCls at
7.26 ppm. Separation and detection of the mixture components were performed in a
HP6890 gas chromatograph and 5973 Mass selective detector (Agilent Technologies.
Waldbronn, Germany), using a HP-5MS capillary column (30 m x 0.25 mm x 0.25 m)
provided by Agilent.

FTIR spectra were registered with a Bruker Vertex 70 equipped with a Golden Gate
heated single reflection diamond ATR in the absorbance mode at a resolution of 4
cm™tin the wavelength range of 400 to 4000 cm™. The typical absorption bands of the
poly(thiourethane) vitrimer obtained with a 4% of DBTDL were followed during
heating in the ATR in the temperature range from 155 to 200 °C keeping the
temperature of the ATR for 10 min at each temperature tested. The material before
and after being reprocessed at 180 °C for 40 min was analyzed at room temperature.

The viscoelastic and thermo-mechanical properties were evaluated by using a DMA
Q800 analyzer from TA Instruments (New Castle, DE, USA).

2.7 Stress relaxation tests

Tensile stress relaxation tests were conducted using a film tension clamp on samples
with the same dimensions as previously defined. The sample was firstly equilibrated
at 160 °C and left isothermally at this temperature for 3 min, then a constant strain of
1.5 % (to ensure the material is within the linear range) was applied on the sample
and the consequent stress level was measured as function of time. Then the strain
was removed, and the process was repeated every 5 °C until the final test
temperature, 190 °C, is reached.

The relaxation stress oft) was normalized by the initial stress oo and the relaxation
times (7) were determined as the time necessary to relax 0.37-oo. With the relaxation
times obtained at each temperature, the activation energy values E, were calculated
for each vitrimer, using an Arrhenius-type equation:

In(c) = g—; —InA (1)
where, 7is the time needed to attain a given stress relaxation value (37 %), A is a pre-
exponential factor and R is the gas constant. From the Arrhenius relation, the
temperature of topology freezing (7,) was obtained as the temperature at which the
material reaches a viscosity of 10*2 Pa-s. For our system the value of T could also be
extrapolated from the Arrhenius fitting to a relaxation time of around 10° s. This time
is deduced from the Maxwell’s relation (n=E"*t*) and assuming E’ (obtained from the
DMTA experiments) being relatively invariant in the rubbery state.
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To compare the time to reach the complete relaxation of the stress (i.e. a normalized
stress less than 10°2) of poly(thiourethane)s vitrimers obtained with different contents
of DBTDL, a single stress relaxation test was performed at the temperature of 180°C
with the same constant strain of 1.5%.

2.8 Creep experiments

Creep and recovery properties were studied by the same DMA Q800 apparatus
equipped with a film tension clamp.

All the samples were stretched under a stress of 0.1 MPa at 180 °C for 30 min, then
the stress was immediately released, and the sample was left to recover for 30 min.
For comparative purposes between the rubbery and the vitrimeric state, a sample
with a 4% of DBTDL content was also tested, under the same creep conditions, at 70°C
(slightly above Ty).

For the determination of the viscosity at each temperature needed for the
representation of the Fragility Angell Plot, a series of creep experiments were carried
out on films at temperatures between 70 and 180 °C, increasing 10 °Cin each scan. To
perform the tests, the selected temperature was equilibrated for 3 min and then a
stress level of 0.1 MPa was applied for 30 min. The viscosity 77 (Pa:s) was then
obtained from the slope of the graph strain-temperature and represented in front of
T./T thus obtaining the Angell Fragility Plot.

2.9 Tan 6 determination

To study the influence of the trans-thiocarbamoylation process on the thermo-
mechanical properties, the evolution of tan 6 and storage modulus with temperature
was investigated after performing several stress relaxation experiments. A sample was
tested in tension in the DMA Q800 analyzer, at a heating rate of 3°C/min from 30 to
125°C with a frequency of 1 Hz and 0.1 % of strain. Then the sample was left to
completely relax at 180 °C with a strain level of 1.5 % for 25 minutes. After the sample
was relaxed, another thermomechanical tests, with the same conditions as the initials,
was performed. This process was repeated 2 times.

2.10 Dilatometry tests

Dilatometry was performed with the tension film geometry in the DMA Q800 analyzer
on the samples with the same dimensions as described before. The length of the
sample was continuously measured while increasing the temperature at a heating rate
of 1 °C/min from 25 to 250 °C. A slight stress of 0.01 MPa was applied during the
experiment to avoid buckling.
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3. Results and discussion

To prove that trans-thiocarbamoylation can occur on heating thiocarbamates in the
presence of a Lewis acid such as DBTDL, we synthesized and characterized two
different model compounds (L-L and I-T) and then, they were heated for 24 h at 120
°C under inert atmosphere. Scheme VI-1 depicts the structure of the model
compounds and the structure of the rearranged compounds expected.

0 o
PN )L AN T S)LN
s N W/\ H
L-L I-T
5 % DBTDL
120°C, 24 h

Ar atmosphere

0 (o]
/\/\s)kuk + ﬁ/\s)ku/\/\
L-T I-L

Scheme VI-1. Model compounds synthesized and structure of the compounds formed by trans-
thiocarbamoylation rearrangement.

The mixture before and after heating was investigated by gas chromatography
coupled to a mass spectrometer detector and the chromatograms are represented in
Figure VI-1. As we can see in the figure, the two peaks of the mixture before reaction
were transformed into four peaks after the reaction. By mass spectrometry the
structure of the two new compounds appearing as two new peaks was characterized
and they correspond to the products designed as L-T and I-L in Figure VI-1. The
characterization of the model compounds and the mass spectra obtained of these
eluted products are given in the supporting information (Figures VI-S1- S6).

As we can see in the chromatogram, after reaction no traces of initial thiol or
isocyanate were observed, which indicates that the trans-thiocarbamoylation
reaction occurs through a concerted mechanism and not by dissociation of
thiourethanes to form thiol and isocyanate and further coupling.

149



UNIVERSITAT ROVIRA I VIRGILI
ADVANCED THERMOSETS BASED ON THIOL-ISOCYANATE CHEMISTRY
Francesco Gamardella

Chapter VI
5.E+06
I-T
,‘: Before reaction
S 3.£+06
3 B LL
c H
=1 H
o) |:
< h
0.E+00 l
6 7 8 9 10 11
Time (min)
2.E+06
L-L
é 1.E+06 I-T I-L After reaction
©
el
c
K] LT Lﬁ
) \
0.E+00
6 7 8 9 10 11
Time (min)

Figure VI-1. Trans-thiocarbamoylation reaction scheme and gas-chromatograms of the
mixture before and after reaction.

Once confirmed the viability of the interchange process the characterization of the
crosslinked materials was performed. The preparation of the material from HDI and
S3 with different proportions of DBTDL (1, 2 and 4 phr) is described in the
experimental part. Three different proportions of catalyst were used in the
formulation to investigate if in these materials, the increase in the amount of catalyst
also increases the rate of interchange reaction, enhancing the reshaping velocity as it
was reported for other vitrimeric materials [4].

From the DMTA analysis the values of the temperature at peak of tan & for the
materials prepared with different proportions of DBTDL were determined and they
are collected in Table VI-1. As we can see, both the tand evolution (and the
corresponding peak of tand) and the storage modulus are not influenced by the
amount of catalyst (see Figure VI-S7 and VI-S8 in SI) which indicates that the materials
have similar thermomechanical behavior, i.e. the evolution of the tand and the
storage modulus present the same shape and almost the same values throughout all
the temperature range.
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Table VI-1. Temperature at peak of tano and topology freezing temperature, activation energy
and time for complete stress relaxation at 180 °C. Adjusting parameters for the Arrhenius eq.
were also included.

Sample Ttans T T180°C Eq InA r
(°C) (°c) (min) (ky/mol) (s)
1% DBTDL 57 132 126 102 18.9 0.99
2% DBTDL 57 109 79 73 11.6 0.99
4% DBTDL 57 96 20 72 12.0 0.98

The time and temperature dependent relaxation modulus of the dynamic network
was investigated in order to determine the vitrimeric nature of the materials. With
this purpose, the stress relaxation behaviour of the samples prepared containing
different proportions of DBTDL was studied by DMTA to evaluate the trans-
thiocarbamoylation reaction rate and the results are shown in Figure VI-2.
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Figure VI-2. Normalized stress relaxation plot as a function of time at various temperatures
from (160 to 185 °C) during 90 min for the samples with 1 % (A), 2% (B) and 4 % of catalyst (C).
Normalized stress relaxation behaviour at 180 °C, for the samples with different DBTDL

amounts (D). The reference o/0p=0.37 is highlighted.

As observed in the figure VI-2, the amount of catalyst in the sample has a big influence
in the stress-relaxation behavior. This fact agrees with the results obtained by Zheng
et al. [18] in poly(urethane) vitrimers and confirms that DBTDL acts as catalyst in both
the formation of poly(thiourethane)s and in the trans-thiocarbamoylation process.
The greater the catalyst amount the faster is the relaxation process. The times needed
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to achieve the complete stress relaxation at 180 °C (t1so°c) are collected in Table VI-1.
As we can see, the time needed to reach a complete relaxation state (zero stress) that
enables the permanent reshaping of the material is drastically reduced by more than
80% (from 126 to 20 min) on increasing the amount of DBTDL from 1 to 4 phr.

At higher temperatures the viscosity of the vitrimers is controlled by chemical
exchange reactions, leading to a temperature-viscosity relation that follows the
Arrhenius law like in inorganic silica materials. In contrast, in dissociative covalent
adaptable networks, the drop-in viscosity usually is more abrupt with temperature if
compared to the associative CANs [2]. According to that, the logarithm of the
relaxation times, for a relaxation value of 63% (6/50=0.37), was plotted as a function
of the inverse of temperature, fitting an Arrhenius-like behavior. The activation energy
(Eq) of the rearrangement process, using an Arrhenius-type equation, was determined
(see Figure VI-3 and Table VI-1).
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Figure VI-3. Arrhenius plot of relaxation times against temperature for the materials with

different proportions of catalyst, measured from stress relaxation experiments.

As we can see in Figure VI-3, the rate of the relaxation process increases with the
temperature and fits perfectly with an Arrhenius-like relaxation time dependence.

From the Arrhenius plot, we can also determine the topology freezing transition
temperature, Ty, that is defined, as explained before, as the temperature at which the
material reaches a viscosity of 10!2 Pa-s [1]. In Table VI-1 the calculated Eq values are
reported, the values are reduced from 132 to 96 °C on increasing the catalyst content.
It is noteworthy that, although the correlations are very strong and the models are
significant in all cases for a 95% confident level, limited errors in activation energy give
great errors in the relaxation time and, consequently, in the T..

Itis important to highlight that the values reported in Table VI-1 for E; are significantly
lower than those reported for poly(urethane) transcarbamoylation processes, which
are 130.5 and 183.7 kJ/mol [21]. The Ea is higher with 1 phr of DBTDL but similar when
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the amount of catalyst was 2 or 4 phr (72-73 kl/mol), unlike the results reported by
Leibler et al. [5], in which the Eq in polyester vitrimers remained constant with the
amount of catalyst. As the activation energy allows us to predict the relaxation stress
rate within a temperature range [26,27]. These values indicate that the sensitivity of
the exchange reaction to a temperature change would be similar with proportions of
catalyst of 4 and 2 phr (similar Eq), but the relaxation time would be lower for a given
temperature with 4 phr.

The effect of the temperature on the creep behavior was studied in order to confirm
that the materials flow at temperatures higher than T.. Figure VI-4A shows the creep
plot at 70 and 180 °C for the material containing 4 phr of DBTDL.
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Figure VI-4. Creep and recovery curves at 70 and 180 °C for the sample with 4 % of DBTDL (A)
and with different proportions of DBTDL at 180 °C (B).

As we can see, at the lowest temperature (70°C) the material does not present plastic
deformation when the stress is released, behaving like a thermoset above its Ty
(rubber-like behavior) whereas at a temperature higher than T, the material elongates
as a viscoelastic liquid and in the recovery process a permanent deformation remains,
due to the topology rearrangement produced by the trans-thiocarbamoylation
process. In Figure VI-4B the effect of the amount of catalyst in the creep behavior is
shown. On increasing the DBTDL proportion both the elongation and the plastic
deformation increase, and after the instantaneous stress release the strain cannot be
recovered, which confirms the vitrimeric characteristics of these materials. From
these tests we can state that poly(thiourethane) networks can be deformed, reshaped
and reprocessed at temperatures higher than their T..

The Angell fragility plot is represented in Figure VI-5, where it is shown how the
materials prepared behave like thermosetting vitrimers.
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Figure VI-5. Angell fragility plot of the logarithm of the viscosity as a function of the inverse
temperature, scaled to Ty, for the different materials. For comparative purposes, the relation
for silica is included as a reference of an ideal strong liquid [28, 29].

At temperature above Ty, the exchange reactions are active, and the relaxation time
and the viscosity follow the Arrhenius law, as occurs in “strong glass formers” like
inorganic silica materials (taken as ideal strong liquids) [28, 29]. This is in contrast with
the behaviour of thermoplastic materials and dissociative covalent adaptable
networks, which are “fragile liquids”. At higher temperature, as stated before, the

viscosity of such materials suffers a very sharp decrease [2].

The vitrimeric behaviour of these materials was studied by tensile dilatometry
experiments (Figure VI-6) where a slight stress of 0.01MPa was applied to prevent
buckling. At low temperatures, the glass transition, Ty, is evidenced by a first change
in the slope of the strain, produced by the change of thermal expansion coefficient,
CTE. After that, CTE remains constant, such as in a typical thermosetting polymer, until
at a certain point in which the exchange reactions are so evident, leading to a
significant increase in CTE; more evident with a higher proportion of catalyst.
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Figure VI-6. Dilatometry experiments with heating rate of 1 °C/min for the materials with 1, 2
and 4% of DBTDL (the curves are shifted only for a better understanding).
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The interchange mechanism in poly(thiourethane) vitrimers was structurally studied
by FTIR spectroscopy at different temperatures, to check if there was any change in
the carbonyl region the absorptions of the ester group in the thiol structure at 1730
cm™ and thiourethane group at 1670 cm™® was monitored. In Figure VI-7, we can see
how these bands remain practically unaltered during the heating process, considering
the thermosensitivity of the bands. Moreover, any typical absorption of isocyanate
groups at 2270 cm™ appeared during the heating process. It should be noted that in
case of thiourethane dissociation, isocyanate band would appear and thiourethane
band would be decreased. In this way, FTIR-ATR studies structurally confirm that
thiourethane groups are not broken in the 155-200°C temperature range and that the
rearrangement of this group is associative with a concerted mechanism.
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Figure VI-7. FTIR carbonylic absorptions of the ester (1730 cm™) and thiourethane groups
(1670 cm™) of a cured sample with 4% of DBTDL registered after heating for 10 min at each
temperature from 155 to 200 °C.

The thermal stability of these materials in the reprocessing range was studied by
thermogravimetry. The TGA curves are shown in Sl Figure VI-S9. By this study we could
see that the materials with different proportions of DBTDL began to lose weight (1%
and 2%) at temperatures around 260 and 270 °C, respectively, much higher than the
interchange temperature.

Besides the vitrimeric behaviour, the materials prepared also possess shape memory
effect (SME). Figure VI-8 shows a visual qualitative assessment of the shape memory
and vitrimeric behaviour. The rectangular initial sample (I) was programmed at 80°C
to a folded temporary shape, followed by a rapid cooling to room temperature. When
heating at T> 80°C, the initial shape was recovered as a consequence of its elasticity-
based shape memory effect. By annealing for 40 min at 180 °C (7>Ty), the initial sample
can be permanently bended to a new shape (Il) as a result of the plasticity of the
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vitrimer. This new permanent shape can be programmed into another temporary
shape that can be recovered on heating at 7> 80°C. The figure shows a third plastic
reshape (lll) with the same annealing treatment, which further shows a third
temporary shape after the corresponding programming cycle. These cycles can be
repeated many times, according to the good thermal stability of these materials at
this range of temperature and their elastic/plastic characteristics. It should be noted

the high transparency of the samples prepared that is not lost after reshaping.
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Figure VI-8. Qualitative demonstration of shape memory behaviour and permanent/plastic

shape change for the poly(thiourethane) vitrimer with a 4% of DBTDL.

Once reprocessed, the sample was investigated by FTIR (Figure VI-S10), confirming
that no variation in the structure of the network had occurred. The material was also
subjected to two thermal reprocessing cycles (relaxation process at 180°C, 25 min),

verifying that the peak of tan dremained stable without any variation, as can be seen

in Figure VI-9.
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Figure VI-9. Tan é against temperature of the poly(thiourethane) with a 4% of DBTDL sample
before and after two relaxation processes. Inset: stress relaxation process in front of time.

From these experiments we can state that the materials can be reprocessed at high
temperatures under a mechanical action. In addition to their vitrimeric characteristics
and the shape memory capabilities, they also possess a high welding ability, as it is
visually shown in Figure VI-10.

Cut Heated 180°C for 40min Self-Welded

Figure VI-10. Visual demonstration of the self-welding ability of the poly(thiourethane)
vitrimer heating under pressure for 40 min.

4, Conclusions

In the present study, we have demonstrated that aliphatic poly(thiourethane)s
networks are a new class of vitrimers with shape memory and self-welding
characteristics. These materials can be prepared from commercially available
monomers, by an easy procedure, using DBTDL as the catalyst. The synthetic reaction
has click characteristics, which assures a great homogeneity of the network structure.

The trans-thiocarbamoylation reaction was proposed as the responsible of the
reshaping ability of these vitrimers. The exchange mechanism was chemically
assessed by the use of model compounds and gas chromatography coupled to mass
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spectrometry. The non-diassociative character of the trans-thiocarbamoylation
process has been confirmed in the materials by FTIR spectroscopy.

The materials prepared with different amounts of DBTDL present lower freezing
topological temperature on increasing the amount of catalyst. The activation energy
is different for 1 phr of DBTDL but similar with 2 or 4 phr, indicating that the
dependence of the trans-thiocarbamoylation reaction rate on the temperature
change is similar with these proportions of catalyst, but with different relaxation times
for a given temperature. As emphasized by the Angell fragility plot the materials
prepared resulted strong glass formers.

By performing thermomechanical analyses before and after several reprocessing test,
it was proved that the materials kept their thermomechanical characteristics. Also,
the FTIR spectra remained unaltered after heating and reprocessing.

The vitrimers developed show shape memory characteristics, self-welding ability and
high transparency, which combined with the possibility of topological
rearrangements, confer these materials promising possibilities for smart technological
applications.
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Figure VI-S2. 'H NMR spectra of S-isobutyl tert-butylcarbamothioate (I-T) in CDCl3,
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Figure VI-S10. FTIR of poly(thiourethane) with a 4% of DBTDL before and after reshaping at
180 °C for 40 min registered at room temperature.
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Abstract

Networked poly(thiourethane) materials, with Tys around 130 °C, were synthetized in
stoichiometric proportions starting from two aliphatic isocyanates (isophorone
diisocyanate, IPDI and 4,4’-methylene bis(cyclohexyl isocyanate), HMDI) and an
aromatic diisocyanate (toluene-2,4-diisocyanate, TDI) with the same trithiol as
comonomer (trimethylol propane tris(3-mercaptopropionate), S3) in presence of
dibutyltin dilaurate (DBTDL) as the catalyst. The higher reactivity of TDI allowed the
preparation of this material in absence of catalyst.

The evolution of the curing process was followed by FTIR. Thermomechanical studies
were performed to determine their viscoelastic properties and their vitrimeric
behaviour. The materials were able to reach a complete relaxation stress state thanks
to the exchange process of the thiourethane moiety. Among them, TDI derived
material experimented the fastest relaxation. The materials were also characterized
by thermogravimetry and tensile tests.

The recycled materials, obtained by grinding the original thermosets and hot-pressing
the powder, were fully characterized by mechanical, thermomechanical and FTIR
studies; which allowed to confirm their recyclability without appreciable changes in
the network structure. The presence of DBTDL in the materials was proved to be
necessary to reach a good recyclability.

Keywords:

vitrimers; poly(thiourethane); thermosets; recyclability; covalent adapatable
networks.
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1. Introduction

Traditionally, polymers are classified in two main types: thermoplastic and thermosets
depending on their thermal behaviour. Thermoplastics depending on their structure
are subdivided into semicrystalline and amorphous polymers. The firsts have a
relatively sharp melting point after which they can flow. The others become soft after
their glass transition and more fluid as additional heat is applied. These characteristics
allow them to be easily processed and recycled, but they are relatively weak, and they
can suffer degradation by heat, solvents and environmental attack. On the other hand,
thermosetting polymers, thanks to their permanent covalent bonds in the network
structure, show outstanding mechanical and thermal properties, allowing them to be
widely used in industrial applications where high mechanical performances and
dimensional stability are required. However, their permanent three-dimensional
structure hinders reshaping, reprocessing, or recycling once they are cured, resulting
in a serious environmental issue. For these reasons, they are considered among the

most difficult materials to be recycled.?

With the aim to combine the advantages of both type of polymers, thermoplastics and
thermosets, in the last decades many researchers have focused their attention on the
field of dynamic polymers. They were designed by incorporating reversible covalent
bonds into the polymeric network to obtain the so called CANs (covalent adaptable
networks).>> With this approach, a “third” class of polymers, called vitrimers, was
discovered in 2011 by Leibler and co-workers, who reported the malleability of both
epoxy-carboxylic acid and epoxy-anhydride networks.® These materials can lead to
topological rearrangement via transesterification, keeping constant their crosslinking
density.”

To develop new CANs, different reversible exchange reactions have been explored,
such as: transesterification,®® transamination,>® disulfide exchange,'**?
transalkylation,’® siloxane equilibrium,** dioxaborolane metathesis,> amine-urea

exchange,® and transcarbamoylation.”18

If we focus our attention on the family of vitrimers based on poly(urethane)
structures, it should be mentioned that Tobolsky and co-workers in 1956'° observed
that poly(urethane)s could experiment chemical stress relaxation at high
temperature. However, this article had not attracted much attention and the
explanation of this behaviour was not completely clarified. Recently, carbamate
exchange has been recognized as the responsible of the vitrimeric behaviour of
poly(urethane) thermosets, and it constitutes one of the most used mechanism in the
preparation of dynamic networks.?>2* Poly(urethane)s, thanks to their structural
versatility, have a broad range of applications in different industrial fields as
elastomers, coatings, rigid foams and adhesives.?*
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Poly(thiourethane)s (PTUs) are related to their oxygen counterparts, showing
comparative properties due to the presence of similar hydrogen bonding, but they
possess several advantages. The formation of PTUs from isocyanates and thiols is
described as a click-type reaction; therefore, it is not accompanied by side-reactions
contrary to what occurs in the poly(urethane) synthesis.?®?” Moreover,
poly(thiourethane) thermosets show a high refractive index thanks to the presence of
sulphur into the backbone of the polymeric structure, making them good candidates
for optical applications.?®%

Recently, our research group® demonstrated that PTUs derived from 1,6-
hexamethylene diisocyanate (HDI) and trimethylolpropane tris(3-
mercaptopropionate) (S3) can behave as vitrimers when stoichiometric ratios of thiol-
isocyanate were reacted in the presence of a Lewis acid catalyst, such as dibutyltin
dilaurate (DBTDL). The reversible thiocarbamate exchange was demonstrated by
means of equilibrating model compounds. Moreover, the influence of the proportion
of catalyst in the vitrimeric characteristics of poly(thiourethane) thermosets was also
demonstrated. Similarly, Torkelson and co-workers3' reported that thiourethane
linkages, based on an aromatic diisocyanate monomer, follow associative and
dissociative reversible pathways, depending on whether an excess or a stoichiometric
amount of thiol has been added to the formulation. In both cases, they use the
simultaneous presence of two different catalysts, triphenylphosphine and 1,8-
diazabyciclo [5.4.0] undec-7-ene (DBU) and the crosslinked materials have an
elastomeric nature. By using model compounds and by means of TGA coupled with
gas-chromatography and mass spectrometry they proved the dissociative character
of exchange mechanism, but these aromatic poly(thiourethane) materials did not lead
to significant changes when the material was reprocessed.

Although both articles focused on the reprocessable character of poly(thiourethane)
networks, the relaxation rates were very different, about 8 min to reach a value of
0/00 = 1/e at 180 °C in the case of our previous studies, and less than 10 s at 150 °C in
the Torkelson’s work. These differences could be related to the aromatic character of
the isocyanate selected as the monomer, the lower crosslinking density they reached,
due to the presence of the long poly(propylene oxide) structures in the isocyanate
monomer, which leads to Tygs around -25 °C, and the differences in the catalysts and
their proportions.

Despite the previous work reported on this topic, the nature of the stress relaxation
and reprocessing of this class of materials remains quite unexplored. Herein, we
investigate the potentiality of this class of dynamic polymers based on
poly(thiourethane) networks, to obtain vitrimers with high glass transition
temperatures (Ty) and a fast exchange mechanism. This remains one of the most
challenging goals in this field, since almost all the vitrimers reported in the literature
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show Tgs lower than 100 °C, which limits their applicability in some industrial fields,
where high thermal and mechanical performance at elevated temperature is required.
In the literature, we found only few reports on reprocessable thermosets with high Ty:
a self-healable epoxy-anhydride thermoset based on renewable vanillin and guaiacol
starting compounds with a T of 187 °C,32 but with broad relaxation processes, a lignin-
based vitrimer for recoverable adhesive with Ty in the range from 95 to 133 °C,* and
a vitrimer based on silyl ether exchange reported by Guan et al. with a Ty of 125 °C.3*

It should be taken into account, that the viscoelastic properties of vitrimers at high
temperatures are firstly controlled by the velocity of the dynamic exchange
mechanism responsible of the vitrimeric behaviour, which can be accelerated by
increasing the amount of catalyst,®?8 or by the presence of unreacted groups in non-
stoichiometric systems. Secondly, the macroscopic flow can be influenced by the
network architecture. The introduction of flexible structures seems to increase the
rate of the exchange mechanism, leading in some cases to elastomeric
characteristics.®

Encouraged by the results of our previous work, we selected three different
diisocyanates with a rigid structure to prepare PTUs with high Ty and to explore the
influence of the macromolecular architecture on their viscoelastic properties at high
temperatures. Two of the diisocyanates selected are aliphatic: isophorone
diisocyanate (IPDI) and 4,4'-methylene bis(cyclohexyl isocyanate) (HMDI) while
toluene 2,4-diisocyanate (TDI) was selected as an aromatic one. We chose
trimethylolpropane tris(3-mercaptopropionate) (S3) as trifunctional thiol. The
structure of these compounds is represented in Scheme VII-1. Thiol and isocyanate
groups were reacted in stoichiometric proportions and a Lewis acid (dibutyltin
dilaurate, DBTDL) was used as the catalyst. Taking advantage of the high reactivity of
aromatic isocyanates, we prepared a PTU, derived from TDI, in absence of catalyst to
study its possible vitrimeric behaviour.

CHy
HsC.
o 0 NCO s NCO
/\/IL )I\/\ HaC
HS’ (o] (¢} SH
X OCN NCO
NCO

NCO
HaC

53 TDI HMDI IPDI

Scheme VII-1. Structure of the starting compounds
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2. Experimental part
2.1 Materials

Trimethylolpropane tris(3-mercaptopropionate) (S3), toluene 2,4-diisocyanate (TDI)
and dibutyltin dilaurate (DBTDL) from Sigma-Aldrich were used as received.
Isophorone diisocyanate (IPDI) and 4,4’-methylene bis(cyclohexyl isocyanate) (HMDI)
from Acros Organics were used without previous purification.

2.2. Preparation of the formulations

The different diisocyanates and S3 were mixed in stoichiometric proportions: 2 mol of
S3 per 3 mol of the selected diisocyanate. The catalyst, DBTDL, was first dissolved in
the isocyanate and the corresponding amount of thiol was then added. The
formulations with aliphatic diisocyanates were prepared with 4 phr of DBTDL (parts of
catalysts per hundred parts of thiol), while the formulations with TDI were prepared
with 2 phr of DBTDL or without, due to the higher reactivity of the aromatic
diisocyanate towards thiol. The mixtures were manually stirred until homogeneity at
room temperature, and freshly used.

Table VII-1. Formulations used to prepare poly(thiourethane) thermosets.

Sample Formulation Diisocyanate Thiol DBTDL
(g) (g) (g)
IPDI S3_IPDI_4%DBTDL 1.67 2.00 0.08
HMDI S3_HMDI_4%DBTDL 1.97 2.00 0.08
TDI S3_TDI_2%DBTDL 1.31 2.00 0.04
TDI_nc S3_TDI_0%DBTDL 1.31 2.00 -

For a better understanding, the formulations detailed in Table VII-1 have been
designed with an acronym that represents the isocyanate chosen in the preparation
of the material. TDI_nc accounts for the material prepared from TDI without any
catalyst.

2.3. Sample preparation

For DMTA analysis, films were prepared by pouring the formulations on pre-silanized
glasses and using Teflon spacers to ensure a homogeneous thickness of 0.5 mm. The
formulations were cured at 80 °C, 100 °C, 125 °C for 1h at each temperature and 160
°C for 2 h. In the case of free catalyst formulation, a post curing at 175 °C for 2h was
required. The films were die-cut to obtain a rectangular specimen of 20 x 5 x 0.5 mm?3
dimensions.
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2.4. FTIR analysis

To monitor the evolution of isocyanate/thiol groups during the isothermal curing at
130 °C and to quantitatively determine the rate 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 Specac-
Teknokroma) and equipped with a mid-band liquid nitrogen-cooled mercury-
cadmium-telluride (MCT) detector was used. Real-time spectra were collected in
absorbance mode with a resolution of 4 cm™ in the wavelength range 4000 to 600 cm’
! averaging 10 scans for each spectrum. The spectra were corrected for the
wavelength dependence of the absorbance in ATR devices. The characteristic
absorbance peak of the isocyanate at 2280 cm (vibration of -N=C=0 groups) was used
to monitor the conversion of the isocyanate group during thiol-isocyanate reaction.
Absorbance of each scanned sample were normalized with that of the S3-ester group
at 1720 cm™. Isocyanate group conversion (Xnco) were calculated by Eq. 1.

A 2280 (1)

Xnco =1 -
A 22800

where Az280 and Az2s0,0 are the normalized absorbances of the isocyanate peak at 2280
cm at a given reaction time and at the beginning of the curing process.3®

2.5. Dissolution experiments

Dissolution experiments of cross-linked polymers were performed by the following
procedure. Pieces of poly(thiourethane) samples of 0.2-0.3 g, which were weighed
before the experiment, were placed into a vial. The vial was filled with 1,2-
dichlorobenzene, closed and heated at 150 °C for 24 h and then the vial was cooled
down to room temperature. The polymer sample was washed by dichloromethane
and the sample was then dried under reduced pressure at 80 °C overnight. After
cooling down to room temperature, the sample was weighed, and the gel fraction was
calculated.

2.6. Thermal degradation studies

The thermal stability of the cured samples was studied by thermogravimetric analysis
(TGA), using a Mettler TGA/SDTA 851e thermobalance. All experiments were
performed under inert atmosphere (N2 at 100 mL/min). Pieces of cured samples of 10-
15 mg were degraded between 30 and 600 °C at a heating rate of 10 °C/min.

2.7. Stress relaxation tests

Tensile stress relaxation tests were conducted in a DMA Q800 analyser using a film
tension clamp on samples with the same dimensions as previously defined. The
sample was firstly equilibrated at 160 °C and left isothermally at this temperature for
3 min, then a constant strain of 1.5 % (to ensure the material is within the linear range)
was applied on the sample and the consequent stress level was measured as function
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of time. Then the strain was removed, and the process was repeated every 5 °C until
the final test temperature, 190 °C, is reached. The relaxation stress oft) was
normalized by the initial stress oo and the relaxation times (7) were determined as the
time necessary to relax 0.37-ovi.e. (o =1/e-ov). With the relaxation times obtained at
each temperature, the activation energy values E. were calculated for each vitrimer,
using an Arrhenius-type equation:

In(7) = g—; — InA )
where, T is the time needed to attain a given stress relaxation value (0.3700), A is a
pre-exponential factor and R is the gas constant. From the Arrhenius relation, the
temperature of topology freezing (T,) was obtained as the temperature at which the
material reaches a viscosity of 102 Pa-s. Using Maxwell’s relation and E’ determined
from DMTA (assuming E’ being relatively invariant in the rubbery state), t* was
determined to be around 10° s in our systems. The Arrhenius relationship was then
extrapolated to the corresponding value of T* to determine T, in each sample.

To compare the time to reach the complete relaxation of the stress (i.e. a normalized
stress less than 107?) of the poly(thiourethane) vitrimers obtained with different
diisocyanates, a single stress relaxation test was performed at the temperature of 180
°C with the same constant strain of 1.5 %.

2.8. Creep experiments

Creep and recovery properties were studied in tension by the same DMA Q800
apparatus equipped with the film tension clamp. All the samples were stretched under
a stress of 0.1 MPa at 180 °C for 30 min, then the stress was immediately released,
and the sample was left to recover for 30 min.

For the determination of the viscosity at each temperature needed for the
representation of the Angell fragility plot, a series of creep experiments were carried
out on films at temperatures between 130 and 180 °C, increasing 10 °C in each scan.
To perform the tests, the selected temperature was equilibrated for 3 min and then a
stress level of 0.1 MPa was applied for 30 min. The viscosity 77 (Pa-s) was obtained
from the creep plots, considering the linear part of variation of the strain and fitting it
with a linear regression. The strain rate ¢ was determined from the slope of the linear
fit. The viscosity 1 was calculated using the following expression:

_9 (3)
=%

and represented in front of Ty/T thus obtaining the Angell fragility plot.

2.9. Dilatometry tests

Dilatometry experiments in tension were performed with the film tension clamp in
the DMA Q800 analyzer on the different PTU samples with the same dimensions as
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described before. The length of the sample was continuously measured while
increasing the temperature at a heating rate of 1 °C/min from 25 to 250 °C. A slight
stress of 0.01 MPa was applied during the experiment to avoid buckling.

2.10. Recycling

Original and recycled samples were tested until break in tensile mode at room
temperature using an electromechanical universal testing machine (Shimadzu AGS-X)
with a 1000 N load cell at 5 mm/min and using Type V samples according to ASTM
D638-14 standard. Three samples of each material were analyzed and the results were
averaged.

The recycled samples were obtained by grinding the crosslinked polymers, and hot
pressing into an aluminium mould at 165 °C for 2.5 h with 8 MPa. In order to analyse
the average size of the powder obtained, a micrograph was taken with an optical
microscope. The image taken was processed and analysed obtaining the average value
and the maximum size of the particles. The new film obtained were die-cut in Type V
samples and were tested under the same conditions.

3. Results and discussion
3.1 Study of the curing process

Although the preparation of poly(thiourethane) thermosets can be accomplished with
the help of basic and acid catalyst, their vitrimeric characteristics are enhanced by the

2630 \we determined how small

presence of a Lewis acid. In our previous papers,
amounts of DBTDL (0.5-1 phr) were enough to reach fully crosslinked
poly(thiourethane) networks. However, the amount of catalyst had a great influence
in the rate of the relaxation process when studying their vitrimeric behaviour. Thus, 4
phr of DBTDL were added in the preparation of the vitrimer obtained from HDI and S3
to shorten the relaxation time. According to that, we selected this proportion of
DBTDL for preparing the samples with the aliphatic isocyanates selected, but the high
reactivity of the aromatic diisocyanate forced us to reduce the amount of catalyst to
2 phr. Since this compound was highly reactive, we also prepared samples with S3,

without any catalyst, reaching a fully cured material.

The evolution of the thiol-isocyanate reaction during the curing process was followed
by FT-IR spectroscopy to investigate the kinetics of the reaction and how the different
isocyanate monomers could influence the rate and curing schedule. In the spectrum,
the reduction of the isocyanate peak, at 2280 cm™, was accompanied by the
appearance of N-H st. (3350 cm™) and carbonyl st. (1670 cm™) of the thiourethane
groups, which are indicative of the poly(thiourethane) formation. The carbonyl
absorption of the thiourethane groups is partially overlapped with the carbonyl ester
absorption of the thiol, taken as the reference band, and the deconvolution was done
in order to extract quantitative information.
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The isothermal curing temperature in the FTIR/ATR experiments for kinetics
evaluation was set at 130 °C and the evolution of the curing process was followed by
the diminution of the isocyanate band. Figure VII-1 shows the conversion curves
against time for all the formulation studied. As we can see in Figure VII-1, all the
reactions proceed quickly during the first minutes and then they slow down. However,
it is evident that the aromatic isocyanate, TDI, leads to the fastest reaction, even
without catalyst. Among the aliphatic diisocyanates, the reactivity of IPDI is higher
than HMDI. Since a plateau is reached at long reaction times, higher temperatures
must be used in order to reach full cure. Therefore, to cure the samples for mechanical
and thermal characterization we performed a post-curing at 160 °C for 2 h and proved
the full conversion by FTIR (see Fig VII-S1, in supporting information).
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Figure VII-1. Kinetic profile at 130 °C of the conversion of NCO group in the different
poly(thiourethane) formulations obtained from FTIR analysis.

3.2. Characterization of the thermosets

To prove the thermosetting character of the poly(thiourethane)s prepared, we
determined the gel content of all the samples in 1,2-dichlorobenzene for 24 h at 150
°C, the calculated values are collected in Table VII-2. Once, the solvent was completely
removed the gel content was higher than 95% in all the materials tested, verifying
their thermosetting nature.

The thermal stability of the PTUs was analysed by TGA and the weight loss and the
derivative curves are shown in Figure VII-2. The data extracted from these
experiments are collected in Table VII-2.

As we can see in Figure VII-2A, there are not many differences among all the materials
evaluated, neither in the stability nor in the degradation processes. The degradation
mechanism is quite complex, with three different stages although partially
overlapped. The reversion of the urethane to isocyanate in poly(urethane)s (PUs)
between 120-250 °C is described in the literature.3”3® Thus, we can deduce that in

PTUs this reversion could also occur. However, in Figure VII-2B the first degradation
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process leading to weight loss begins at 220 °C, with a maximum degradation rate
above 300 °C. This indicates a higher thermal stability of PTUs in front of PUs. The
peaks at higher temperatures can be attributed to the B-elimination processes of the
esters present in the network structure.
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Figure VII-2. (A) TGA curves and (B) DTG curves of the different poly(thiourethane)s prepared.

In Table VII-2, we can see that the temperature for the 2% of weight loss is around
260 °C for the PTUs based on aliphatic monomers. When the isocyanate is TDI, this
temperature is slightly lower (T2%=243 °C), indicating that the aromatic PTUs are less
stable at high temperatures than the aliphatic ones. However, the material prepared
from TDI without any catalyst begins to degrade at higher temperature, indicating that
the first degradation process is catalysed by DBTDL. The thermoset that shows the
highest stability is the one obtained from HMDI isocyanate. The lower temperature of
initial degradation in aromatic poly(thiourethane)s in comparison with the aliphatic
ones could be related to a partial dissociative character of the aromatic, as it has been

previously reported.?%3031

Table VII-2. Gel content, thermal stability and thermomechanical data of the thermosets

prepared.
Sample Gel Ti2 Tmax® Ttan 6° FWHM? E”
content (°C) (°C) (°C) (°C) (MPa)
(%)

IPDI 97 255 310/379/419 129 12.6 11.5
HMDI 95 262 325/367/419 124 13.6 10.7
TDI 99 243 304/378/431 128 13.0 13.9
TDI_nc 98 258 304/379/438 126 14.4 11.0

@ Temperature of the 2% of weight loss

b Temperature of the maximum rate of the three-step degradation

¢ Temperature of the maximum of the tan & peak.

4 Full width at half maximum of the tan & peak.

¢ Relaxed modulus determined at the temperature of the maximum of tan & peak + 30 °C
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In order to investigate the thermomechanical behaviour of all the materials prepared
from the three diisocyanates selected, a DMTA analysis was conducted. Fig. VII-3A and
3B show the evolution of tan 6 and storage modulus with temperature. The main data
extracted from these curves are collected in Table VII-2.
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Figure VII-3. (A) Tan 6 and (B) storage modulus evolution with temperature for the different
materials prepared.

All the curves of the materials prepared show a tan & peak higher than 120 °C, without
many differences among them. The tan 6 curves are quite narrow indicating the
formation of uniform network structures (see Table VII-2) with a FWHM around 13 °C,
thanks to the click reaction mechanism. The relaxation of the materials takes place
sharply with a significant change in the moduli from the glass to the rubbery state.
There are no significant differences in the relaxed moduli, but the thermoset prepared
from TDI in the presence of catalyst leads to the highest value meaning that the use
of DBTDL as the catalyst in TDI formulations seems to increase slightly the degree of
crosslinking achieved.

3.3. Vitrimeric characterization

The viscoelastic properties at elevated temperatures were determined by stress
relaxation experiments in DMTA to investigate the influence of the structure of the
isocyanate in the different PTUs prepared.3® At the selected temperatures, a constant
strain of 1.5 % was applied on the samples and the stress was followed as function of
time and the characteristic relaxation times (t1) were determined as the point when

a relaxation value of 1/e (0/0v=0.37) was reached.

The stress relaxation curves of the different PTUs are presented in Figure VII-4, we can
see that all the materials can completely relax the stress at high temperature, showing
the expected vitrimeric characteristics.
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1PDI . HMDI

Figure VII-4. Normalized stress relaxation plots as a function of time at various temperatures
from (160 to 185 °C) during 100 min for the different poly(thiourethane) samples. The value
of o/op = 0.37 is highlighted.

For comparative purposes, the stress relaxation curves at 180 °C of the different PTUs
are presented in Figure VII-5A and the characteristic relaxation times (ti/s180°c) are
collected in Table VII-3.
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Figure VII-5. Normalized stress relaxation behaviour at 180 °C (A). Arrhenius plot of relaxation
times against the inverse of temperature measured by stress-relaxation experiments for the
PTUs prepared (B).

As we can see in Figure VII-5A, the relaxation process of the aromatic
poly(thiourethane) prepared with DBTDL as the catalyst is the fastest one, reaching
the 63 % of stress relaxation in only 2.9 min. On the other hand, the TDI sample
without DBTDL needs 18.4 min to reach the same relaxation level under the same
conditions. This means that although DBTDL is not required to reach a complete curing
it affects considerably the rate of rearrangement of the groups responsible of the
network relaxation. In a previous paper’®® we demonstrated that trans-
thiocarbamoylation can occur in this type of materials, allowing the network to relax
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and opening the possibility of reshaping. In that work, it was put in evidence that the
amount of catalyst affects considerably the relaxation rate. In Figure VII-5A no
differences in the relaxation rate, between aliphatic PTUs, are observed.

As shown in Figure VII-4, there is a clear dependence of the relaxation time on the
temperature for all the PTUs prepared, fitting perfectly with an Arrhenius-like
relaxation behaviour (see Figure VII-5B). By the Arrhenius equation, the activation
energy (Es) of the exchange mechanism and the topology freezing transition
temperature, T, (the temperature at which the material reaches a viscosity of 10
Pass, i.e. T~10° s) were determined and the values are collected in Table VII-3. It
should be noted, in Figure VII-5B, the different behaviour of the TDI material without
catalyst in reference to the others. This material relaxes faster than the aliphatic PTUs
at high temperature, but slower at low temperature. Again, this could be related to
the differences in the exchange mechanism in the sample without catalyst that can
experiment variations in the associative/dissociative competitive mechanisms at
different temperatures. Nevertheless, the fastest material in the relaxation process is
the aromatic PTU in all the temperature range, although it has a lower proportion of
DBTDL than aliphatic PTUs.

Table VII-3. Time to reach a value of 6/0,=0.37 at 180 °C, topology freezing temperature, kinetic
and adjusting parameters for the Arrhenius equation.

Relaxation experiment Creep experiment
Sample T1/e,180°C Tv Ea r Es r
(min) (°C) (kJ/mol) (kJ/mol)
IPDI 11.1 11745 10715 0.99 1307 1.00
HMDI 10.7 1108 92+6 0.98 13044 0.99
TDI 2.9 884 91+3 0.99 11545 0.99
TDI_nc 18.4 13717 186+14 0.98 144+9 0.99

The aliphatic structures rend values of Eqin the range of 92 to 107 ki/mol, slightly
higher than those determined for hexamethylene diisocyanate derived materials
(which was 72 kl/mol).3° The role of the catalyst in the rearrangement process is
evidenced by the value of the activation energy, reducing it from 186 to 91 kJ/mol in
TDI derived materials. The former activation energy is in agreement with the value of
183.7 ki/mol reported by Xie et al.3®> who prepared a catalyst-free polyurethane
thermoset based on an aromatic

diisocyanate (4,4'-methylene bis(phenyl

isocyanate)).

It should be mentioned that the materials obtained in this work (except that prepared
(from DMTA
characterization) although at temperatures below T, no segmental movement occurs

without catalyst) present a hypothetical T, lower than T,
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to allow the exchange reaction. By heating above the Ty of the materials, the
segmental movement starts gradually while the exchange reactions are already fast,
and the exchange reaction becomes the dominating factor for the stress
relaxation.®3*% For this reason, the materials prepared, especially the aromatic
poly(thiourethane) with catalyst, have a very fast relaxation process.

To further analyze the viscoelastic properties of the PTUs and to confirm that the PTUs
behave like a viscoelastic liquid at elevated temperatures, the effect of the
temperature on the creep behaviour was studied. Figure VII-6 shows the creep
behaviour for all the samples at 130 °C (temperature around Tiwn s) and at 180 °C
(temperature around Tians+ 50 °C to assure a high mobility).
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Figure VII-6. Creep recovery curves at 130 °C (A) and 180 °C (B) for all the PTUs prepared.

Thermosets generally exhibit good resistance to creep thanks to their permanent
network structure, presenting a constant deformation in time when a constant
external stress is applied, and no plastic deformation appears when the stress is
released. Contrarily, our materials, when tested at 130 °C with a constant stress,
increase the deformation progressively, presenting a slight plastic deformation when
the stress returns to zero. This increase in deformation with time (deformation rate)
is higher at higher temperature (180 °C) confirming that the PTU vitrimers behave like
a viscoelastic liquid. At this temperature, the materials recover only their initial elastic
response and a permanent deformation remains due to the topological
rearrangement of the network structure. The material prepared from TDI in the
presence of DBTDL shows a very high deformation rate at 180 °C and, consequently,
a very high plastic deformation, confirming the outstanding vitrimeric characteristics
of this material.

From the creep experiments, the viscosities at different temperatures can be deduced
for each sample and represented in the Angell fragility plot. In this plot (Figure VII-7)
the variation of the viscosity with the inverse of temperature, scaled to Ty, is presented
for all the materials. At temperatures higher that their Ty, all of them behave as
“strong glass formers” like inorganic silica materials. The exchange reactions follow an
Arrhenius law, in contrast to the behaviour of thermoplastic materials, which are
“fragile liquids”. From these plots it is possible to obtain the activation energy for all
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the materials tested (results are presented in Table VII-3). As it can be seen, the

activation energies are slightly different from those obtained from relaxation tests but

follow the same trend: the lowest Eq is obtained for TDI materials in the presence of

catalyst and the highest is in absence of DBTDL. The aliphatic PTUs show the same E,,

as expected.
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Figure VII-7. Angell fragility plot representing the logarithm of the viscosity as a function of the

inverse temperature, scaled to Tq (assuming T4 as Tian s), for the different materials. The

relation for silica is included as a reference of an ideal strong liquid.

Network relaxation was also analysed by dilatometry experiments and the behaviour

for all the samples is collected in Figure VII-8. Classical thermosets exhibit a lower

thermal expansion coefficient (CTE) in reference to the non-crosslinked polymers and

above their Ty the CTE remains constant for a permanently crosslinked network, In

Figure VII-8 two changes in the slope of CTE can be appreciated, a first one at T=Ty,

after which the slope remains constant, as observed in thermosetting polymers. The

second change occurs when the exchange reactions start, leading to a significant

increase in CTE, typical of the vitrimeric behaviour.
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Figure VII-8. Dilatometry experiments performed with a heating rate of 1 °C/min for the
different materials (the curves are shifted only for a better understanding).

3.4. Recyclability

To investigate the recyclability of the crosslinked PTUs prepared, the materials were
grinded into small particles and the powder obtained was hot pressed at 165 °C for
2.5 h to obtain the recycled films. In order to determine the average size of the powder
obtained, a micrograph was taken with an optical microscope and the particle size
measured. The average size measured was 1.2 mm with a standard deviation of 0.6
mm and the maximum size was 2.4 mm.

As we can see in Figure VII-9, the original materials show good transparency and an
excellent uniformity, properties that are quite well preserved with only a slight colour
change after recycling.

To fully characterize the original and the recycled samples, they were subjected to
uniaxial tensile test until break, DMTA and FTIR analysis. Dog-bone-shaped samples
(Figure VI1-S2) of all the original and recycled poly(thiourethane)s were tested with a
universal tensile machine. The stress-strain behaviour of the virgin materials was
registered and compared with the recycled ones.
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Figure VII-9. Photographs of the original, grinded and recycled sample, together with the hot
press device used in the reprocessing.

Results from the tensile tests show that all the original materials are relatively rigid at
room temperature and do not experiment high deformations before breaking due to
their crosslinked character. The rigid structure of the isocyanates selected is reflected
in the notable high moduli reached in all the samples, being the lowest value for the
HDMI vitrimers thanks to its more flexible structure. With respect to the stress and
strain at break values, the materials behave similarly, being again the HDMI the one

that presents higher ductility. The TDI-nc is the one with lower strength, probably due
to its network heterogeneity and slightly lower crosslinking density.

It can be appreciated in Table VII-4 that all materials behave mechanically quite well
after the recycling process. The rigidities of the recycled samples remain similar while
their strength is around 70% of the original value for the aromatic PTU with catalyst
and 60% for the aliphatic ones. It is important to remark the extremely harsh
conditions of the recycling process. The mechanical grinding can affect the integrity of
all the bonds forming the network structure and not only those in thiourethane
groups. The fact that the materials are not elastomers but thermosets with a high Ty
and rigidity, also complicates the achievement of high quality samples.
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Table VII-4. Tensile data of the original and recycled PTUs and DMTA data of the reprocessed
materials. For comparison purposes, the DMTA data of original materials in Table VII-2 have
also been included. The mean value of three different samples tested is shown. Coefficients of
variations are less than 7 % for stress and strain results and less than 5 % for the tensile moduli.

Original
Sample E? Omax” Emax® Ttans® FWHMe Ef
(GPa) (MPa) (%) (°C) (°C) (MPa)
IPDI 5.1 154.8 4.4 129 12.6 11.5
HMDI 3.1 140.7 5.9 124 13.6 10.7
TDI 5.2 155.4 3.3 128 13.0 13.9
TDI_nc 4.8 126.5 3.2 126 14.4 11.0
Recycled
Sample E Omax® Emax® Ttans® FWHMe® Ef
(GPa) (MPa) (%) (°c) (°C) (MPa)
IPDI 3.4 92.1 4.5 127 13.6 10.7
HMDI 2.9 83.0 4.0 124 14.0 10.5
DI 5.5 106.0 2.1 127 13.0 13.6
TDI_nc 3.8 82.8 2.5 120 234 10.8

a. Tensile modulus at room temperature.

b. Stress at break

c. Strain at break.

d. Temperature of the maximum of the tan & peak.

e. Full width at half maximum of the tan & peak.

f. Relaxed modulus determined at the temperature of the maximum of tan 6 peak + 30 °C

To compare the thermomechanical behaviour of the original and recycled samples,
tan 6 curves extracted from DMTA analysis are presented in Figure VII-10 and the most
typical data are collected in Table VII-4. In Figure VII-10, it can be appreciated that the
thermomechanical behaviour of the aliphatic materials is almost similar in the original
and the recycled samples, remaining the shape of tan 6 curves unaltered with only a
slight shift to lower temperatures within experimental error.
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Figure VII-10. Dependence of tan & versus temperature of the different materials prepared
before and after recycling.

The recycled materials derived from the aromatic TDI show a different behaviour
depending on the presence or absence of catalyst. In TDI sample prepared with DBTDL
the maximum of the tan & peak remains practically unaltered, but the material TDI-nc
shows a much broader peak and is shifted at lower temperatures, which indicates a
loss of the homogeneity during recycling and changes in the network structure. From
this result, it is again evident the important role of DBTDL as the catalyst in the
vitrimeric behaviour. To ensure that the slight changes in the tan 6 behaviour found
in the materials are only due to the harsh conditions of the recycling process and not
to a change in the crosslinking density, the storage moduli were determined and they
are compared in Figure VII-S3. In this figure, it can be observed that the glassy and
rubbery moduli remain unaltered after recycling in all the samples, although some
slight changes in the transition process can be observed. These differences can be due
to the harsh recycling conditions previously mentioned, that has obviously slightly
altered the network structure, but not the crosslinking density. To prove that the
variations are only due to the recycling process, we have subjected an original TDI
sample with catalyst to a series of two relaxation cycles and verifying that the peak of
tan 6 and the storage modulus remained constant, as can be seen in Figure VII-S4. The
DMTA analyses confirm that the material is fully reshapable.

To reveal the underlying mechanisms of network rearrangement and to know if
changes in the chemical structure of the materials after recycling have occurred, the
FTIR spectra of the original and recycled materials were recorded and compared (see
Figure VII-S5). The FTIR spectra of the PTUs prepared in the presence of DBTDL remain
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almost identical after the recycling process, showing any significant chemical
degradation, which proves the recyclability of this class of materials in the presence
of catalyst. On the other hand, in absence of catalyst, only the intensity of the peaks
of the FTIR spectrum of the recycled TDI-nc is changed.

4, Conclusions

In this work we developed different reprocessable and recyclable poly(thiourethane)
thermosets starting from commercially available aromatic and aliphatic diisocyanate
monomers and a trithiol in the presence of DBTDL as the catalyst. The resulting
materials show high homogeneity and transparency with glass transition
temperatures around 130 °C. The reactivity of aromatic diisocyanates allowed the
preparation of aromatic PTUs without catalyst, the materials obtained were not fully
recyclable.

The materials prepared can undergo topological rearrangement by exchange
reactions allowing a complete stress relaxation and reorganization of the network,
faster in the materials prepared from the aromatic isocyanate.

The catalyst plays an important role in the rearrangement process, evidenced by the
shift in the value of activation energy of the exchange reaction, reducing it from 186
to 91 kl/mol in TDI derived materials.

By performing mechanical, thermomechanical and FTIR analyses before and after the
recycling process, it was proved that the materials in the presence of catalyst kept
their crosslinked network structure and their mechanical performance.

These characteristics confer these materials promising possibilities for practical and
smart technological applications in different fields, thanks to their high glass transition
temperature, transparency and good mechanical performance combined with the
ability of being recyclable under harsh conditions.
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Abstract

New tetraphenylborate salts, derived from highly basic and nucleophilic amines: 1,5-
diazabicyclo[4.3.0]non-5-ene (DBN), 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) and
triazabicyclodecene (TBD), were applied to the preparation of networked
poly(thiourethane)s (PTUs). The PTUs showed a vitrimer-like behavior, with higher
stress relaxation rates than PTUs prepared by using dibutyl thin dilaurate (DBTDL) as
the catalyst. The use of these salts, which release the amines when heated, instead of
the pure amines, allows the formulation to be easily manipulated to prepare any type
of samples. The materials prepared from stoichiometric mixtures of hexamethylene
diisocyanate (HDI), trithiol (S3) and with a 10% of molar excess of isocyanate or thiol
were characterized by FTIR, thermomechanical analysis, thermogravimetry, stress
relaxation tests and tensile tests, thus obtaining a complete thermal and mechanical
characterization of the materials.

The recycled materials, obtained by grinding the original PTUs and hot-pressing the
small pieces in the optimized time and temperature conditions, were fully
characterized by mechanical, thermomechanical and FTIR studies. This allowed to
confirm their recyclability without appreciable changes in the network structure and
performance. From several observations, the dissociative interchange trans-
thiocarbamoylation mechanism was evidenced as the main responsible of the
topological rearrangements at high temperature, however resulting in a vitrimeric-like

behavior.
Keywords:

vitrimers; poly(thiourethane); thermosets; recyclability; covalent adaptable networks;
organocatalyst.
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1. Introduction

Thermosetting polymers, thanks to their permanent covalent bonds in the network
structure, show outstanding mechanical and thermal properties. However, their
permanent three-dimensional structure hindered this material to be melted or
dissolved in any solvents, making impossible reprocessing and recycling them. In view
of the increasing amount of plastic generated, the recycling of this type of polymers is
extremely important to prevent that they end up in landfills and contaminate the
environment. The development of covalent adaptable networks (CANs), covalently
cross-linked polymers with the ability to be reshaped, to flow and to self-repair,
represents a promising approach to improve the lifetime and recyclability of the
thermosetting polymers [1-4].

Recently, networked poly(thiourethane)s (PTUs) have been reported as a new class of
CANs thanks to the presence of thiourethane groups that can undergo exchange
reactions at moderate temperatures [5-8]. PTUs are formed by the very efficient
coupling reaction between thiols and isocyanate, which in the presence of a base
catalyst can be considered a click type reaction. The reaction is very fast without the
formation of by-products and can be performed in air atmosphere without the use of
solvents. The resulting network structure presents high homogeneity and
transparency with a high refractive index thanks to the presence of sulphur into the
network structure [9,10]. The above mentioned characteristics, together with their
good mechanical properties and easy preparation make them interesting for many
advanced applications and therefore worth to be further investigated, representing
an interesting alternative to the more common poly(urethane)s.

Poly(urethane)s (PUs) have already been reported to experiment network
reconfiguration by trans-carbamoylation [11,12]. Poly(thiourethane)s are the sulphur
analogues of poly(urethane)s, and thus, they can behave in a similar manner by a
trans-thiocarbamoylation process. Moreover, since thiols are more acidic than
alcohols and sulphide anions are more nucleophilic than alkoxides and better leaving
groups, some positive kinetic effects in the bond interchange of poly(thiourethane)s
could be foreseen. In two previous papers from our research group [6,7], we proved
the existence of a reversible thiocarbamate exchange reaction in PTUs and the
possibility to recycle them. In both studies, a tin-catalyst was used and the influence
of the amount of the catalyst on the relaxation rate was demonstrated. When
comparing the relaxation behaviour of poly(thiourethane) and poly(urethane)
networks it can be observed that the activation energy, E, is significantly lower for
the former (between 70-100 kJ/mol) [6,7] than for the latter (around 140 kJ/mol) [13],
which confirms the kinetic effect produced by the substitution of oxygen by sulphur.

In an excellent paper from Hillmeyer’s group, a mechanistic study of the exchange
mechanism in poly(urethane) networks in the presence of a Lewis acid, tin (1) octoate,
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has been reported [14]. The urethane reversion to isocyanate and alcohol was
demonstrated to be the main responsible of the exchange mechanism. For these
materials, a dissociative mechanism was proposed, in absence of free hydroxyl groups
in the network, although the relaxation studies showed a vitrimer-like behaviour
without any sudden decrease in viscosity, fitting an Arrhenius model. Similarly, in our
studies, a vitrimeric behaviour was observed in the case of poly(thiourethane)
networks prepared with a tin-catalyst [6,7].

The preparation of PTU networks has been classically performed by the use of
dibutyltin dilaurate (DBTDL) as the catalyst, since the use of bases such as amines leads
to a too quick reaction [15,16]. However, the use of amines is quite convenient,
because it is described that it leads to a click-reaction that produces a more
homogeneous network without the formation of unexpected moieties [17,18]. To
avoid these limitations, in a previous paper [19], we investigated the advantages of
using a thermally triggered base generator (1-methylimidazolium tetraphenylborate,
BGMI), an organocatalyst, which liberates the corresponding amine at a defined
temperature, allowing a good temporary control of the thiol-isocyanate reaction.
Organocatalysts are more environmentally favourable than tin-catalyst from a toxicity
and pollution point of view, being considered greener than metallic catalysts [20,21].

As the use of catalysts plays a key role also in the rate of dynamic covalent-bonds
exchange, their appropriate selection could affect the mechanism and the kinetics of
the exchange process, tuning the desired reconfiguration properties [22,23]. As
already studied by our research group, PTUs relax faster at higher catalyst
concentration of DBTDL [6].

Regarding to the trans-thiocarbamoylation process, Torkelson et al. [5] described that
thiourethane linkages can be rearranged through associative and dissociative
reversible pathways, depending on the proportion of thiol in the formulation. These
poly(thiourethane) elastomers were prepared from aromatic diisocyanates, in the
presence of a strong base 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) (0.0005 %) and a
3 % of triphenylphosphine (PPhs3). DBU was used to form the network and PPhs
contributed significantly to the efficient reprocessing of the elastomer.

Very recently, Bowman et al. [8] reported the recyclability of poly(thiourethane)
elastomers using three different type of catalysts: nucleophilic, basic, and dual-role.
The dual-role catalyst, 1,5-diazabicyclo[4.3.0]Jnon-5-ene (DBN), leads to the most

effective synergetic associative and dissociative thiourethane bond exchange
mechanism. The dual associative-dissociative mechanism catalyzed by base-
nucleophiles has been proposed by Bowman et al. [24] as depicted in Scheme VIII-1.
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Scheme VIII-1. Associative-dissociative trans-thiocarbamoylation exchange mechanisms
catalyzed by bases and nucleophiles, proposed by Bowman et al. [24].

In light of these considerations, the use of thermally generated base catalysts
represents an interesting opportunity to reach a temporal control of the curing
reaction offering, at the same time, the possibility to increase the amount of catalyst
which could help to improve the rate of the exchange process. The use of such
catalysts does not require any solvents as it was reported by Torkelson [5] and
Bowman [18].

In the present work we explore and report the ability to undergo stress-relaxation of
poly(thiourethane) networks prepared by using different tetraphenylborate salts of
the following amines: 1-methylimidazole (1Ml), 4-(dimethylamino)pyridine (DMAP),
1,8-diazabicyclo- (5.4.0)undec-7-ene (DBU), 1,5-diazabicyclo[4.3.0]non-5-ene (DBN)
and triazabicyclodecene (TBD). Moreover, we investigate the relaxation behaviour of
these materials and their thermal behaviour by thermogravimetry, to reach a good
understanding of safe recycling conditions.

As in our previous study [6], 1,6-hexamethylene diisocyanate (HDI) and
trimethylolpropane tris(3-mercaptopropionate) (S3) have been selected as the
monomers in both stoichiometric proportions and in excess of one of them. The virgin
and recycled materials have been characterized by thermomechanical and mechanical
tests, which proved, together with FTIR analysis, that the recycling process can be
performed if the experimental conditions are properly selected.

2. Experimental part
2.1 Materials

Trimethylolpropane tris(3-mercaptopropionate) (S3), hexamethylene diisocyanate
(HDI), dibutyltin dilaurate (DBTDL), 1-methylimidazole (1MI) (pKa=7.1, N = 11.9) [25],
triazabicyclodecene (TBD) (pKa= 14.4, N = 16.16) [25] and sodium tetraphenylborate
(NaBPhs4) from Sigma-Aldrich were used as received. 4-(Dimethylamino)pyridine
(DMAP) (pKa=9.7, N = 14.95) [26], 1,5-diazabicycle[4.3.0]non-5-ene (DBN) (pKa=13.7,
N = 15.50) [8] and 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) (pKa= 13.5, N = 15.29)
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[26] were supplied by Acros Organics. Methanol (MeOH) and chloroform (CHCI3) were
supplied by VWR and were used as received.

2.2 Preparation of organocatalysts (BG)

Base generators (BG)s from different amines were synthesized by us according to a
reported methodology [27]. Firstly, 10 mmol of the selected amine were solubilized in
2.6 mL of water slightly acidified with 1 mL of conc., 36% HCl solution. 11 mmol of
NaBPhs were solubilized in water and stirred until complete homogenization. The two
aqueous solutions were mixed, and a white salt was formed as a precipitate. The salt
was filtered, washed thoroughly with distilled water and MeOH, then recrystallized
from a 4:1 mixture of MeOH and CHCls, filtered and dried under mild temperature and
vacuum. The purity of the synthesized compound was assessed via differential
scanning calorimetry (DSC) thermal scan and its melting point was found to be similar
to what is reported by other equivalent salts in literature [28-30]. The different base
generators prepared where named as BGXXX, where XXX indicates the base used.

2.3. Preparation of the formulations

To prepare the different formulations, the amount of base generator (BG) was
conveniently selected to release 0.05% mol of the selected base. The BG of the
selected base was first added to the thiol and the system was kept under stirring at
110 °C for 45 min until complete solubilization. The mixture was cooled down at room
temperature and then the required amount of diisocyanate was added, manually
stirred, and immediately poured in a mould or sent to analysis.

As an example, the formulations were composed by 1.90 g (11.29 mmol) of HDI, 3 g
(7.53 mmol) of S3 and 0.77 mg (0.0094 mmol) of 1Ml or 3.99 mg (0.0094 mmol) of
BG1MI.

For the recycling and degradation studies, the thermosetting PTUs were also prepared
with different stoichiometric ratios and 0.1% mole of BGDBU was added as the
catalyst. Typical amounts used are reported in the table below.

Table VIII-1. Formulations used to prepare poly(thiourethane) thermosets.

Formulation Diisocyanate Thiol BGDBU 0.1%
(8) (8) (mg)
10 % exc HDI 2.09 3.00 9.30
Stochiometric 1.90 3.00 9.30
10 % exc S3 1.90 3.30 9.30
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2.4. Sample preparation

For DMTA analysis, films were prepared by pouring the formulations on pre-silanized
glasses and using Teflon spacers to ensure a homogeneous thickness of 0.5 mm. The
formulations were cured at 60 °C, 100 °C, 130 °C for 1h at each temperature. The films
were die-cut to obtain a rectangular specimen of 20 x 5 x 0.5 mm? dimensions.

2.5. Stress relaxation tests

Tensile stress relaxation tests were conducted in a TA Instruments DMA Q800 analyser
using a film tension clamp on samples with the same dimensions as previously
defined. To compare the rate of relaxation of the poly(thiourethane) vitrimers
obtained using different catalysts, a single stress relaxation test was performed at 180
°Cfor 1 h at a constant strain of 1.5 %.

To obtain the activation energy (Es) for each material, the sample was firstly
equilibrated at 130 °C for 5 min, and a constant strain of 1.5 % was applied, measuring
the consequent stress level as function of time. After releasing the strain, the process
was repeated increasing 10 °C until the final test temperature, 170 °C, was reached.
The relaxation stress oft) was normalized by the initial stress oo and the relaxation
times (7) were determined as the time necessary to relax 0.37-ovi.e. (o=1/e:- ov). With
the relaxation times obtained at each temperature, the activation energy values Ea
were calculated using an Arrhenius-type equation:

In(r) = g—; —nA @)
where, T is the time needed to attain a given stress relaxation value (0.370v), A is a
pre-exponential factor and R is the gas constant. From the Arrhenius relation, the
temperature of topology freezing (T,) was obtained as the temperature at which the
material reaches a viscosity of 102 Pa-s. Using Maxwell’s relation and E’ determined
from DMTA (assuming E’ being relatively invariant in the rubbery state), t* was
determined to be around 10° s in our systems. The Arrhenius relationship was then
extrapolated to the corresponding value of t* to determine T, for each sample. To
evaluate the thermo-mechanical properties of the different materials prepared, the
evolution of tan d and storage modulus with the temperature was investigated. A
sample was tested in tension in the DMA Q800 analyzer, at a heating rate of 3 °C/min
from 0 to 120 °C with a frequency of 1 Hz and 0.1% of strain.

2.6. Thermal degradation studies

The thermal stability of the cured samples was studied by thermogravimetric analysis
(TGA), using a Mettler TGA/SDTA 851e thermobalance. All experiments were
performed under inert atmosphere (N2 at 100 mL/min). Pieces of cured samples of 10-
15 mg were degraded between 30 and 600 °C at various heating rates of 1, 2, 5 and
10 °C/min.
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2.7. FTIR analysis

Fourier-transform infrared (FTIR) spectra were registered with a Bruker Vertex 70 in
absorbance mode at a resolution of 4 cm™ in the wavelength range of 400-4000 cm™.
The instrument is equipped with attenuated total reflection (ATR) accessory (Golden
GateTM, Specac Ltd.) which is temperature controlled (heated single-reflection
diamond ATR crystal).

The evolution of the FTIR spectra of the poly(thiourethane) materials were followed
isothermally at 180 °C in the ATR. The materials before and after being degraded in
dynamic TGA until 260 °C and 340 °C were analysed at room temperature. The spectra
of original and recycled PTUs were also recorded at room temperature.

2.8. Gas Chromatography-Mass Spectrometry (GC-MS) analyses

The stoichiometric PTU was degraded by heating 2 g of the material at 200 °C for 1 h
in a sealed vial. The detection of the derived volatile products was performed in a
HP6890 gas chromatograph and 5973 Mass selective detector (Agilent Technologies.
Waldbronn, Germany), using a HP-5MS capillary column (30mx0.25mmx0.25 m)
provided by Agilent.

2.9. Recycling

The recycled samples were obtained by cutting the crosslinked polymers and hot
pressing at 15 MPa into an aluminium mould at 130 °C for 3 h. Recycled samples were
die-cut in Type V from the new film obtained and were tested in tensile under the
same conditions.

Original and recycled samples were tested until break in tensile mode at room
temperature using an electromechanical universal testing machine (Shimadzu AGS-X)
with a 1000 N load cell at 5 mm/min and using Type V samples according to ASTM
D638-14 standard. Three samples of each material were tested, and the average
results presented.

2.10. Dissolution experiments

Dissolution experiments of cross-linked polymers were performed by the following
procedure. Pieces of poly(thiourethane) samples of 0.1-0.2 g, which were weighed
before the experiment, were placed into a vial. The vial was filled with 1,2-
dichlorobenzene (DCB) or dimethyl sulfoxide (DMSO) closed and heated at 150 °C for
24 h and then the vial was cooled down to room temperature. The polymer sample (if

it still exists) was washed by dichloromethane and dried under reduced pressure at 80
°C overnight. After cooling down to room temperature, the sample was weighed, and
the gel fraction was calculated.
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2.11. Kinetic analysis

From the dynamic experiments carried out using a thermobalance the mass loss of
the sample is recorded. The degree of conversion is defined as:
mo—m
a=—2 (2)
mO - mw

where m is the mass corresponding to a temperature T, mo is the initial mass and m-.
is the mass of the substance at the end of the experiment.

In non-isothermal kinetics of heterogeneous condensed phase reactions, it is usually
accepted that the reaction rate is given by Eq. 3 [31,32].

da da E
2 p=Z = Aexp| -— | f
dt ﬂdT exp[ RTJ (@)

(3)

where « is the degree of conversion, T temperature, t time, f () the differential
conversion function, R the gas constant, S the linear constant heating rate £ =dT/dt
and A and E the pre-exponential factor and the activation energy given by the
Arrhenius equation.

By integrating Eqg. 3, in non-isothermal conditions, the integral rate equation, so-called
temperature integral, may be expressed as Eq. 4.

a T (5)
g(a)=j da_ =AJ- e E/RNGT
0 f(a) B£Jo

where g (@) is the integral conversion function.

By using the Coats-Redfern approximation to solve Eq. 4 and considering that 2RT/E is
much lower than 1, the Kissinger-Akahira-Sunose (KAS) equation (Eg. 5) may be

written as [33-35]:
5
.n(ﬁj:m{ AR }_5 %)
T? g(a) E RT

For each conversion degree, the linear plot of In(/T?) versus T enables E and In

[AR/g(a)E] to be determined from the slope and the intercept. Isoconversional kinetic
parameters were obtained in this work by using Eq. 5.

Integrating Eq. 3 for isothermal experiments, we can obtain Eq. 6:

Int=|n[—g(0[)}+£ (6)
A RT

This equation relates, for each conversion, the temperature and the time of
degradation. The constant In [g(a)/A]] is directly related to the value In [AR/g(a)E] by
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E/R, which can be deduced from the non-isothermal adjustment (Eq. 5), if isothermal
and non-isothermal curing take place under the same conditions.

In this work, we have used In [AR/g(a)E] and E/R obtained by dynamic experiments
and Eq. 5 and Eqg. 6 to estimate the temperature at which the material can be recycled
without significant thermal degradation.

3. Results and Discussion
3.1. Study of the effect of the catalyst on the relaxation behaviour

The viscoelastic properties of poly(thiourethane) thermosets prepared from
stoichiometric amounts of HDI and S3, in the presence of a base catalyst (1Ml) and
without using any solvent were firstly investigated. In the presence of a base, the thiol-
isocyanate reaction is very fast, and the system is difficult to process due to the low
pKa of thiol species and their easy deprotonation in presence of the base. Especially in
presence of a base with a high value of pKa, the reaction reaches the 100 % of
conversion in few seconds, even when greatly reducing the amount of catalyst. The
mechanism of thiol-isocyanate reaction in presence of a base is proposed in Scheme
VIII-2.

N

NR3 ® 0=C=N—-R

R,—SH ——> R,—S © R;—sH

— > Ry—S—C—N—Ry — 3 R,—S—C—NH—R; + Rz—s(9

Scheme VIII-2. Proposed mechanisms of poly(thiouretane) formation in the presence of a basic
catalyst.

Based on the expertise of our research group on temporal and kinetic control of the
curing processes, we chose as the catalyst a base generator that releases the base
after the application of an external stimulus, as shown in Scheme VIII-3.

N\ B
1MI-HBPh, E— (N> + O

heat
CH;

H H
Scheme VIII-3. Thermal activation of the base generator BGIMI.

The use of such latent bases could also allow us to increase the amount of catalyst in

the formulation, which hypothetically could lead to an acceleration of the exchange
mechanism.

The effect of using the BG on the thermal and rheological properties of the material
was evaluated and compared with a similar system prepared using the corresponding
base catalyst. We selected as the base one with lower pKas and N values and we
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prepared two samples of poly(thiourethane) from HDI and S3, one with 0.05 % mole
of 1Ml and another with the same mole proportion of BG1MI.

The thermal behaviour of the materials prepared with the same mol proportion of
1Ml and BG1MI was compared by means of TGA and DMTA tests. The plots are shown
in Figures VIII-S1 and S2 in the supporting information. The use of BG1MI instead of
1MI does not affect the thermal stability of the material and the TGA curves appear
almost overlapped, with a 2% of weight loss at 269 °C for the material obtained with
1MI and at 271 °C for the other one. The peak of tan ¢ obtained by DMTA remains
practically unchanged for both materials with a shift in the temperature peak of only
2 °C, higher in case of the material prepared with 1MI. These results put in evidence
that the use of the base generator derivative facilitates the manipulation of the initial
formulation without any impact on the thermal characteristics of the material.

The stress relaxation curves obtained by DMTA of both PTUs are presented in Figure
VIII-1.

—0.05% 1MI
0.05% BG1MI

0.9
0.8
0.7

06

8 0.5
0.4
0.3
0.2
0.1

0 10 20 30 40 50 60

Time (min)

Figure VIII-1. Normalized stress relaxation behaviour at 180 °C of the samples prepared with
the same mol amount of 1Ml and BGIMI.

In the figure, we can see how the materials relax the stress at 180 °C, showing a quite
slow relaxation process in both cases. However, it is evident that the use of BG1MI
affects positively the relaxation rate if compared with 1MI. This effect is probably due
to the presence of tetraphenylboronic acid released during the activation of the 1-
methylimidazolium tetraphenylborate which act as additional catalyst. From this
result, we can deduce that 1MI at this concentration is not an efficient catalyst to
enhance the carbamate exchange process. Therefore, the effect on the stress
relaxation process of base generators prepared from DMAP, DBN, DBU and TBD, with
higher values of pKa and N, had to be tested.

The relaxation rates of PTUs prepared with the different base generators were
investigated at elevated temperatures (Figure VIII-2) and the resulting relaxation
behaviour was compared with a PTU prepared by using DBTDL as the catalyst [6]. In
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all the BG samples, 0.05 % mol of each tetraphenylborate salt has been used as the
catalyst.
——BG1MI BGDMAP BGTBD

1 BGDBN ——BGDBU ——DBTDL
0.8

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

a/cy

-0.1
0 10 20 30 40 50 60
Time (min)

Figure VIII-2. Normalized stress relaxation plot at 180 °C of different poly(thiourethane)
samples prepared with 0.05 % mol of the different catalysts.

The relaxation times (t0.37), determined at the point when the stress decreased to 1/e
(37 %) of its initial value, are collected in Table VIII-2. We can see in the figure how the
mol proportion used in the case of DBTDL is not enough to obtain a fast relaxation
process in the analysed time scale; higher amount of acid catalyst is needed to
effectively catalyse the exchange reaction [5,6]. From the relaxation curves it is clear
how the base generators of strong bases and high nucleophilicity (DBN, DBU and TBD)
accelerate the exchange mechanism, reaching to.37 in less than 2 min, in accordance
with the conclusion reached by Bowman et al. [8] by using DBN as the catalyst.
However, there is not a clear dependence of the relaxation time with the pKa or N for
the strong bases used, probably also due to the fact that the values of pKa and N of
each base are not too different from each other. Among all the BG screened, we
selected BGDBU as the catalyst to continue with further investigation, according to
the fastest relaxation achieved with this system.

Table VIII-2. Characteristic relaxation time to reach a value of a/oo = 0.37 at 180°C in a stress
relaxation experiments for PTU samples with a 0.05% in mol of the different catalysts used.

Sample 70.37 (min)?
BG1MI Not reachedin 1 h
BGDMAP 45
BGTBD 1.7
BGDBN 1.7
BGDBU 1.3
DBTDL Not reachedin 1 h

1 Time to reach a value of 6/00=0.37 at 180 °C
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To see the effect of the proportion of BGDBU on the relaxation rate, we prepared a
sample doubling the amount of the catalyst (0.1 % mol) in the formulation, proving
that the rate of the exchange process increased significantly, as it can be seen in Figure
VIII-3. The 1037 at 180 °C is reached after only 30 seconds confirming the positive
influence of the catalyst concentration on the relaxation rate. A parallel behaviour was
already observed for the DBTDL catalyst in our previous paper, but with slower
relaxation rates [6].

1
0.9
0.8
0.7
0.6
0.5
0.4 ——0.05% BGDBU
0.3
0.2
0.1

0
0.1

0.1% BGDBU

Time (min)

Figure VIII-3. Normalized stress relaxation plot at 180 °C of PTUs prepared with different mol
proportions of BGDBU.

According to these results, we selected as the optimal catalyst molar proportion 0.1
% to follow the study. Higher proportions of catalyst were not used since the BG
becomes difficult to dissolve in the thiol during the preparation of the formulation.

3.2. Study of the effect of the stoichiometry of the formulation

The second main objective of this work consisted in the evaluation of the influence of
the isocyanate/thiol ratio on the exchange mechanism and the relaxation behaviour.
The materials tested in the following sections were prepared to build evidence of the
associative and/or dissociative trans-thiocarbamoylation exchange mechanism and
their effect on the viscoelastic behaviour. It was reported by Torkelson [5] and
Bowman [8] that an associative exchange reaction occurs in the presence of an excess
of thiol, while a dissociative exchange mechanism occurs when no excess of thiols is
available. Both mechanisms can occur at the same time when stoichiometric thiol-
isocyanate balance is maintained in the presence of a dual-role basic and nucleophilic
catalyst. To be representative of the discussed cases, in addition to the
thiol/isocyanate stoichiometric material we prepared other two PTUs: 1) one with an
excess of 10 % in mol of HDI, with the assumption that this amount does not leave
unreacted thiols in the thermosets and 2) another with an excess of 10 % in mol of
thiol to facilitate the associative pathway. A series of stress relaxation experiments
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were conducted on these three different systems calculating their activation energy
as it is represented in Figure VIII-4.

As shown in Figure VIII-4, a fast stress relaxation was observed for all the systems at
all temperatures analysed. The relaxation times are very similar for the three PTUs
prepared and the characteristic time of relaxation decreased from approximately 30
min to 1 min as the temperature increased from 130 to 170 °C. The highest relaxation
rate was obtained for the system with an excess of isocyanate.
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Figure VIII-4. (A-C) Normalized stress relaxation plots as a function of time at various
temperatures from 130 to 170 °C during 30 min. (D) Arrhenius plot for the different
poly(thiourethane) samples with 0.1% of BGDBU.

The logarithm of the relaxation times was plotted as a function of the inverse of
temperature for all the materials prepared, fitting perfectly with an Arrhenius-like
behaviour. The activation energies and the topology freezing temperatures were
calculated by the Arrhenius equation using the slope of the straight line. The values
obtained are collected in Table VIII-3. As it can be appreciated, the activation energies
are similar for the three PTUs studied, around 120-130 kJ/mol. Moreover, from the
stress relaxation experiments, no significant differences in the behaviour are

appreciable that can lead us to consider a clear change in the trans-
thiocarbamoylation pathways by changing the stoichiometry of the formulation in the
selected range. It can be observed that the materials prepared with an excess of thiol,
which should enhance the associative exchange rate, are the slowest materials in the
relaxation process. This behaviour seems to suggest that dissociative mechanism is
predominant with the catalyst used.
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Table VIiI-3. Activation energy, topology freezing temperature and time for reach a value of
a/00 = 0.37 from the stress relaxation experiments at different temperatures.

Sample Eq Tv to.37- to.37- to.37- to.37- to.37-

(kj/mol) (°C) 130°C 140°C 150°C 160°C 170°C

(min) (min) (min) (min) (min)

10 % exc HDI 132 94 27.8 11.7 4.7 1.9 0.8
Stoichiometric 117 87 21.5 13.0 4.8 1.9 11
10 % exc S3 127 96 45.2 16.0 6.9 2.7 1.5

3.3. Study of the thermal stability of the PTUs prepared

The thermal stability of the PTUs prepared by using BGDBU as the catalyst was
evaluated by TGA and compared with the material prepared from DBTDL, since it is
important to prove that at the reshaping temperature the material does not loss any
volatile product. Moreover, the study of the thermal degradation mechanism could
help to disclose about the adoption of a dissociative interchange mechanism. The TGA
and the derivative of the loss weight curve (DTG) curves are shown in Figure VIII-5.

(A) \ P (
DBTDL

\

Temperature (°C) Temperature (°C)

——BGDBU

Weight Loss Derivate (1/°C) 2

\ e DBTDL

Figure VIII-5. (A) TGA curves and (B) DTG curves of the poly(thiourethane)s prepared with 0.1%
of BGDBU and 1% of DBTDL.

As we can see from Figure VIII-5, the thermal stability of the material based on BGDBU

decreases if compared with the PTU prepared with the acidic catalyst, DBTDL.

DTG plot shows three clear degradation steps for both materials. The maximum of the
first degradation peak appears at 305 °C for DBTDL sample whereas in the case of
BGDBU samples it is shifted to lower temperature (around 220 °C) and becomes well
separated from the second one. Since the first degradation step was attributed, in
several studies on PU [36], to the reversion of urethanes to isocyanate and alcohols,
it can be easy to make the assumption that an analogous degradation to isocyanate
and thiols could occur in PTU networks [37]. It should be noticed, that in a previous
study we could not see great differences between the materials prepared with DBTDL
and those prepared using BG1MI as the catalyst [19]. This means, that DBU has a main
role in the thermal degradation of the PTUs prepared with BGDBU, which could be
attributed to its higher nucleophilic character, facilitating a dissociative mechanism.
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Analysing the TGA curves of the PTUs prepared with different thiol-isocyanate
stoichiometric ratio (see Figure VIII-6) and in presence of BGDBU, it can be observed
that the 2 % of loss in weight (given in Table VIII-4) occurs at temperatures around 210
°C for all the samples, without significant differences among them. DTG curves are
very similar for all the materials and show the three decomposition processes. The
first degradation step, at around 220 °C, relates to a 15 % of mass loss, the second
peak, at 340 °C, is related to a mass loss of an additional 45 % and the third step is
associated with a complete degradation of the network. No differences in the thermal
degradation are appreciable on changing the stoichiometry of one of the monomers
used in the preparation of the material and this could be related to the similar
behaviour observed in the relaxation experiments of the three samples.

A) 100 B
(a) an ——10%exc HDI () ™ /
S0 = 2,
Stoichiometric = |
10%exc S3 E
£ v
8 —— 10%exc HDI \
? Stoichiometric \
= 10%exc 53
230 3 3 230 330 430
Temperature (°C) Temperature (°C)

Figure VIII-6. TGA curves (A) and DTG curves (B) of the poly(thiourethane)s prepared from
different stoichiometric formulations with 0.1 % of BGDBU.

The good separation between the three different processes has driven us to perform
a kinetic analysis of the degradation process. Thus, we carried out an isoconversional
analysis of the three degradation steps to calculate the activation energy and the
kinetic parameters which best describe the degradation processes of PTUs. To this
aim, a series of TGA dynamic experiments were performed at different heating rates
as shown in Figure VIII-S3 for the stoichiometric PTU. As expected, as the heating rate
increases, the TGA and DTG curves shift to higher temperatures.

Table VIII-4. Temperature of initial degradation and activation energies of the degradation steps
of the PTUs prepared with 0.1 % of BGDBU.

Sample T2% Ea i peak Ea i peak Ea i peak
(°C) | (k/mol) | (kJ/mol) | (kJ/mol)
10 % exc HDI | 209 127 170 257
Stoichiometric | 209 130 158 275
10 % excS3 | 212 139 149 259

From the dynamic isoconversional kinetic study, we calculated the activation energy
for the three different materials, using the Eq. (5) applied to the degradation process
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in N2 atmosphere. Since isoconversional activation energies are relatively constant
during each degradation step, their average values are reported in Table VIII-4.

The kinetic of each degradation step was studied, considering in Eq. (2) as final mass
(m<) the mass of the remaining material at the end of this stage. The E, during the
first degradation step, calculated as described in the Section 3, remains relatively
constant implying that a single degradation mechanism occurs in the considered range
of temperatures. The Eq calculated is around 130 kJ/mol. This value of E, is comparable
for all the different PTUs analysed, and its minimum value is observed for the material
prepared with an excess of isocyanate.

For a better understanding of the processes that occur during the decomposition of
the PTU, FTIR analyses were performed on the partially degraded material after step
1 and step 2 of degradation. The material was heated up in the TGA until finishing
each degradation step, and then the partially degraded samples were analysed by
FTIR-ATR at room temperature. In Figure VIII-S4, the FTIR of the initial and the
degraded material until 260 °C are presented. From the spectra it is possible to
observe how the characteristic carbonyl band of thiourethane at 1670 cm™ is almost
completely disappeared during the first degradation step demonstrating the
decomposition of the thiourethane group. However, any absorption of isocyanate at
2250 cm™ could be detected, such as reported by Rogulska et al. [37], who observed
a small peak, attributable to isocyanate formation during degradation, although in
that case DBTDL was used as the catalyst. To analyse the second degradative process,
the material was heated up in the TGA until 340 °C and the FTIR spectra was collected
(presented in Figure VIII-S5). Analysing the spectra, we can state that the second
degradation step is associated with the decomposition of the ester bond of the thiol
structural units, as evidenced by the drastic decrease of the peak at 1710 cm™.

Additionally, the volatiles produced during the first decomposition step were studied
by gas chromatography coupled to a mass spectrometer detector (GC-MS), following
the procedure described in the section 2.8. Figure VII-S6 illustrates the
chromatographic profile of volatile compounds obtained by GC-MS, where two main
peaks were detected and identified by mass spectroscopy (Figures VII1I-S7 and S8). The
peak at 2.28 min is due to the formation of benzene in the degradation and it can be
associated to the aromatic ring of the tetraphenylboronic acid. The peak at 1.21 min
is due to the formation of carbonyl sulphide, which indicates that at high
temperatures the thiourethane moiety is decomposed mainly through a CSO
elimination, which is the responsible of the initial weight loss. This is in accordance
with the results of the degradation study previously reported by Rogulska et al. [37],
where the elimination of CSO and formation of an amine was found to be the main
responsible for the degradation of poly(thiourethane) polymers. It must be pointed
out, that CSO can only be formed directly from the thiourethane moieties and not

212



UNIVERSITAT ROVIRA I VIRGILI
ADVANCED THERMOSETS BASED ON THIOL-ISOCYANATE CHEMISTRY
Francesco Gamardella

Polymers 2020, 12, 2913

after scission of this group. No free diisocyanate was detected by GC-MS, which may
indicate that the reversion of thiourethane linkages to isocyanate and thiol is very fast
and reversible, and no loss of diisocyanates or thiols was detected. This observation
fits with the results of our previous studies [6] in which, during the interchange
mechanism of a model compound, no free thiols or isocyanate were detected. Thus,
associative and dissociative trans-thiocarbamoylation mechanisms behave similarly in
terms of average crosslinking density during the topological changes, and therefore
any sudden decrease of the viscosity during reshaping processes is produced.

Although no significant differences in weight loss were determined by TGA on
changing the stoichiometry of the material, FTIR-ATR was used to analyse structural
effects of a change in stoichiometric when heating the samples at 180 °C during 4 h.
We have selected this temperature to detect the occurrence of a possible dissociation
process of poly(thiourethane) in isocyanate and thiol groups, which could be
evidenced by the appearance of an isocyanate absorption peak. For comparison
purposes, we also analysed a PTU sample obtained with DBTDL. The spectra registered
during the thermal treatment are shown in Figure VIII-7.

It is possible to see in Figure VIII-7 that the starting spectra of the samples prepared
with BGDBU or DBTDL are identical, and only in the initial spectra of the PTU with an
excess of isocyanate can be appreciated the typical absorption peak at 2270 cm?,
corresponding to the unreacted isocyanate. During the heat treatment at 180 °C for 4
h it is possible to observe the degradation processes and that the intensity of the
different peaks was reduced. However, isocyanate absorption was not detected in any
case. The typical carbonyl band of thiourethane at 1670 cm™ was almost drastically
reduced after the heating process due to the degradation of these moieties. Instead,
in presence of 1 % of DBTDL in stoichiometric formulation no appreciable evidence of
degradative process is detected, confirming that thiourethane groups are not
decomposed as already shown in our previous work [6]. From this thermal study, we
can conclude that the use of base generators derived from high nucleophilic bases,
like DBU, is quite convenient for a fast reshaping and relaxation stress purposes, but
too high temperatures or too long processing times should be avoided, since both can
lead to a decomposition of the materials, that worsen the mechanical performance.
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Figure VIII-7. FTIR of the different poly(thiourethane) samples with 0.1% of BGDBU and 1% of
DBTDL registered during 4 h at 180°C.

3.4. Study of the recycling process

To investigate the recyclability of the three different crosslinked PTUs prepared, the
materials were cut into small pieces and hot pressed at 15 MPa in an aluminium
mould. The temperature of the recycling process has been selected according to the
isothermal degradation times estimated by using Eq. 5 and the isoconversional non-
isothermal kinetic parameters previously determined. Thus, 130 °C was chosen as the
temperature that combines a fast relaxation process together with a high thermal
stability, since by the data obtained at 130 °C a weight loss of 1 % is estimated to be
above 9 h.

Figure VIII-8 shows the pictures taken from the original, grinded, and reprocessed
samples prepared as described in the experimental part. As we can see, the original

and the recycled materials show both good transparency. It can be also appreciated
the excellent uniformity of the recycled sample.

Hot pressing

Figure VIII-8. Photographs of the original, grinded, and recycled sample prepared from
stoichiometric PTU with a 0.1 % of BGDBU.
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To evaluate the recyclability of the PTUs prepared, the original and the recycled
samples were subjected to uniaxial tensile test, DMTA and FTIR analysis. Dog-bone-
shaped samples of the original and recycled PTUs were tested at room temperature
until break and their stress-strain behavior analyzed, obtaining the tensile modulus
and the vyield stress and strain. These mechanical parameters as well as
thermomechanical data obtained are collected in Table VIII-5.

Table VIII-5. Mechanical and thermomechanical results of the original and recycled PTUs
materials tested. The average value of the results for three different samples tested is presented.
Coefficients of variations are less than 7 % for stress and strain results and less than 5 % for the
tensile moduli.

Original
Sample El Gimax 2 Emax> Twns * | FWHM 3 Ee
(GPa) (MPa) (%) (°C) (°C) (MPa)
10 % exc HDI 1.7 304 3.0 56.3 9.6 11.4
Stoichiometric 2.5 45.1 2.5 57.4 9.9 12.7
10 % exc S3 1.8 314 2.7 49.0 10.8 9.6
Recycled
Sample El Gimax 2 Emax> Ttans® FWHM 3 Ee
(GPa) | (MmPa) (%) (°c) (°C) (MPa)
10 % exc HDI 1.6 28.9 3.1 56.3 10.7 11.3
Stoichiometric 2.1 433 2.8 57.5 9.2 13.0
10 % exc S3 1.8 32.2 2.5 49.2 10.9 9.2

! Tensile modulus at room temperature.

2Yield Stress.

3 Yield Strain.

4 Temperature of the maximum of the tan & peak.

5 Full width at half maximum of the tan & peak.

6 Relaxed modulus determined at the temperature of the maximum of tan &peak + 30 °C.

From the tensile tests, it can be observed that the mechanical properties of the PTUs
after the first recycling process are very similar to those of the original samples for all
the systems studied. The stoichiometric material, as expected, is the most rigid at
room temperature, showing the highest values of tensile modulus and yield stress, in
the original and recycled samples. Moreover, the recycled sample of the
stoichiometric material presents excellent mechanical performance in comparison

with the original one, i.e. a tensile modulus around 85 % of the original modulus and
ayield stress of almost 96 %. The materials prepared out of stoichiometry also showed
a very similar mechanical behaviour with a tensile modulus of 1.7 and 1.8 GPa for the
material prepared with an excess of isocyanate and thiol, respectively. The mechanical
properties of the recycled samples in these two materials are perfectly recovered with
values that fall within the range of the experimental error.
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To compare the thermomechanical behaviour of the original and recycled samples,
the variation of the storage modulus and the tan d curves with the temperature
extracted from DMTA analysis are presented in Figure VII-9 and the most
representative data are collected in Table VIII-5. In the figure, it can be appreciated
that the thermomechanical behaviour of the original and recycled materials is very
similar, remaining both, shape and position of tan é curves, unaltered. From these
results, we can asset that these thermosets can be recycled without significant
difference in the thermomechanical properties, showing the promising use of BGDBU
as efficient catalyst to the trans-thiocarbamoylation exchange of poly(thiourethane)s.

(A) 10%exc HDI (B) Stoichiometric
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Figure VIII-9. Dependence of tan 6 and storage modulus versus temperature of the different
materials prepared before and after recycling.

To confirm that no changes in the chemical structure of the materials have occurred
after the recycling process, the FTIR spectra of the original and recycled materials
were recorded and overlapped (see Figure VIII-10). The FTIR spectra of the PTUs
prepared remain almost identical after the recycling process. The only appreciable
changes are detected in the material prepared with an excess of isocyanate where it
is possible to see how the absorption band of the isocyanate cannot be detected in
the recycled material. Thus, we can confirm the recyclability of this class of thermosets
even in different stoichiometric ratios in the presence of a strong basic and
nucleophilic catalyst, as reported by Bowman [8] for DBN catalyst in elastomeric PTUs.
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Figure VIII-10. FTIR of poly(thiourethane)s before and after recycling registered at room
temperature.

3.5. Dissolution experiments

Typical thermosets do not solubilize in any type of solvent. However, covalent
adaptable networks can be solubilized by a suitable solvent when their chemical
exchange process proceeds through a dissociative mechanism. The possibility to
undergo complete dissolution of these reprocessable thermosets could constitute an
alternative chemical recycling route to the mechanical recycling previously studied.

Hillmeyer et al. [14] recently reported that poly(urethane) thermosets can be
dissolved in dimethyl sulfoxide (DMSO), thus demonstrating the dissociative nature of
the urethane exchange pathway, although the same sample was not soluble in a
chlorinated aromatic solvent. This was attributed to the fact that the sample had
increased swellability in DMSO, because of the higher polarity. In our study, we tried
to dissolve the PTU polymer in DMSO and dichlorobenzene (DCB). After leaving the
PTUs for 24 h at 150 °C in both solvents, we noticed that the sample in DCB swollen
but not dissolve and once the solvent was completely removed the soluble fraction
was only 4 %. However, the sample immersed in DMSO was almost completely
dissolved after 24 h, as we can observe in Figure VIII-S9. The dissolution of the sample
in DMSO confirms that the dissociative exchange mechanism plays a role in the
reconfiguration of the network. In fact, when a good solvent such as DMSO is used,

the broken chains remain in solution without reverting to cross-linked PTU networks,

which would be insoluble.
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4, Conclusions

In this work, the catalytic effectiveness of tetraphenylborate derivatives of DBN, DBU
and TBD in the trans-thiocarbamoylation process in poly(thiourethane) thermosets
was put in evidence. The relaxation rate of the PTUs prepared with the above-
mentioned catalysts was faster than the one prepared with DBTDL. The great catalytic
effect is due not only to the high basicity and nucleophilicity of the amines, but also
to the presence of the tetraphenylboric acid, which is formed when the amine has
been thermally released.

Moreover, the use of the tetraphenylborate salts of these amines is advantageous in
comparison to the use of the free amines concerning the manipulation of the
formulation: it helps to delay the pot-life of the mixture, and gives the possibility to
increase the amount of catalyst in the formulation without using any solvent,
increasing thus the exchange rate of the covalent bond.

The poly(thiourethane)s networks show, in the presence of these new catalysts, a
vitrimer-like behaviour with the possibility to be reshaped and recycled. The materials
obtained degrade at temperatures lower than those obtained with DBTDL as the
catalyst. Therefore, the recycling parameters, temperature and time were properly
selected by a thermal degradation study, demonstrating that under adequate
recycling conditions the materials kept its good thermal and mechanical performance
and its chemical structure. Materials with a 10 % of molar stoichiometric imbalance,
in isocyanate or thiol groups, do not show appreciable differences in relaxation rate
and recycling capability.

Moreover, it was demonstrated that the thermal degradation leads to an initial loss
of carbonyl sulfide without dissociation of thiourethane moieties to isocyanate and
thiol groups. This observation, together with the proved solubility of the material in
DMSO and the unaffected relaxation rate in the presence of an excess of thiol,
confirms that the exchange mechanism is mainly dissociative, but with a very fast
equilibrium process that leads to a vitrimer-like behavior.
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Figure VIII-S1. TGA curves of the samples prepared with the same mol proportion of 1Ml and
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Figure VIII-S3. (A) TGA and (B) DTG curves of the poly(thiourethane)s prepared in
stoichiometric ratio with 0.1% of BGDBU as the catalyst at different heating rates.
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Figure VIII-S4. FTIR of stoichiometric poly(thiourethane), registered at room temperature,
before and after heating up the material until 260 °C in the TGA at 10 °C/min.
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Figure VIII-S5. FTIR of stoichiometric poly(thiourethane), registered at room temperature, after
heating up the material until 340 °C in the TGA at 10 °C/min.
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Figure VIII-S6. Gas-chromatograms of the sample after heating a stoichiometric PTU sample
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Figure VIII-S7. Mass spectra of the eluted product at 1.84 min, identified as benzene, that
corresponds to the decomposition of the sodium tetraphenylborate moiety.
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Figure VIII-S8. Mass spectra of the eluted product at 1.24 min that corresponds to the carbonyl
sulphide.

DMSO

Figure VIII-S9. Dissolution experiment at 150 °C in dimethyl sulfoxide (DMSO) and
dichlorobenzene (DCB). The sample is at the bottom of the vial in DMSO but floats in DCB, due
to the different density of the solvent.
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General Conclusions

Conclusions

The main conclusions of this work are extracted from the five different sections
according to the specific objectives reported in the aim of the thesis.

I) Poly(thiourethane) thermosets were prepared using tetrathiol with different
aliphatic diisocyanates in acid and basic conditions. The use of 1-methylimidazolium
tetraphenylborate (BG1MI), as a thermal latent base catalyst, allowed a better control
of the reaction than the commonly used dibutyltin dilaurate (DBTDL). The thermo-
mechanical properties of the thermosets obtained using the different catalysts are
comparable.

Il) Sequential dual-curing processing using “thiol-isocyanate” and “thiol-epoxy” click
reactions was successfully achieved by appropriately adjusting the curing conditions.
The faster isocyanate-thiol coupling reaction occurs at lower temperature leading to
stable intermediate materials, while the epoxy-thiol reaction takes place when the
temperature is increased above 80 °C. The physical properties of the intermediate and
fully cured materials can be tuned adjusting the isocyanate/epoxy proportion.
Moreover, the materials prepared showed an interesting shape memory behaviour,
as they present a narrow transition temperature, emphasizing the click character of
both reactive processes.

I11) A new family of shape-memory polymers based on thiol-isocyanate networks using
two different aliphatic isocyanates were successfully synthesized. The ability of this
class of materials to act as polymer actuators was demonstrated. The
thermomechanical properties can be tuned by changing diisocyanate structures,
without affecting the homogeneity of the sample and preserving the shape-memory
ability. With the reported results an important guideline to design shape-memory
materials based on poly(thiourethane) networks depending on the expected
application has been provided.

IV) We demonstrated that the thiourethane dynamic chemistry can be used to
produce reprocessable materials. Firstly, by means of model compounds the
reversible nature of thiourethane linkages was demonstrated. Then, PTU thermosets
were synthesized by the reaction of hexamethylene diisocyanate (HDI) and
trimethylolpropane tris(3-mercaptopropionate) (S3) in presence of DBTDL. The
viscoelastic properties of these materials, determined via stress relaxation
experiments, showed a linear evolution of the viscosity with temperature, indicating
an associative character. The relaxation rate increased as the catalyst amount was
increased. The thermomechanical characteristics and the FTIR spectra remained
unaltered, after performing a series of relaxation experiments.

V) Reprocessable and recyclable poly(thiourethane) thermosets with high glass

transition temperatures were obtained by changing the structure of the diisocyanates
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Chapter IX

to more rigid aliphatic and aromatic monomers. Among them, the aromatic
diisocyanate derived material experimented the fastest relaxation process. The
complete recyclability of the PTU materials was proved by means of DMA, FTIR and
mechanical tests. From these experiments, the key role of DBTDL in the
rearrangement process and in the recyclability was put in evidence.

VI) The PTUs prepared using latent base generators showed a faster exchange
mechanism in reference to the materials prepared with DBTDL, reaching a complete
relaxation in less than 2 min at 180 °C. PTU materials with a 10 % of excess of thiol
groups did not show appreciable differences in relaxation rate and recycling capability.

We proved that thiourethane networks can be completely dissolved in dimethyl
sulfoxide and that the thermal degradation of PTUs leads to an initial loss of carbonyl
sulfide without appreciable dissociation of thiourethane moieties to isocyanate and
thiol groups.

VII) In light of these considerations, we can state that the exchange mechanism in
presence of organocatalysts is mainly dissociative, as PTUs can be dissolved in an
appropriate solvent and the excess of thiols did not change the relaxation behavior.
The exchange mechanism presents a very fast equilibrium process that leads to a
vitrimer-like behaviour. Therefore, we have demonstrated that PTUs can be
conveniently synthesized, optimizing the catalyst selection, to be considered as
sustainable alternative to current thermosets.
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