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General Introduction

With more than 27 million tons produced per year, conventional vulcanised elastomers raise
important environmental issues because of their non-recyclability. Polydiene (co)polymers
account for more than 80% of the global rubber market. Transforming these elastomers into
vitrimers would impart to them recyclability, welding ability and potentially self-healing
properties. In this PhD thesis, the approach selected to prepare vitrimers was based on the
cross-linking of commercially available thermoplastic precursors. This strategy is particularly
attractive from an application and industrial point of view, as it does not require to change

existing syntheses.

Vitrimers are polymer networks that are able to change their topology through dynamic
covalent exchange reactions. As a result, vitrimers behave like elastic solids when the
topology of the network is frozen, and like viscoelastic liquids when exchange reactions are
operating. Therefore, ideal exchange reactions for elastomers are those with a large activation
energy, as the life time of the dynamic links would be extremely long at room temperature, to
prevent creep, and very short at high temperature, to provide good processability. The
degenerate nature of the exchange reactions ensures that the number of chemical bonds
remains constant regardless of the temperature. Beside the criterion on the activation energy,
the dynamic covalent bonds have to be stable at processing temperatures (100 — 150 °C) and
not prone to side reactions that would lead to static irreversible cross-links. The incorporation
of these dynamic covalent bonds into the polydiene matrices requires to use grafting
chemistries that are selective towards the elastomeric precursors, compatible with the

dynamic bonds and stable at reprocessing temperatures.

The first section of chapter one presents a literature review on reversible interactions used in
elastomeric materials, paying particular attention to dynamic covalent bonds that exchange
through associative mechanisms. In the second part, several grafting chemistries used to

functionalise polydienic elastomers are presented.

Chapter two describes the functionalisation and the dynamic cross-linking of a polybutadiene
with dioxaborolanes, using thiol-ene chemistry. Comparison with static cross-linking and the

impact of the dioxaborolane modification is investigated. The ability of the resulting networks



to be reprocessed by industrial techniques was tested. A dual network with both static and
dynamic bonds was designed to improve creep resistance while keeping the recyclability of

the material.

Chapter three presents a model study on previously described reactions involving boronic
esters as well as a new exchange reaction between dioxaborinanes. The influence of
parameters such as the nature of the solvent, atmospheric moisture, presence of bulky

substituents is investigated.

Using the same polybutadiene precursor and thiol-ene grafting chemistry as described in
chapter two, chapter four presents our effort to synthesise a dioxaborinane based vitrimer and
to study the impact of the exchange reaction on the macroscopic properties of the vitrimer.

The recyclability and the mechanical properties of the obtained vitrimer were analysed.

Chapter five is focusing on the modification of polyisoprene via another grafting chemistry,
namely nitrene chemistry. Azide compounds containing dioxaborolane moieties were
synthesised and used to transform this polymer into vitrimer via reactive processing. The
impact of the functionalisation was studied in the first part, and then two different strategies to

generate vitrimers were compared.
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Chapter 1 - Design of Recyclable Elastomers Thanks
to Dynamic Covalent Chemistry

1.1 Introduction to elastomers

1.1.1 Introduction

1.1.1.1 Plastics: the new paradigm

Nowadays, polymers are everywhere in our daily life, from the cup of coffee to the airplane,
construction, electronics, vehicles, packaging and energy. Beginning in the late XIx™ century
with the Bakelite, produced through the condensation of phenol and formaldehyde, polymers
are now involved in a wide range of applications and sectors thanks to their impressive
versatility and innovation capacity. If huge progresses were made possible by polymers,
however they are now facing great concerns because of their very long lifetime, leaching of
potentially toxic monomers or additives over time, and dumping into landfills, rivers, and
oceans, especially taking into account their exponential production. The world plastics
production rose from 1.5 million of tons in 1950 to 250 million in 2009 and reached 348

million in 2017. It increased of 39% within less than ten years (Figure 1.1).
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Figure 1.1. World plastics production in millions of tons from 1950 to 2017. :

1.1.1.2 Two categories: thermoplastic and thermosets

The origin of the term “plastic” comes from the Greek “plastikos” and was reused in Latin as

“plasticus” to describe something able to be molded. Polymers are usually divided in two



categories, thermoplastics and thermosets, depending on the presence or not of chemical
cross-links. Thermoplastics are long, entangled polymeric chains. The absence of chemical
cross-links between the chains allows the material to be fully malleable. By increasing the
temperature, the molecular mobility increases and the chains are able to diffuse by reptation.”
This diffusion process at high temperature, i.e. above their main thermal transition
temperature, glass transition temperature (7,) and/or melting temperature (71,), enables a
drastic drop of their viscosity and consequently their easy processing and shaping by
injection, blow or extrusion moulding. These very fast production methods are perfectly
adapted for industrial production, explaining their dominating position on the plastic market,
with more than 90 % of the overall plastic production. In theory, all thermoplastics are fully
reprocessable an infinite number of times through melting/cooling processes. On the contrary,
thermosets possess chemical cross-links between polymer chains preventing them to diffuse
and rearrange even at high temperatures. These chemical bonds offer nonetheless deep
interest. They provide thermosets with dimensional stability as they do not deform even at
high temperatures. For instance, cured elastomers possess excellent mechanical properties,
such as high elasticity above their T,,. Furthermore, thermosets stay insoluble in any solvent at
all the temperatures. As a consequence, they cannot be recycled by conventional thermo-

mechanical methods, that is why they are considered as non recyclable polymers.

1.1.1.3 Elastomer issues

Among the 348 million of tons of polymer that were produced in 2017, 28.6 million

concerned rubber.’

Elastomers belong to thermoset materials, and are a subcategory presenting additional
properties such as elasticity and resilience at room temperature. Widely used in the industry
thanks to their very high flexibility, they are perfectly suitable to make seals, gaskets, tyres, or
damping materials. One of the most challenging issues with rubbers is their recycling, which
is not possible as they are a kind of thermoset. The presence of static covalent bonds between
polymer chains prevents them from flowing and being reprocessed. Two problems have to be
faced for elastomers. The direct consequence of their non recyclability is their end-of-life
landfill disposal or incineration, as no global reuse is available except for scarce applications,
such as fillers for instance. Morever, the growing elastomer demand induces a pressure on

natural resources, which leads to deforestation followed by mono agricultural surface and loss



of biodiversity in the case of polyisoprene latex. For these two main reasons, it is essential to

find out efficient methods to extend the cycle of life of elastomers.

If the landfill disposal is no longer an option in Europe, since the European Union banned it in
1999, the energy recovery is not a sustainable approach because of the green houses gazes,
e.g. SO, and CO,, produced during the incineration. Recycling remains the only way to
manage end-of-life rubbers. However, it remains a very challenging problem because
conventional recycling leads to a drastic loss of mechanical properties. As elastomers have
been used for many decades, an interesting approach is to use the same polymer matrix but
modified the way of cross-linking. The strategy is to impart the processability of
thermoplastics at high temperature and to keep their high elasticity and advantages of
thermosets at service temperature. Both physical and chemical cross-linking were investigated
as will be discussed in the second part of this chapter. A novel kind of elastomers, called
thermoplastic elastomers (TPE) is presented first. Already produced industrially their phase
separation is used as cross-links but they are prone to dissolve in good solvent of the polymer
matrix and their viscosity drops abruptly above their thermal transition temperature, so their
heat resistance is not sufficient for demanding applications. Dynamic covalent chemistry

offers new opportunities to design recyclable elastomers.

1.1.2 History, definition, structures and properties of rubbers

1.1.2.1 History

Rubbers can be prepared from latex of several plants, as more than 2000 different plants
produce latex; Hevea brasiliensis, guayule (partenium argentatum), Russian dandelion
(taraxacum kok-saghyz), castilla elastica, ficus elastica and funtumia elastica. Hevea
brasiliensis, which is the most important source of natural latex, belongs to the family of
Euphorbiacea, native of the Amazon rainforest. Guayule may also provide rubber in decent
quantities in the Mediterranean region, but with a yield of 2/3 compared to that of Hevea and
with the need to grind the Guayule plant to extract the latex.™ That is why Hevea is the most
used tree for latex production. If the original rubber tree Hevea brasiliensis was cultivated in
Central and South America, people began to develop Heveas plantations in Asia and Africa.
Nowadays, Thailand, Indonesia and Vietnam share 2/3 of the world natural rubber

production, while Brazil produces less than 2%.



Natural latex production is the result of a protection mechanism of trees against external
aggressions. The latex is harvested by incision of the Hevea, flows out of the tree and then
coagulates on exposure to air. To prevent raw latex from coagulating, if the colloidal
suspensions are to be preserved for long periods of time, solutions of ammonia are added.
After latex coagulation and drying, rubber bales are obtained that need to be further cured in
order to impart heat resistance. Indeed, before the XIx® century, uncured natural rubber was
already used for sealing or waterproofing, but their properties were very much temperature
dependent. During winter, the material was brittle, while during summer or when exposed to
sun, the material became sticky and viscous. In 1839, Charles Goodyear found out that if raw
natural rubber is mixed with sulphur at high temperatures, the material does not flow any
more when exposed to heat or sun. He patented the sulphur curing process, so called
vulcanisation, in 1844.° Ten years later, Hiram Hutchinson bought the patents from Charles
Goodyear, produced boots made out of rubber and opened the first French factory for rubber
production. Sulphur vulcanisation has been widely studied and used in the industry since then.
The process creates thioether and polysulphides bridges between rubber chains, which

improve the mechanical properties and thermal resistance of the material.

1.1.2.2 Definition

The term “rubber” is now applied to any material that shows similar mechanical properties to

those of natural rubber, regardless of its chemical composition.

Rubbers are special polymers that possess high elasticity. The intermolecular forces between
the polymer chains are rather weak and let the chains take all the variety of statistical
conformations. To form a three dimensional network, rubbers need to be slightly cross-linked.
The cross-links suppress flow, but the chains are still very flexible at room temperature,
which is above their glass transition temperature, thus small forces lead to large deformations.
As a consequence, rubbers have a low Young's modulus and very high elongations at break,
when compared with other polymers. “Elastomer” is a more recent term that has the same

meaning than rubber, and no difference will be made between these two words in this work.

Elastomers can be classified into two broad categories, which reflect the presence or not of
carbon-carbon double bonds in the polymer backbone. Dienic elastomers are often

polymerized from monomers containing at least two double bonds. This category includes



polyisoprene (IR), polybutadiene (BR) and styrene butadiene rubber (SBR), which account
for 82% of the world consumption, as well as nitrile butadiene rubber (NBR), chloroprene
rubber (CR), ethylene-propylene-diene monomer (EPDM) and isobutylene isoprene rubber
(IIR), which account for 12% of world consumption) (Figure 1.2). Non-diene elastomers
include chlorinated or chlorosulfonated polyethylene, silicone rubber, polyurethane,
hydrogenated acrylonitrile butadiene rubber and fluoro-elastomers. They represent 6% of the
global demand. Non-diene elastomers do not have double bonds in their backbone, and thus,
cross-linking requires different methods than vulcanisation, such as addition of trifunctional
monomers (condensation polymers), or addition of divinyl monomers (free radical

polymerization), or copolymerization with diene monomers like isoprene or butadiene.
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N
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Figure 1.2. Distribution of the global consumption of elastomers.
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1.1.2.3 Structures and properties

As shown in Table 1.1, depending on their chemical composition and structure, rubbers have
special properties like ozone, oil, heat, heat, abrasion resistance, strength and gas
permeability.

Table 1.1. Properties of the main dienic elastomers. Green : excellent; blue : good or medium; and red : fair or
poor.

Abrasion Gas Ozone Oil Heat
resistance permeability resistance resistance resistance

Elastomer Strength

Natural rubber and
Isoprene rubber

Polybutadiene

Styrene butadiene
rubber

Nitrile butadiene
rubber

Chloroprene rubber

Butyl rubber

Ethylene-propylene-
diene monomer

Natural rubbers
Cis-1,4-polyisoprene

Natural rubber (NR) is made of cis-1,4-polyisoprene with a very high stereoregularity (>99%)
(Scheme 1.1), but also contains non-rubber components (6 wt%), such as phospholipids and
proteins in varying amounts depending on the source.” Natural rubber has unique properties,
especially the capacity to crystallise upon straining. In the absence of tensile stress, the
polymer chains are disordered so the polymer state is amorphous. Upon stretching, the chains
start to align, and eventually reach a more ordered crystalline state. This crystallinity leads to
a material with high strength, that’s why natural rubber is considered to be self-reinforcing.
This ability to crystallise upon deformation is due to the exceptional stereoregularity of the

polyisoprene and to the presence of the non-rubber components. Even before cross-linking,
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natural rubber contains a gel fraction of around 50-70 wt% caused by two types of bonding:
hydrogen bonds between the proteins and covalent bonds between phospholipids. Indeed, the
addition of ethanol in toluene breaks the former bonds, while transesterification breaks the
latter cross-linking points.8 Others non-rubber components play an important role on the
exceptional properties of natural rubber. For instance, linked and free fatty acids contained in

NR have nucleating effect on NR crystallisation.

7
~ z
Cis-14 Trans-1,4 . o
for NR for Gutta Percha Mixture for synthetic isoprene rubber (IR)

Scheme 1.1. Structure of polyisoprene depending on its origin.

Natural rubber exhibits good fatigue and abrasion resistance, low compression set and high
tensile strength. However, it has poor solvent and heat resistance, and is prone to be attacked
by ozone due to the presence of double bonds in the polymer backbone. Indeed, these
insaturation are sensitive to thermal and oxidative degradation. The degradation generally
occurs through chain scission and leads to a drastic drop of the mechanical properties. Thanks
to its outstanding properties, natural rubber is the preferred polymer for many engineering
applications. Typical uses include anti-vibration mounts, drive couplings, tyres, springs,

bearings, rubber bands, and adhesives.
Trans-1,4-polyisoprene

Trans-1,4-polyisoprene can be harvested from two species, gutta-percha and balata, which
produce latex similarly to hevea brasiliensis. Nonetheless, this polyisoprene isomer is highly
crystalline at rest, unlike cis-1,4-polyisoprene. The material is hard and tough at room

temperature, but is used for golf balls or waterproofing.
Synthetic rubbers

The vast majority of synthetic elastomers comes from petroleum, except silicon rubbers
which are made from silica. If their chemical composition can be very different from an

elastomer to another, most commercial rubbers contain carbon-carbon double bonds.
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Isoprene rubber (IR), the synthetic counterpart of natural rubber, is produced through the
polymerization of isoprene, which is obtained by thermal cracking of the naphtha fraction of
petroleum. The polymerization is conducted in solution, either via a coordination mechanism,
using Ziegler-Natta catalysts, or via an anionic mechanism. The resulting polymers can
present a stereoregularity as high as 98 mol% of cis-1,4-isoprene reapeating unit, which is still
slightly less than NR. As a consequence, and also because of the absence of non-rubber parts
(phospholipids, fatty acids, etc.) isoprene rubber does not crystallise as well as NR. Indeed,
even if the two materials appear to crystallise in a similar way, IR crystallises two to three
times less than NR over a wide range of strains.’ Tensile strength and crack growth resistance,

in fatigue and in static conditions, are higher for NR than for IR.

Polymerization
with Nd, Co, «
Ni, Ti or Li =

— —_—
=/_ —
1,3-butadiene LY_) \ Y /| {

1,2- Trans 1,4- Cis-1,4-
addition addition  addition

Scheme 1.2. Polymerization of 1,3-butadiene to obtain polybutadiene.

Polybutadiene (PB) is prepared by Ziegler-Natta polymerization of 1,3-butadiene. The nature
of the catalysts greatly influences the stereochemistry of PB, through 1,2-addition, trans-1,4-
addition or cis-1,4-addition (Scheme 1.2). For instance, neodymium catalysts lead to the
formation of 98% of cis configuration, while alkyllithium catalysts favour medium to low

yield of cis units (10-30%).

PB has moderate fatigue resistance and low temperature properties as compared to natural
rubber, while its heat-ageing properties and abrasion resistance are better. Like natural rubber,
PB is sensitive to thermal and oxidative degradation, also due to the presence of double bonds
in the polymer backbone. In contrast with NR, degradation generally occurs through cross-

linking.

Isobutylene isoprene rubber (IIR), chloroprene rubber (CR), acrylonitrile rubber (NBR) and
ethylene propylene diene monomer rubber (EPDM) exhibit excellent but different properties,

such as gas impermeability, oil, abrasion, ozone or heat resistance (Table 1.1).
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1.1.3 Conventional recycling issues

Natural cis-1,4-polyisoprene is greatly affected by temperature; it becomes tacky and starts to
flow if heated, and crystallises at low temperatures. It possesses a low hydrocarbon oil
resistance and reacts with oxygen and ozone from the atmosphere, which can result in
polymer chains scission and lead to the softening of the material. Therefore, cross-linking is
mandatory to create a network and obtain the pre-cited elastomeric properties. The
conventional method uses elemental sulphur, Sg, with activator, precursors etc, or peroxides to
create static and dynamic covalent bonds between polymer chains. Once the permanent

network is obtained, recycling is no longer possible.

In 2018, the world production of rubbers reached 29.1 million of tons. 48% of the production
came from natural rubber and 52% from synthetic rubber. In 2016, about 65% of the global
rubber production, natural and synthetic combined, was used to produce tyres, which often
leads to summarise the elastomer recycling to the recycling of tyres. The other category is

named as general rubber goods (GRG).

Despite many efforts to improve the recycling processes, only 8 to 10% of recycled rubber is
used to make new tyres.

In the ideal case, the recycling process should break only the chemical cross-links. This
process is known as devulcanisation. However, such a perfect method does not exist up to
now, and existing processes lead to main chain scission. All the reclaiming processes give two
parts, a soluble one composed of linear molecules with lower molar masses than the initial
elastomer precursor, and an insoluble cross-linked part. The decrease of molar masses after
recycling leads to inferior mechanical properties compared to the original ones, when new
materials are prepared from these polymers. The way the rubber is recycled relies then on its
incorporation into a virgin matrix. In order to increase its compatibility and miscibility with
the new matrix, rubber is degraded into smaller chains through physical, chemical, physico-

. . . . 10,11
chemical and microbial techniques.'”

Beside landill disposal, which is banned by the European Union since 1999, and the recycling
through blending with pure matrix, rubber can be burned to recover energy. However, this
solution generates greenhouse gases. End-of-life rubbers can also be degraded at 400 to
800 °C in the absence of oxygen. This process, called pyrolysis, produces hydrocarbons that
can be used as fuel or gas, depending on their structure. However, pyrolysis costs lots of

energy.
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If static cross-links cannot be selectively cleaved, preventing the elastomer to be recycled,
bonds involved in the cross-linking need to rearrange themselves under external stimuli, such

as light, temperature, pH, etc... Such bonds are called dynamic bonds.

1.2. New ways to recycle rubber: from thermoplastic elastomers to
dynamic covalent chemistry

Tremendous efforts have been made to impart recyclability and self-healability to thermosets,
while preserving their good mechanical properties. Using dynamic interactions and/or bonds
appears as the most widespread approach these last decades. Depending on the nature of the
dynamic interactions, such materials can be divided in two groups: those relying on dynamic

physical interactions and those relying on dynamic covalent bonds.

1.2.1 Physically cross-linked elastomer

Elastomers relying on physical interactions include elastomers based on phase separaration, as
well as networks incorporating physical bonds, such as hydrogen bonds, ionics bonds,
coordination bonds, n-n stacking, host-guest interactions. These interactions are weaker than
chemical bonds, but this can be used as an advantage. They can easily be cleaved by an
external stimulus, such as temperature. Furthermore, because of their weaker strength, they
are prone to break before the chemical bonds constituting the main chain of the elastomer.
Acting as sacrificial bonds, they dissipate energy preventing the cracks to propagate and
preserving the integrity of the network. Nevertheless, physically cross-linked networks show
poor heat, oil and solvent resistance. Despite these shortcomings, elastomers relying on phase

separation and physical bonds have attracted a lot of attention.

1.2.1.1 Thermoplastic Elastomers

Thermoplastic elastomers (TPE) are a very interesting class of polymers that combined the
rubbery properties of vulcanized elastomers with the processability of thermoplastics, which
make them suitable for melt extrusion, injection moulding and blow moulding processing for

example.
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TPE are divided in two categories; the microphase separated block copolymers and the
microphase separated multi-segmented copolymers, which include polyurethanes (TPE-U),
copolyesters (TPE-E) or polyamides (TPE-A). The chemistry and architecture of these two
families of TPE are different. Indeed, block copolymers have a discrete number of blocks,
typically between 2 and 3. They possess two types of blocks, a soft one (meaning with a low
T,, such as polybutadiene, polysiloxane or polyether) and a rigid one (meaning with a high 7,
or T, such as polystyrene or poly(methyl methacrylate)). If the two blocks are incompatible
enough, the copolymers phase separate and exhibit thermo-mechanical properties of both
materials. Thanks to their low dispersity and number of blocks, they can self-arrange into
highly ordered structures. They possess a phase separated morphology that was established by
Cooper and Tobolsky in 1966."% In 1980, Leibler developed a statistical theory of phase
equilibria for A-B type block copolymers.” According to Leibler’s theory, only two
quantities are relevant parameters for the characterization of phase equilibria in a block
copolymer melt: the product yN and the composition f. With these two parameters only, all
the different equilibrium morphologies, e.g. spheres, cylinders, bicontinuous channels or

lamellae, can be predicted (Figure 1.3).

(a) A B
NSNS~

G

>

A

Figure 1.3. Equilibrium morphologies of AB diblock copolymers in bulk: S : body-centered-cubic spheres, C :=
hexagonally packed cylinders, G : bicontinuous gyroids, and L :lamellae."*

Because of their higher molecular dispersity and more complex molecular architectures,
segmented copolymers microphase separate into less ordered nanostructured elements than

block copolymers.

Polyurethane segmented thermoplastic elastomers are versatile materials that have found a
wide variety of industrial applications, ranging from textile fibers, automobile, footwear, cell
phones, packaging, building, adhesives, foams, coatings and biomaterials.">™"” Their synthesis

is based on addition reactions between a polyol (e.g. an aliphatic linear polyether terminated
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by hydroxyl functions at both ends) with a number average molar mass (M,) of 1000 to 3000
g/mol, typically, and a diisocyanate (ususally aromatic molecules, like methylene diphenyl
diisocyanate) to form a prepolymer (Scheme 1.3). This prepolymer is further reacted with a
chain extender (usually diols or diamines resulting in urethane or urea bonds) or a chain
capper (mono-functional species). When the chain extenders are tri-functional, they are called
cross-linkers. However, in this case, the resulting material is no longer a TPE, but a
thermoset. Industrially, the syntheses are carried out in bulk, requiring a full control of
viscosity to avoid premature aggregation or crystallisation. The synthesis conditions have an
influence on the phase segregation behaviour, and thus on the properties of the final material,

making them an important subject of study.'® 2
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Scheme 1.3. Synthesis of Spandex polyurethane via a one-pot two-step reaction.”’

This step-growth polyaddition results in alternating hard and soft domains. The polyols
constitute the soft blocks. They are low T oligomers and bring flexibility and ductility to the
final material. The aromatic diisocyanates, potentially linked with small chain extenders, are
more rigid portions which play the role of hard segments. The incompatibility between the
soft and hard segments leads to a microphase separation. The hard segments self-assemble

and crystallise, acting as physical cross-links.

As previously mentioned, TPEs are reprocessable and healable with temperature. Such trigger
can be an advantage but also a disadvantage because the healing does not occur without
heating. The incorporation of hydrogen bonds in the soft segments of conventional TPEs was
proposed to solve this issue.”> A brush-like architecture was first designed with a hard

polystyrene backbone grafted with soft polyacrylate amide. A modified styrene block
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copolymer was also synthesized by introducing of a quadruple hydrogen bonding moiety
inside the soft block chain.”® The resulting supramolecular TPE exhibited good mechanical
and self-healing properties at room temperature. Another strategy focused on the
incorporation of hydrogen bonds in the hard phase of TPEs, but it did not result in any self-
healing properties.**

Sustainable TPE-Us were synthesised with plant oil derived long chain diisocyanates and
diols.” The long-chain aliphatic polyurethane segments provide physical cross-linking via
hydrogen bonding, resulting in thermoplastic materials with melting points as high as 116 °C
and an elastomeric behaviour. This strategy is very interesting since the obtained recyclable

materials are partially bio-sourced.

1.2.1.2 Ionomers

Ionomers are a special kind of polymers containing low amount of ionic groups (up to 15
mol%) neutralized with a multivalent metal ion or counter ion, which acts as dynamic cross-
links. ***" These polymers exhibit unique physical properties, such as transparency,
toughness, flexibility and oil resistance and even quite high melt viscosity because of the
presence of strong and numerous intermolecular ionic bonds. The ionomers properties depend
on the kind of polymer backbone, ionic content, degree of neutralization and the types of

cation and anion.

These ionic sites tend to form clusters, which leads to microphase separation between ion pair
rich and poor regions (Figure 1.4). These ionic cross-links are temperature sensitive. They
can gain some mobility with temperature, thereby allowing the polymer chains to rearrange
and eventually to flow if the melt viscosity is sufficiently low. Elastomeric ionomers represent
a new class of thermoplastic elastomers that can be processed using thermoplastics processing

techniques, just like thermoplastic elastomers.

Figure 1.4. Hierarchical structure formatioin in ionomers: ion pair, multiplet, ionic cluster network with regions
of restricted polymer mobility. **
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Lundberg et al. studied the rheological behaviour of carboxylated and sulphonated
polystyrene, using polymers presenting the same molecular weight, ion content and counter
ion.”” They showed that the ionic association is stronger in sulphonated ionomers than in their
carboxylated counterpart. Thus, the melt viscosity was far higher for sulfonated ionomers,

making their melt processing more difficult.

To decrease their melt viscosity and improve their processability, plasticizers can be
incorporated into ionomers. The two phase morphology and the large difference of polarity of
the hydrocarbon and ionic phases give two ways for the plasticization of ionomers: either the

plasticization of the hydrocarbon phase or the plasticization of the ionic clusters.

Bazuin and Eisenberg™ investigated the effects of polar (glycerol) and nonpolar
(ethylbenzene) plasticizers on the dynamic mechanical properties of styrene/methacrylic acid
ionomers.”" The addition of 5 wt% of glycerol as a plasticizer in this ionomer reduces the melt
viscosity by a factor of 1000 at elevated temperatures. To get the same viscosity, 40 wt% of
dioctylphthalate is required. This major difference is attributed to the preferential
plasticization of metal sulfonate groups by the polar glycerol, whereas dioctylphthalate

plasticizes the polystyrene backbone.

The influence of the metal ions used to neutralize ionomers was investigated by Ibarra et al.
on the properties of carboxylated nitrile rubber (XNBR).** It was reported that magnesium
oxide cross-linking agents led to better physical properties than other oxides, like calcium
oxide. An excess of calcium oxide tends to form agglomerates, which constitute weak points,
while an increase of magnesium oxide improved the hardness and tear strength. In the latter
case, two transitions were observed in dynamic mechanical analysis (DMA), the glass
transition around O °C, and a transition above 150 °C, associated to the formation of ionic
structures.

It was confirmed by Van der Mee et al. that the nature of the neutralizing cation affects the
structure and properties of ionomers.’® Using potassium (K*) instead of zinc (Zn**) on
hydrolyzed maleated EPM rubber, resulted in a material with higher mechanical properties
thanks to a better phase separation. Hohlbein et al. also showed that Co™ and Zn** gave

improved physical and self-healing properties.”® The Co** based ionomers were shown to be
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the best materials based on their tensile strength, recovery of mechanical properties and short
healing times. The aggregate size of ionic multiplets ranged from 7 A to 45 A.

Chatterjee et al. compared ZnO and ZnO; as cross-linking agent.35 They reported that in the
latter case, both ionic and covalent cross-links were formed in the XNBR, while ZnO only
form ionic cross-links. Thus ZnO; cross-linked ionomers are superior to ZnO ones but, their

impact on the recyclability was not reported.

1.2.1.3 Hydrogen bonds

Hydrogen bonds count among the weakest interactions, with bond energy typically ranging
from 10 to 40 kJ/mol, but they possess intrinsic advantages, such as their directionality and
the capacity to break and reform easily. The most common approach to incorporate hydrogen
bonds in rubber relies on grafting hydrogen bonding molecules onto elastomeric polymer

chains.

Hydrogens bonding could be introduced into elastomers though partially bio sourced blocks.
The use of lignin, which is the second most abundant terrestrial polymer obtained from
woody biomass, was investigated to prepare elastomers.* Lignin oligomers (hard phase) were
reacted with diglycidyl polyethylene glycol (soft phase) to obtain a tough but also self-healing
material. The presence of hydrogen bonds and the coexistence of hard and soft phases endow

the polymer with this interesting combination of properties.

Wau et al. employed another strategy.”” They incorporated weak and strong dynamic bonds to
impart self-healing ability, high stretchability and robustness. Hydrogen bonds were
introduced  through  the  polycondensation of  bis(3-aminopropyl)  terminated
polydimethylsiloxane (PDMS) with 2,2-toluene diisocyanate, whereas strong bonds were
metal coordination bonds with AI(III) ions. Guo, Liu and coworkers presented a natural
rubber based dual network with hydrogen bonds and dynamic covalent bonds.™
Commercially available epoxidized natural rubber (ENR) was dynamically cross-linked with
a diacid (sebacid acid) and also grafted with N-acetylglycine, which provided the hydrogen
bonds. The latter are prone to break prior to the covalent network and can dissipate energy,
thereby improving the strength and extensibility of the material. The dynamic covalent cross-
linked network can also rearrange under thermal treatment via transesterification, which is
facilitated by the presence of a catalyst. Other combination of hydrogen bonds and dynamic
covalent bonds were also reported.”® ENR was cross-linked into a dual network based on

disulfifde metathesis and thermo reversible hydrogen bonds. This dual material exhibited high

20



strength (9 MPa), high self-healing capacity (up to 98%), good recyclability and fatigue

resistance.
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Figure 1.5. Elastomeric and self-healing properties depending on the amount of UPy.*

A self-healing polyurethane was designed by incorporating hydrogen bonds with
ureidopyrimidinone (UPy) motifs at the chain ends of polyethylene glycol (PEG) and
propylene glycol (PPG) block copolymers (Figure 1.5).* Indeed, UPy motifs can self-
assemble via lateral hydrogen bonding interactions (Figure 1.6)." Increasing the amount of
UPy units resulted in increasing both Young’s modulus and elongation at break, as compared
to the control system free of UPy. However, if the percentage of these hydrogen bonding units

was too high, the material became fragile and brittle, loosing its elastomeric properties.

IJN,..Q am
o b st = Polymer
T o,

gafa

UPy monomer UPy dimer Stack Nano-fiber

Figure 1.6. Organization of dimerized UPys units with lateral hydrogen bonding urea and urethane groups into

fibers.*!

Another approach was employed by Leibler ef al. to obtain dynamic elastomers with
hydrogen bonds (Figure 1.7).% A major issue in supramolecular network is crystallisation,
which was prevented in this system by using a wide diversity of fatty trimer and dimer acids

from vegetable oils. As their composition is a mixture of different species, these molecules
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are liquid at room temperature and do not crystallise but just become glassy at low
temperature, unlike other classical diacids. In addition, entropy of mixing and directional
interactions contributed to hamper phase separation in this system. Through a two-step
pathway a supramolecular polymer bearing functional groups able to strongly associate via
hydrogen bonds was synthesized. Yet, the resulting material had a too high T, (28 °C) to be
considered an elastomer. The T, could be decreased down to 8 °C by the addition of 11 wt %
of dodecane plasticizer. This way, a rubber with excellent elongations at break and small
residual strains was obtained. More interestingly, the elastomer could be reprocessed at high
temperatures, above 160 °C, through extrusion modling and compression moulding, and

exhibited good self-healing properties.
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Figure 1.7. Design of a self-healing supramolecular rubber made from fatty acids and other small molecules.**

However, it was shown that the self-healing efficiency of the supramolecular elastomer
decreases with the time elapsed before putting pieces in contact again, up to a point where the
materials is no longer able to self-heal if the waiting time is too long. During this time, some
free hydrogen bonding groups find partners within the broken pieces and recombined to reach

eyeq 43
a novel equilibriums state.
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2.1.4 Others interactions

7-7 stacking is another weak interaction. Dynamic polymers were designed thanks to aromatic
n-n stacking. Burattini and coworkers reported a self-healable elastomer made from blending
chain-folding polyimide and polyurethane end-capped with pyrenemethylurea groups (Figure
1.8).*** A triple m -stack was proposed as possible structure of the cross-link leading to the
good macroscopic properties of the material. The obtained material exhibited a higher tensile
modulus than the hydrogen bonded system reported by Leibler and al., thanks to the
combination of both kinds of interactions. The healing capacity was tested after 4 hours of
annealing at 100 °C. A recovery of 77% to 95% of the initial mechanical properties was

obtained.

Chain-foldin Pyrenyl
polymer g endcapped
polymer

Supramolecular
polymer network

Figure 1.8. Left: Structure for the n-x stacking interactions between a bis(diimide) chain fold in polyimide and a
pyrenyl residue. Right: Schematic of formed supramolecular network.**

Host-guest interactions

Host-guest interactions were also employed to synthesize dynamic hydrogels.%’47 One of the
most common host guest molecules are adamantane and B-cyclodextrin, which possess a high
selective complementarity (Figure 1.9). Elastomer with excellent self-healing properties and
recyclability were reported using this complementary couple.48’49 This supramolecular
interaction also allowed to change the miscibility of two incompatible polymers to create an

interpenetrating double network.***
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Adamantane

Figure 1.9. Chemical structures of the host and guest monomers and the reversible gelation through host-guest

. . 47
1nteractions.

Metallophilic interactions

Coordination bonds are among the highest energy non-covalent bonds. For NBR, the nitrile
groups can be used as ligand when they are in contact with a suitable metal. Very
interestingly, this dynamic chemistry does not necessarily require a pre-functionalization to
incorporate the dynamic cross-linker. For instance, a non sulphur cured network was prepared
using these coordination cross-links with anhydrous copper sulfate (CuS0,).”° As this study
focused on the cross-linking of carboxylated nitrile rubber, both ionic links, via the carboxylic
groups (-COOH), and coordination links, via the nitrile (-CN) groups, were involved in the
dynamic curing. The former increased abrasion resistance and thermo-mechanical properties,
whereas the latter improved compression set. The combination of these two kinds of links

resulted in a highly resistant and potentially reprocessable elastomer.

Others metal-ligand couples may be considered to cross-link elastomers. Indeed, Fe*-
catechol groups were incorporated in nitrile rubber.”’ To this aim, epoxidized NBR was
reacted with dopamines to graft catechol moieties on the polymer backbone. FeCl; was added
and the solid products were dried and moulded at 170 °C for 10 minutes. This kind of bonds

imparts good mechanical properties and excellent recyclability to NBR.
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Figure 1.10. Left : scheme of cross-linking NBR with dopamine and FeCl;.”' Right : Dynamic Zn-Hbimcp
coordination bonds applied to PDMS.*

Other polymers have been cross-linked thanks to coordination bonding.53 PDMS with pending
pyridine was synthesised and cross-linked with cobalt chloride (CoCl,) to generate a self-
healing elastomer that could recover 91% of its properties after 24h at room temperature. For
a comparison, the NBR elastomer cross-linked through Fe’*- catechol interaction required to
be heated above 100 °C to be healed. PDMS was also transformed into a dynamic network
thanks to Zn-Hbimcp (2,6-bis((imino)methyl)-4-chlorophenol) complexation (Figure 1.10).
This interactions is characterised by a very high association constant (2.2 x 10'") and a fast
dynamic, which give access to tough materials that present self-healing ability at room

2
temperature.’
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1.2.2 Dynamic covalent chemistry

Covalent bonds are stronger than most physical interactions, giving the elastomer better
mechanical properties and chemical resistance. But to impart recyclability these bonds need to
be dynamic, meaning that they can break and reform under the action of an external stimulus.
Based on the mechanism of bond exchange, two main categories can be established in the
domain of cross-linked polymers using dynamic covalent bonds: the dissociative mechanism,
where de-cross-linking occurs before re-cross-linking, and the associative mechanism in
which de-cross-linking and re-cross-linking happen at the same time (Scheme 1.4). In the
latter case, and if the cross-linking density is not altered by side reactions, the network is
called a “vitrimer”, which is a new class of polymeric materials beside thermoplastics and

thermosets.
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Scheme 1.4. Top: Associative mechanism; a bond opens after the new bond formation via a transition state with
three chains connected at the same time. Bottom: Dissociative mechanism; a bond opens before the new bond
formation leading to a temporally debonded system.

1.2.2.1 Dissociative systems

Diels-Alder

A lot of different materials based on association-dissociation of dynamic covalent bonds were
reported with different dynamic chemistries. One of the most popular reactions is the Diels-
Alder (DA) cycloaddition discovered by Diels and Alder in 1928 It is a [4+2] cyloaddition
between a conjugated diene and a dienophile (for instance an alkene or an alkyne) to give a
product named the Diels-Alder adduct. The formation of c-bonds from m-bonds is the

(enthalpic) driving force of the reaction, whereas the dissociation of the adduct, called retro-
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Diels-Alder reaction, is entropically favoured. As a consequence, the reaction is reversible
under certain conditions. For instance, the adduct formation between furan and maleimide is
favoured below 60 °C and the dissociation above 100 °C. Interestingly, this reversible
addition does not form any by-product, such as water in the case of a condensation, which
could migrate out or be evaporated during processing or lead to side reactions affecting the

reversible reaction.
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Scheme 1.5. Diels-Alder reactions imparting recyclability to the polymer network.>>

Liu and al. showed that the Diels-Alder reaction between a bismaleimide and furfuryl alcohol

has an activation energy of 41.6 kJ/mol.”’

The same reaction with a polyurethane prepolymer
end-capped with furan rings was followed by '"H NMR spectroscopy in DMSO-dg. Assuming
the retro Diels-Alder reaction was negligible up to 70 °C, the Diels-Alder reaction was
observed to follow a second-order kinetic, giving activation energy of 47 kJ/mol. The final
equilibrium state was reached after more than 300 minutes at 70 °C, whereas the retro-Diels
Alder reaction could achieve equilibrium within 20 minutes at 130 °C. In another study,”® an
activation energy of around 67 kJ/mol was found for the Diels-Alder reaction between a tri
functional furan and a bis-maleimide, which illustrates the impact of the network topology
and functionality on the dynamics of the reversible interactions and/or reactions. The retro
Diels-Alder reaction had an activation energy as high as 156.7 kJ/mol.” Boutelle and
Northrop studied the effect of the substituents on the formation of Diels-Alder adducts and
showed that electron-donating groups on the furan lead to a decrease in both free energy and
transition state energy, whereas electron withdrawing groups yield the opposite trend.”
Authors pointed out that using too electron-rich furans could stop the exchange reaction as the

products are too stable to react in the backward reaction. The reactivity was not really affected

by the maleimide substitution, no matter the N-alkyl, N-allyl or N-phenyl substituent. If the

27



backward reaction always needs high temperatures to occur as shown previously, Lehn and
al. reported a dynamic exchange at room temperature between two specific species: an
fulvene as diene and an diethyldicyanofurmarate as a dienophile.®’ The equilibrium was
reached only within seconds after mixing the two reactants. Once grafted onto polyethylene
glycol, a flexible dynamic elastomer could be synthesized showing self-healing properties at
room temperature (Scheme 1.5). As an inherent drawback, the material was also prone to
creep under these conditions.””> Gheneim and al. reported the DA-cross-linking of poly(hexyl
acrylate) and PDMS at the same time.*® The highly flexible cross-linker and its low amount
(3-5%) guarantee the low T, of the cross-linked elastomers, -60°C and -111 °C respectively.
'H NMR and GPC analysis of the de-cross-linked polymers proved that linear polymers were
identical to the original samples, showing the absence of sides reactions over the process.
Nevertheless, mechanical testing was missing for this reference. Sun and coworkers reported
a linear polyurethane containing maleimide groups cross-linked with bis-furan.”® If the
polymer exhibits excellent recyclability, up to 100% of the elongation at break and 93% for
the stress at break, after dissolution at 130 °C in dimethylacetamide followed by evaporation
of the solvent, the mechanical properties dropped from 300% to 225% for the elongation at
break and from 45 MPa to 30 MPa for the stress at break, when the material is reprocessed by
hot compression moulding. Wudl and al. decided to start from multifunctional monomers to
achieve a thermally re-mendable polymer that can be repaired at elevated temperatures after
fracture and whose properties equals those of commercial epoxy resins at room temperature
(Scheme 1.5).°*%* The degree of de-cross-linking was estimated to be 30% at 120 °C,
according to solid-state NMR spectroscopy. Upon cooling to 80 °C, a full recovery of the
initial cross-linking degree was observed. More recently, Deng and coworkers designed an
elastomeric material made from three monomers, including a furan, and cross-linked with a
bis-maleimide.”> With a T, lower than -35 °C, the polymer showed better mechanical
properties (tensile strength 13.1 MPa, elongation at break of 455-520% and Young’s modulus
around 2.0 MPa) than the traditional vulcanized counterpart, and very good recyclability once
remolded at 155 °C over two hours. Another strategy was employed by Zhao and al.®® They
polymerized an amine functionalized PDMS with a triisocyanate and diol containing a Diels-
Alder adduct. The poly(siloxane-urethane) elastomer showed good self-healing and
reprocessing abilities at 140 °C. Enhanced tensile properties, biocompatibility and shape
memory were provided by the introduction of semi crystalline polycaprolactone segments. In
order to suppress property losses at high temperature, Fuhrmann er al. designed a

photoswitchable cross-linker that can be reversibly transformed into its inactive state to
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inhibit decross-linking. When the network is locked in the cross-linked state and heated up to
130 °C, it maintains its elastic solid behaviour, characteristic of static networks. On the
contrary, the unlocked system becomes dynamic above 100 °C, like traditional Diels-Alder

polymers.67

Sulphur chemistries

Dynamic sulphur chemistries are commonly used to transform traditional vulcanized rubber
into their recyclable counterparts. Vulcanisation involving sulphur based compounds is the
most popular method used to cross-link rubber and make tyres. In 1946, Stern and Tobolsky
observed that polyisobutylene and butadiene-acrylonitrile rubbers show stress relaxation and
creep between 35 °C and 120 °C.%® The tetradisulfides based elastomers relax faster than
disulfides ones but they possess the same activation energy of viscous flow. The authors
proposed two mechanisms: one could consist in breaking and reforming of interchain bonds
and another could involve a direct metathesis between disulfide bridges. Later, Tobolsky and
al. showed that stress relaxation occurs through homolytic scission of polysulphides bonds
and fast recombination.”” It was further confirmed by Matxain and al. through density
functional theory and quantum molecular dynamics calculations.”’ They did not find any
evidence for the existence of a transition state for the metathesis mechanism, while the radical
mediated process was calculated to have a reaction barrier of ca. 42 kJ/mol. Thiuram aromatic
and dendralene disulfides were found to have low bond dissociation energies, which makes

them suitable to design self-healing materials.

Disulfides can be transformed reversibly into thiols through redox reactions as shown by

.. . 1.72
Tesoro and Sastri in an epoxy resin.”"”’

Matyjaszewski and al. reported functionalized star
with the same redox responsive thiol-disulfide bonds as reversible cross-linker (Scheme
1.6).”>7* But as mentioned above, disulfides can break and reform easily. To do so, aliphatic
disulfides need to be activated by an external stimulus, such as heat, UV light or a catalyst.
For instance, Goosen, Klumperman and al. reported a cross-linked elastomer (with a 7, of -
35 °C) that can be healed at 60 °C and creep at low shear rate (100 Pa).75 Made by the
addition reaction of a tetra functional thiol onto a difunctional epoxy containing disulfide
links, the material shows a rubbery plateau between 0 and 100 °C, and starts to flow at higher
temperature. At this point, the cross-linking degree decreases due to disulfides cleavage, the

chains have then enough mobility to diffuse, leading to a macroscopic flow. Otsuka and al.

mixed two disulfide-containing polyesters with different molecular weights and
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photoirradiated the mixture during 60 minutes. The GPC traces of the reaction mixture change
from a bimodal distribution to a monomodal distribution, proving the dynamic exchange at 30
°C under UV.” Rowan and al. designed a polymer combining both shape memory and
healable properties. When scratched and exposed to UV light for 5 minutes, the material
recovers fully its mechanical properties.”” Xiang and al. cross-linked a polybutadiene through
thiol-ene chemistry. They used UV irradiation for 3h to recycle the elastomer, but were
confronted to a drastic decrease of transmittance with the times of recycling as well as with a
degradation of the tensile strength.”® The use of a catalyst may also provide self-healing
properties at room temperature without the need for UV irradiation.”” Xiang demonstrated the
ability of CuCl, to catalyze the reshuffling of sulphur vulcanised polybutadiene.*® A strong
influence of solvent polarity was pointed out as the activation energy in acetonitrile was
calculated to be 22 kJ/mol, while in heptanes it was 172 kJ/mol. If the model reaction showed
that the equilibrium state was reached after 60 min at 25 °C with 0.5 mol% of catalyst, it
required 12 hours at 110 °C to exhibit a healing efficiency of 75% in the elastomer. The
authors claim that the healing mechanism is different from tributyl phosphine or UV-light one
as no radicals seem to play a role. To overcome the incompatibility of the catalyst with the
rubber matrix, and enhance its dispersion, CuCl, was replaced by an organic methacrylate
copper (II) complex, resulting in better recyclability of the rubber. More recently, Takahashi
and al. designed a recyclable poly(hexyl methacrylate) thanks to a disulfide linked to nitrogen
moieties.®' Although the authors claim that this specific disulfide possess a lower bond
dissociation energy (110-130 kJ/mol) as compared to alkyl disulfides (250-290 kJ/mol), the
material needed to be process at 120 °C for 12 hours to obtain clear samples after recycling.
Wu presented a PDMS based polyurethane containing disulfide bonds showing high self-
healing efficiency at 120 °C but with weak tensile stress.” Thiol-Michael adducts were also
used by Konkolewicz et al. to design a thermoreversible network.® At high temperature, 90
°C, retro-Michael reaction is promoted releasing free thiol and acrylates that can react again

between each others.
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Scheme 1.6. Reduction of disulfide bonds functionalized star polymers into thiols and back oxidation. Synthesis
of permanently cross-linked star polymers as control.”

Beside these materials that require external stimuli, Rekondo and al. reported a polyurethane
elastomer that is able to self-heal at room temperature without any catalyst.84 Thanks to
aromatic disulfides bonds and hydrogen bonds between ureas present in the monomer, the
elastomer could achieve a healing efficiency of 62% after 1h of contact at room temperature
and up to 97% after 24h. Nevertheless, the mechanism was not investigated but the hydrogen
bonding effect was calculated to contribute to the half of the self-healing properties.
Matyjaszewski and al. presented a polyurethane elastomer (with a T, of -50 °C) containing
thiuram disulfides bonds capabale of self-healing under ambient conditions, i.e. in air, at room

temperature and in the absence of solvent or specific UV irradiation.®

Imine bonds

Schiff’s base chemistry is widely used to design cross-linked and self-healing polymers
thanks to imine, acylhydrazone or oxime formation. Taking advantage of the reversible
acylhydrazone bond, Deng and al. reported a self-healing hydrogel which can be turned back
into its monomer under acidic conditions.*® This sol-gel transition can be repeated over many
cycles without side reaction. Self-healing could occur autonomously without any external
trigger if acetic acid (15% v/v) was added prior to the experiment. Chen and al. designed
another hydrogel but dynamic over a large range of pH, from pH 3 to 9.%” The idea was to use
two orthogonal chemistries, first the acylhydrazone formation, dynamic at low pH, and the
thiol-disulfide exchange, which is dynamic under basic conditions. Furthermore, the
disulfides could be reduced into thiols by adding dithiothreitol, leading to the
depolymerization of the network; and oxidized back with H,O, to re-form a gel. At neutral

pH, all the exchange reactions were kinetically blocked but catalytic amounts of aniline
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allowed the gel to be dynamic again. Schubert and al. synthesised in bulk a polymeric
network using a methacrylate cross-linker containing an acylhydrazone group and
hydroxyethyl methacrylate as one of the comonomers.” Cracks could be healed at 100 °C,
which can be explained by two mechanisms. On one hand, water can cleave the
acylhydrazone bonds leading o free aldehydes and hydrazides, which can react with each
other again. However, according to solid state NMR and FT-IR measurements, no change
could be observed in the molecular structure of the polymer network at high temperatures. On
the other hand, a direct metathesis reaction between acylhydrazones bonds may also explain

the observed results.

Liu and al. reported an oxime-based polyurethane, which was synthesized at room
temperature from multifunctional isocyanates and oximes (Figure 1.11).*” The elastomer is
reprocessable at 120 °C for 30 minutes, and recovers almost entirely its tensile properties,
whereas conventional polyurethanes need to reach 220 °C to do so, or the presence of a
catalyst. In comparison with alcohols, oximes lead to more dynamic systems. Indeed, the
presence of the nitrogen atom assists the intramolecular hydrogen transfer, weakening the
C(0)-O bond. The relaxation process involves a dissociative transcarbamoylation, in which

urethane bond dissociates and re associates.

Zhang and al. reported a self-healing PDMS elastomer using a amino functionalized PDMS
and a triformylbenzene as a dynamic cross-linker.”® The network has the same healing
efficiency when immersed in water as in air, showing that atmospheric moisture is sufficient

to drive the dynamic reaction.
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Figure 1.11. Left: Synthesis and dynamic nature of conventional polyurethane (PU) and oxime based PU. Right:
Mechanism of dynamic reaction between oxime and an isocyanate leading to the reprocessability of the
network.*

Taynton and al. formed a network using a difunctional aldehyde, di- and trivalent amines,

which were simply mixed in an organic solvent that was evaporated after the completion of
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the reaction.”’ Imine formation and consumption of the aldehydes were confirmed by FT-IR.
The T, and Young’s modulus at room temperature were estimated to be around 56 °C and 1
GPa. Thermo-mechanical properties were studied, the material could relax faster when
temperature increased, for instance 90% of stresses were relaxed within 30 min at 80 °C,
while it would take 480 days at 25 °C. As a consequence, the polyamines network could be
reprocessed at 80 °C for 45 min, transforming a yellow powder into a rigid orange disc. In
comparison, the reshaping at 25 °C was not possible. Interestingly, when water was added, the
network became recyclable even at room temperature. Tensile properties were quite identical
before and after recycling for hot processed samples. The presence of water accelerated the
relaxation process in such a way that it was faster at room temperature than in dry conditions
at 127 °C. Even though the reprocessing was harder without water, it could still be achieved at
high temperatures. The exchange reaction can occur through two distinct and potentially
simultaneous mechanisms. On one hand, the easier processing with water reflects the partial
hydrolysis of imines to generate free amines and aldehydes that can subsequently react again
with other partners. On the other hand, the polymer is still dynamic at high temperatures
without added water, thanks to transimination of imines in the presence of free amines.
Looking into the same exchange reaction, Lei and al. paid attention to the exchange between
two aromatic imines (benzylideneaniline and N-(4-methylbenzey-lidene)-3-chloroaniline)
thanks to high-performance liquid chromatography.92 After 5 min of reaction at room
temperature, the two exchange products could be clearly observed and equilibrium was
reached after 8h. An aldehyde-functionalized polyacrylate was then cross-linked with an
aromatic bisamine. The material could completely relax stresses at 25 °C, as confirmed by
stress relaxation experiments and the crossover of G’ and G’ around 0.01 rad/s. After 24h of
compression moulding at room temperature, the polymer showed a good healing efficiency of
92%. The authors did not demonstrate the absence of residual water or free amines in their
system, which could lead to other exchange mechanisms, compared to the above mentioned
article. Furthermore, aromatic imines seem to have a different reactivity than aliphatic ones,
which allows the exchange reaction to occur at room temperature. Interestingly, similar

behaviours were observed for the aromatic disulfides compounds.

More recently, Zheng and al. reported a highly stretchable and reprocessable PDMS
elastomer formed by a dual network of disulfide and imines bonds.”> The latter acts like a
semi-permament network, while the former is a sacrificial network. At room temperature, the

system could be reshaped after 4 hours under press and showed good recyclability and high
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energy dissipation, even though the hysteresis decreased by a factor 2 after a recycling cycle.
If the material was degraded by the addition of an acid, an aldehyde or a strong nucleophile,

the mechanism of the exchange reactions was not investigated.
Boron based moieties

The boron-oxygen bond is a very versatile bond that permits exchange reactions. Boronic
acids can condense with diols to yield boronic esters whose stability depends on the structure
of the boronic acid and of the diols. Summerlin and al. synthesized a boronic ester based
network through photoinitated thiol-ene coupling.94 The polymer whose T, was below room
temperature, showed a consequent water uptake, 9% over two months, further demonstrated
by the decrease of water contact angle measurements over time. Self-healing between two dry
pieces at high temperature did not occur at all, while adding few drops of water before putting
the cut surfaces in contact resulted in merging almost completely the pieces into a new one
after four days. The wetting led to hydrolysis of boronic esters present at the surface. The
diols and boronic hence formed can then recombine with each other forming new bridges and
finally achieving self-healing at room temperature. This highly dynamic system was prone to
creep when exposed to wet conditions, preventing further applications. Zuo and al.
demonstrated on a similar system that the self-healing could be obtained after 30 minutes
without any addition of water.” They claimed that the atmospheric humidity was sufficient to
hydrolyse boronic ester bonds, promoting reconnections between free boronic acids and diols.
With small amounts of water added prior to self-healing, the pieces could be merged within
only 10 min. Nevertheless, the mechanical properties were too low for the considered
applications. To overcome this issue, a permanent cross-linker and 10 wt% of nanosilica were

incorporated. Material crept less while keeping its self-healing property.

Another way to play with B-O bonds is to form boroxine through direct condensation of
boronic acids. Lai and coworkers prepared a polymer via amidification between 4-
carboxyphenyl boronic acid and telechelic amines from PDMS (H,N-PDMS-NH,).”® After
removal of the water, the boroxine network was formed at high temperature, resulting in a
stiff and strong polymer, with a Young’s modulus of ca. 182 MPa and a low elongation at
break (less than 10%). These characteristics reflect a limited molecular segment mobility,
which also prevents the network to self-heal. Water addition was required to achieve such
property. Even so the material stays quite nonhygroscopic and stable under moist conditions.

The healing mechanism was not investigated, on contrary to Guan and Ogden’s work
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(Figure 1.12).”” Models studies on boroxines were conducted first, an activation energy of 82
kJ/mol was measured for these model reactions. A stiff material was then obtained from bis-
boronic acid by heating at 80 °C for 12h under high vacuum. Stress relaxation experiments
gave relaxation times which followed Arrhenius law with an activation energy of 80 kJ/mol,
comparable to the model reaction. The amount of remaining boronic acid was quantified from
methanolysis, which generates different quantity of water whether it is a boronic acid (two
molecules of water are released) or boroxine (only one is released then). Methanolysis
indicated that the network contained more than 89% of boroxines. The residual water and
boronic acid promoted the exchange reaction, allowing recycling by compression moulding at
80 °C. Depolymerization in boiling water was achieved to reach the initial monomer as clean

as originally according to 'H NMR.
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Figure 1.12. Left: (a) Malleable boroxine networks. (b) boroxine exchange mechanism. Right: (a) Tensile
properties and reprocessability. (b) Images of cut and reprocessed samples.”’

Dative bond between nitrogen and boron can be strong enough to obtain a dynamic network
as reported by Brook™ and Sun” with PDMS and PPG, respectively. In the first study, two
complementary PDMS were used: one with a 5-membered boronic ester and another with
pendant amines. Once mixed in bulk, a gel is formed without the need to use a solvent or a
catalyst. This network exhibited good solvent resistance at room temperature. Decross-
linking, and thus reprocessability, were achieved by heating at 60 °C, or by adding an excess
of butylamine as a competing monofunctional Lewis base. However, the mechanical

properties were not reported because they were too weak for an elastomer.
Alkoxyamine exchange

Yuan and coworkers designed a thermally reversible polyurethane network using

alkoxyamine cross-linkers (Figure 1.13).'"” A material that could be cross-linked and
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uncross-linked at 80 °C was obtained by mixing PEG, triisocyanate and a diol containing an
alkoxyamine moiety. To avoid oxidation, the reprocessing had to be conducted under argon
atmosphere. Yet, even under these conditions the self-healing efficiency was not higher than
70%, whereas stress and elongation at break decreased over the recycling cycles. To
overcome this shortcoming, an alkoxyamine bearing a nitrile group was synthesized in order
to reduce the homolysis temperature and make the elastomer (7, = 12 °C) oxygen insensitive

at the same time. As a consequence, the material was healed successfully at 25 °C in air.'"!
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Figure 1.13. Healing mechanism of polyurethane corsslinked by alkoxyamines."
C-C cleavage

Using the homolytic cleavage of C-C bond of diarylbenzofuranone, Otsuka and al.'” reported
a self-healing polyurethane (Scheme 1.7). The diarylbenzofuranone C-C bond was dynamic
enough to allow rearrangement of the network at room temperature and fast self-healing at 50
°C via partial de-cross-linking permit. As a consequence, the material was prone to creep at

25 °C, limiting the potential applications. Brook and al.'®

reported stimuli responsive
polysiloxanes, modified with coumarin groups, which can generate both physical cross-links,
by polar interactions, and covalent cross-links, via a [2+2] cycloaddition under UV light. The
material could be partially de-cross-link through the retro-cycloaddition, allowing the fine

tuning of the elastic modulus.
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Scheme 1.7. Equilibrium between diarylbibenzofuranone and the corresponding radicals at room temperature. '

Reversible urea bonds

Urea bonds can be reversible at high temperature.'® Fu and al. took advantage of this
property to design a healable poly(oxime-urethane) elastomer.'” Above 80 °C, the oxime
carbamate bond was able to dissociate to reform the starting isocyanate and oxime monomers.
The material exhibited excellent healing efficiencies, around 100%, after 2h at 100 °C or 30
min at 110 °C. Due to the displacement of the thermodynamic equilibrium, the material
flowed like a viscous liquid when the healing time was too long. Thanks to the quantitative
healing, the high stresses at break (12 MPa) and elongation at break (800%) were totally
recovered after recycling. The major drawback of this system is the need for a thermal
treatment after healing. Indeed, the material had to be annealed at 60 °C for 24 hours after
healing in order to reform the polymer netywork. Cheng and al. reported a catalyst free
polyurethane with autonomous repairing at moderated temperatures.'” Incorporating a
hindered amine made the urea bond reversible even at room temperature. However, this

material needed to be cured at 37°C for 12 hours to reach good self-healing efficiency (ca.

87%).

Numerous dissociative links are suitable to design self-healing and reprocessable cross-linked
materials. Nonetheless, these systems face some limitations. They either creep at service
temperature or need external trigger, such as heat, UV irradiation or addition of small
molecules, to become reversible. Moreover, the decrease of the cross-linking degree results in
an uncontrolled flow which requires the use of moulds in order to repare the systems. Finally,
the decrease of the cross-linking density at high tempertaure, for example, leads to a decrease
of the sovent resistance of such systems. A solution to address these shortcomings is to design

networks incorporating dynamic links operating via an associative mechanism.
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1.2.2.2 Associative systems

In associative systems, the nature of the bonds involved in the reaction does not change
during the exchange reaction. For instance, during a transesterification, products and reactants
are both composed of an ester and an alcohol. As a consequence, the thermodynamic
equilibrium of such reaction equals one at any temperature and the rate constant of the
forward and backward reactions are identical. Therefore, varying the temperature only
increases the dynamics of the systems but does not affect the connectivity of the system nor

its chemical composition.
Siloxane exchange reactions

Reconsidering a prediction made in 1954 by Grubb and al. '*"'® McCarthy and al. reported a
dynamic polysiloxane network relying on siloxane anionic equilibration (Figure 1.14).'” The
network contained reactive tetramethylammonium dimethylsilanolates end groups that can
react with cross-links via an associative mechanism, or form cyclic oligomers. As a
consequence, the material could be healed or even remolded into different shapes by heating
at 90 °C for 24 hours. The dynamic of this system can be turned off by heating at 150 °C,
which liberates triethylamine and desactivates the anionic end groups. The addition of basic
or acid catalysts could potentially convert silicone elastomers into dynamic recyclable
materials. Yet, the formation of volatile cyclic monomers during network rearrangements

could limit the applicability of such systems.
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Figure 1.14. Left: Siloxane exchange. Right: (a) Disc-shape sample and (b) remolded with a silver dollar. 109

Back to sulphur based bonds

Bowman and al. synthesized a photo cross-linkable elastomer, with a 7, around -25 °C,
through the ring opening polymerization of a cyclic allyl sulfide monomer.''* After the
polymerization, the residual photoinitiator could be used to generate radicals (upon exposure
to light) that would react onto the vinyl bonds through reversible addition-fragmentation chain

transfer. The associative mechanism does not change the chemistry of the system nor the

38



cross-linking degree while allowing stress relaxation and so multiple changes of shape. Even
so the reshuffling of this network is limited by the initial amount of photoiniator, and by the
termination reactions that decrease the quantity of radicals over time and generate permanent
static cross-links. Following a conceptually similar approach, Matyjaszewski and al.
copolymerized methyl methacrylate and n-butyl acrylate with a trithiocarbonate based cross-

. 111,112
linker.

Upon UV light exposure, specific C-S bonds could be cleaved homolytically and
the resulting radicals involved in a reversible addition-fragmentation chain transfer. Self-
healing was proved to occur both in solution and in bulk, but nitrogen atmosphere was
required. Klumperman, Goossens and al. reported a self-healing network based on the
disulfide-thiol exchange reaction.'”> The polymer could be repaired after one day at room
temperature, but oxygen was pointed out to increase the cross-linking density through the

coupling of free thiols into disulfides (thereby decreasing the number of exchangeable thiol

groups). Oxidation of free thiols is an important drawback of this chemistry.

Imbernon and al. introduced disulfide bonds into epoxidized natural rubber (Figure 1.15).114

Cross-linking was achieved via epoxy ring opening with a dicarboxylic acid containing a
disulfide. The elastomer was creep resistant until 100 °C. At 180 °C, the material could creep
enough to be reshaped by compression moulding for 40 min. The mechanical properties were
affected by the process. After a single recycling step, only 50% and 80% of the stress and
strain at break were recovered, respectively. Side reactions prevented the elastomer to fully
relax stresses. Creep experiments showed an increase of viscosity from 150 °C to 180 °C, due
to the appearance of static cross-links. Nevertheless, pieces of rubber could be welded
together showing good adhesion compared to model systems that did not contain disulfide

bonds.

3D - network a. b. Strain

Stress [MPa]

Figure 1.15. Left side: Cross-linking of epoxidized natural rubber by dicarboxylic acid containing disulfide
bonds. Right side: Reprocessing of materials by compression moulding at 180 °C. Black: dynamic material,
dashed lines: before re-processing, solid line: after re-processing, Grey: control material.'™*
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Imines

Debnath and al. used exchangeable hydrazide Michael adduct to create a self-healable and
recyclable network at room temperature.''> Because of the high glass transition temperature
(67 °C), the polymer had to be softened in THF/H,O before being reprocessed by
compression moulding for 48h at room temperature. The exchange reaction is the trans-
hydrazide Michael addition, which occurs at room temperature and has an activation energy
of 86 kJ/mol for model compounds. A higher activation energy, 109.5 kJ/mol, was obtained
from stress relaxations experiment conducted on the network. The high polarity of these
groups make them incompatible with non-polar materials. The low thermal stability of this
network, degradation starts as from 170 °C, caused by the sensitive beta-keto esters is a

considerable drawback.

Brook and al. made a dynamic PDMS-based network using terephthalaldehyde and PDMS
carrying amino pendant groups.''® The material exhibited good self-healing properties after
24 hours at room temperature, as stress and elongation at break were fully recovered.
Investigating the mechanism of the exchange reaction by size exclusion chromatography
(SEC), they concluded that aldehyde would cleave randomly the polymer resulting in a
progressive decrease of the molecular weight. Adding amines leaded to a chain
depolymerization process. For hydrolysis, it was observed that if the silicone content was
sufficiently high, this reaction could be avoided even at 120 °C in pressurized water. The role
of water is still unclear especially for the aldehyde-imine exchange. Is a direct exchange
between these two species possible or is water mandatory to allow this exchange to occur ? It

remains an open question.

Feng and al. reported also a PDMS based on the imine exchange reaction (Figure 1.16), but a
low activation energy was found, 23.5 kJ/mol, as compared to others values reported in

literature."'” This may be explained by traces of water or amines.
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Figure 1.16. Left: Synthetic protocol and mechanism of the dynamic cross-linked PDMS network. Right:
Tensile test before and after healing test. '’

Boronic esters

Guan and coworkers reported a malleable and self-healing material obtained from a polymer
carrying diols moieties and a diboronic ester cross-linker (Figure 1.17)."'® Tuning the design
of the cross-linker resulted in different speeds of exchange reactions. Tertiary amine
substituted arylboronic ester exchanged five orders of magnitude faster than the un-
substituted arylboronic ester. According to the authors, the nitrogen atom of the aminomethyl
group could act as a base to facilitate the proton transfer during the transesterification. A diol
containing polymer was synthesized through ring-opening metathesis polymerization then
cross-linked in toluene with a difunctional boronic ester. From frequency sweeps, the gel with
the aminobased cross-linker was observed to relax two orders of magnitude faster than it
amino free counterpart, which is consistent with the model reaction study. The two materials
were dried and shaped by compression moulding to investigate their self-healing properties.
The fast exchangeable boronic ester showed good healability, while the slow network
exhibited minimal healing, very close to the control non dynamic material. After multiple
recycling at 80 °C, the samples maintained their mechanical properties. One issue with this
chemistry could be the hydrolytic stability of boronic ester linkages. However, after one night
of immersion in water, no mass change nor mechanical degradation were observed on the

elastomers. No additional experiments were conducted to further investigate the water
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stability of these networks. The ability of this elastomer to complexy relax stress was not

tested. Stress relaxation experiments were stopped after 20 min, before complete relaxation.
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Figure 1.17. Top left: Chemical structure of boronic esters used as cross-linkers. Bottom left: Schematic view of
dynamic exchange of borornic esters through transesterification. Right: Tensile properties of pristine material
and reprocessed up to three times. ''*

1.2.2.3 Vitrimers

Thermosets possess excellent stability against solvents and temperature making them
irreplaceable for highly demanding applications. Yet, thermosets are not healable and
recyclable. Vitrimers are a novel class of cross-linked polymers. Vitrimers are cross-linked
with dynamic bonds that exchange via an associative mechanism, which provides them with a
constant number of links at any temperatures. As a consequence, the material exhibits
insolubility and glass-like behaviour at elevated temperatures. Thermoplastics show a sharp
decrease of viscosity above their thermal transition temperature, which is useful for injection
or blow moulding, but makes it challenging to weld without mold or assemble high complex
structures. On the contrary, the viscosity of vitrimers follows an Arrhenius dependence with
temperature, resulting in a fully malleable material over a wide range of temperature. Leibler
and coworkers introduced the concept of vitrimers in 2011, using the well-known
transesterification reaction to transform epoxy/acid and epoxy/anhydride networks into
vitrimers (Figure 1.18).""" A material that did not flow or creep at room temperature but
could be reshaped via compression moulding within three mintutes at 240 °C without
affecting its mechanical properties was reported for example. This processability is made

possible by the transesterification occuring between PB-hydroxy esters, which allows a fast
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topological rearrangement of the cross-links at high temperature. Similar to the glass
transition, the material is frozen below its typical thermal transition, called 7,. Above this
temperature, the material may flow following an Arrhenius-like dependance, as seen from

creep-recovery and stress relaxation experiments.
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Figure 1.18. Left: Topological rearrangement via transesterification reactions keeping the number of cross-links
constant at any temperature and any time. Right: Swelling behaviour in trichlorobenzene at different times and
temperatures of -hydroxy esters vitrimers.'"”

A typical feature of vitrimers is their ability to entirely relax stress above both 7 and T,
proving that absence of permanent static cross-links that could prevent recycling. The
material is easily malleable juste like silica. Changing the amount and the nature of the
catalyst, is a way to tune the topological transition temperature of epoxy-based vitrimers
opening new possibilities for practical applications.'* For instance, with 10 mol% of zinc
acetate, the system exhibited a 7, of 75 °C. As a consequence, this system did not creep at 70
°C over two hours, while it flowed at 150 °C (Figure 1.19). As the amount of catalyst
increased the 7, decreased. Using the same reaction of transesterification, a polylactide

vitrimer was synthesized with a different catalyst, Sn(Oct)z.m

It exhibited very short
relaxation times, such as 50 s at 140 °C, and recovered most of its mechanical properties after

compression moulding.
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Figure 1.19. Left: Angell fragility plot showing viscosity as a function of inverse temperature normalized by the

glass transition temperature. Right: Normalized stress relaxation and the corresponding zero-shear viscosities of

B-hydroxy esters vitrimers at different temperatures.'"

In order to extend the scope of application of vitrimers, different dynamic exchange
chemistries have been used. Cis-1,4-polybutadiene was cross-linked with 1 mol% of benzoyl
peroxide and then transformed into a vitrimer via the incorporation of Grubbs’ second

122 The material was dissolved in DCM with 1 mol% of

generation Ru catalyst (Figure 1.20).
benzyl peroxide and dried at room temperature. The mixture was heated at 100 °C to obtain a
cross-linked network. Afterwards, the polybutadiene was swollen in a solution of Grubbs’
catalyst and the solvent was evaporated. To get a control sample, the incorporated catalyst
was desactivated by adding an excess of vinyl ether and then washed out with DCM. The
presence of Grubbs’catalyst enables the topological rearrangement of the cross-links via
olefin metathesis and thus the relaxation of stresses. As a consequence, the elastomer could
creep over time, in contrast with the control sample, and creep was faster as the amount of
catalyst increased. The dynamic network showed swelling ratios and insoluble factions closed
to the control samples proving its cross-linked nature. However, the fact that the material

creeps at 25 °C, the cost and stability of the catalyst over ageing, limit the potential

applications of this strategy.
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Figure 1.20. Top: Schematic of Grubbs’ catalyst mediated olefin-exchange in polybutadiene matrix. Bottom left:
Increasing creep of vitrimers with catalyst loading. Bottom right: Control networks.'*

Drockenmuller and al. showed that dynamic covalent C-N bonds can be used to form ion-

. C 123,124
conducting and recyclable vitrimers.'**

After mixing the two azide-alkyne and
dibromohexane monomers, the mixture was cured at 110 °C for 48 hours, using a solvent and
catalyst free approach. The ionic network exhibited a glass transition temperature of -11 °C, a
rubbery plateau at 10 MPa, and a 7, of 98 °C. Below this transition, the material behaves as a
conventional elastomer, while at higher temperature it completely relaxes stresses and can be
reprocessed. This large difference between the high viscosities at service temperature and the
low ones at processing temperature is due to the high activation energy of the exchange
reaction, around 140 kJ/mol. Interestingly, the authors suggested two different mechanisms
for this dynamic reaction: one is a concerted nucleophilic substitution and the other assumes
that the N-alkylation of 1,2,3-triazole is a dissociative reaction. If a plateau regime is observed
in DMA between 50 and 170 °C, the storage modulus drastically dropped above 170 °C,
leading to think that the second mechanism is involved. However, the polymer still followed
Arrhenius-like behaviour below 170 °C. As a conclusion, the authors thought that the
viscoelastic characteristics of vitrimers may be reached with non strictly associative exchange

reactions.'?

Du Prez, Winne and al. developed a similar strategy with the transalkylation of
trialkylsulfonium salts.'”® A kinetic study between model compounds was conducted and
allowed determining an activation energy of 108 kJ/mol by *C NMR. The network was
formed between multifunctional thiols, dienes and alkylating agent through a thiol-ene radical
photopolymerization, and then cured at 140 °C for 90 min. Stress relaxation experiments gave
an activation energy very close to the one extracted from the model reactions, and a 7, around
65 °C, while T, remained below room temperature. The material could be reprocessed many

times with identical macroscopic properties.

45



127 -
As amides are more

Du Prez, Winne and al. prepared a catalyst free vitrimer (Figure 1.21).
stable than esters, they are less reactive than esters for dynamic reactions, which typically
require highly active catalysts. To overcome this problem, amides can be converted into
vinylogous amides or urethanes. Kinetic studies on model vinylogous urethane molecules
showed a fast exchange and the stability of the products. The reaction had an activation
energy of 60 kJ/mol, which is 20 kJ/mol lower than the transesterification reaction catalyzed
by Zn(OAc), or Sn(Oct)z.“g’121 The network was obtained in bulk from commercially
available products, but required more than 24 hours at 90 °C to reach a complete monomers
conversion. DMA analysis confirmed the elastic behaviour of the network. Indeed, above its
relatively high T, 87 °C, a 10 MPa plateau could be observed. The network could rearrange
its topology at high temperatures, with relaxation times as short as 85 s at 170 °C, thanks to
the fast dynamic of the transamination of vinylogous urethanes. The same activation energy
of 60 kJ/mol was calculated from stress relaxation experiments as for the model compounds.
No change of the material properties, such as T,, E’, tan ¢ or soluble fractions, was observed
after recycling by grinding and compression moulding, further proving the stability and the
dynamic nature of the material. The necessary presence of free amines in this system may be
an issue. Their high nucleophilicity can lead to side reactions that can for example generate
permanent static cross-links. This work was further applied to composites by pre

impregnating fibers with a solution of monomers and curing the mixture.'?

Thermoforming,
good thermal fusion of multiple layers as well as depolymerization of the network were

successfully conducted.
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Figure 1.21. Left: Exchange reaction of model compounds for kinetic studies. Right: Normalized stress

relaxation at different temperatures.'*’

Polydimethylsiloxanes were also transformed into vitrimers thanks to the amine-vinylogous
urethane exchange reaction.'”” PDMS copolymers with amino side groups were dissolved in
THF with a bis-vinylogous urethane, leading after 16h at 100 °C to polymer networks. The
material could be reshaped at 90 °C for 3h, with compression data similar before and after

recycling. It could relax 99% of stress within 10* s, but a remaining stress was observed due
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to static cross-links. Inherent cross-linking of the crude material containing pendant amine
was observed at 100 °C, even in the absence of any other chemicals. Free amines were
thought to be involved in this process, further illustrating the propention of this group to

generate side reactions.

Nicolay, Leibler and coworkers found out a novel exchange reaction, the direct metathesis
between two dioxaborolanes, that once implemented in polystyrene, polymethylmetacrylate
or polyethylene transformed these materials into vitrimers (Figure 1.22)."*° Thanks to the
high rate of exchange of the reaction at 170 °C or 200 °C, usual industrial processing
techniques, such as extrusion or injection moulding, were used for the synthesis or processing
of the vitrimers. Insoluble materials with creep and stress cracking resistance greatly

improved as compared to their thermoplastic counterparts were prepared this way.
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Figure 1.22. Left: Synthesis of vitrimers from thermoplastics. Right: Tensile properties of HDPE (gray), HDPE
vitrimer (blue) and recycled HDPE vitrimer."*’

Dichtel and al. reported reprocessable polyhydroxyurethanes (PHU) using the disulfide
exchange reaction.'”' The material could be reshaped after 30 min at 150 °C, while showing
identical rubbery storage modulus and same tan ¢ curve after recycling. Nevertheless, tensile

strength could not be fully recovered with only 65% of the initial measurement.

Inspired by reversible reaction between an amine and a thiol,"** Ishibashi and Kalow '** aim
to convert silicone elastomers into vitrimers thanks to addition of thiols onto a Meldrum’s
acid (Scheme 1.8). This reaction does not require any catalyst. Nevertheless, Meldrum’s acid
can decompose and permanently cross-link the material. After 16h at 100 °C, a 5% change is
observed in the integration of S-CHj3; protons versus an internal standard, showing the

potential stability issues of this system.
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Scheme 1.8. Reversible addition of alkyl thiols enables vitrimer synthesis.'*

Interestingly, it was observed that if more than 5 mol% of the cross-linker is added, the
elastomer becomes brittle at room temperature, meaning that the glass transition is above 20
°C. With 2 mol% of cross-linker, the T, of the elastomer remained below — 100 °C. A major
drawback of this method is the experimental set up: cross-linker and PDMS are stirred 30 min
in xylenes at 120 °C, then cured 14h at 120 °C and finally the solvent is evaporated under
vacuum for 2h. It is a too long process for any possible applications. Furthermore, dangerous
and extremely ill-smelling methanethiols are degassed during the process. Unfortunately,
dissolution tests are not reported, not probing the stability of the network in good solvents.
HPLC experiments on model small molecules gave access to the activation energy of the
exchange reaction, ca. 90 kJ/mol, which is quite high compared to others. According to stress
relaxation experiments, the stresses are not relaxed at 25 °C but are at 120 °C. A deep creep
investigation should confirm this behaviour. Moreover, final relaxation is not shown, as the
experiments were stopped when G/Gy equals to 1/e. Therefore, it is not possible to affirm that
the elastomeric material entirely relaxes stress, proving that side reaction generating
permanent cross-links did not occur during the synthesis. DMA and stress-strain experiments
after 10 recycle cycles show the reprocessability of the PDMS vitrimer, even if the strain at
break (10%) is extremely low for an elastomer. Fortunately, the activation energy is high

enough to prevent the PDMS to creep at room temperature.

More recently, Averous and coworkers made a worth reported contribution with the synthesis

of a fully bio-based vitrimer.'**

2,5-Furandicarboxaldehyde and di- or trimeric amines, all
bio-based monomers, were mixed at room temperature, then solvent casted and cured 1h at
120 °C to obtain a dark elastomeric network. An activation energy of 64 kJ/mol was
determined from stress relaxation experiments, which is consistent with literature data on
polyimines. However, as the exchange reaction is still activate at room temperature, the

system creeps at service temperature, preventing its use in common applications.
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1.3 Different pathways to graft onto rubbers

In order to prepare elastomers, it is necessary to find a chemistry that allows cross-linking of
the low 7T, thermoplastic precursors while modifying as little as possible their properties, such
as their high molecular weight, very low glass transition temperature, the strain induced
crystallisation, etc. As presented in the introduction, elastomers are mostly composed of
dienes, e.g. polyisoprene and polybutadiene, which are difficult to functionalize. In the frame
of vitrimer synthesis, the chemical modification has to be highly efficient, to permit the
grafting of the exchangeable part of the cross-linker, and compatible with the dynamic
chemistry responsible for the specific properties of vitrimers. Therefore, efficiency and

selectivity are two important characteristics for the grafting chemistry of vitrimers.

This subchapter will only present the grafting onto natural and synthetic polyisoprene, rubber,

and on polybutadiene and its copolymers, like styrene butadiene rubber (Scheme 1.9).
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Scheme 1.9. Main routes to functionalization of polybutadienes and copolymers.
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1.3.1 Epoxidation

Polydienes possess carbon-carbon double bonds that can be epoxidized by reaction with
peracids, such as peroxybenzoic or peracetic acids. *>'* The reaction is prone to induce side
reactions, such as epoxyde ring opening through the attack of carboxylic acids. To prevent
these undesired reactions, the epoxidation must be carried out carefully, with a precise control
of the temperature and concentration of peracids.137_139 Usually, the peracid is formed in situ
by adding hydrogen peroxide and carboxylic acid. This method allows all degrees of
epoxidation to be reached.

Epoxidation is a random process, as proved by Davey and Loadman through combination of
titration methods with infrared spectroscopy and DSC analysis."*” >*C NMR confirmed this
result showing that epoxidation reaction has a random distribution, regarless of the process; in
homogeneous solution or in latex particles.141 Performic acid can also be used as oxidizing
agent. However, due to its high acidity, the formed oxiranes can be ring-opened to yield

glycol, which can lead to cross-linking through ester linkages. '**
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Scheme 1.10. Epoxidation followed by further functionalization of polydienes.

Interestingly, selective conversion of polyutadiene double bonds in copolymers can be done
with -BuOOH and metal systems, but this method is very sensitive to oxygen and

humidity.'*

Bates and al. presented a new method to selectively epoxidize isoprene units,
while the vinyl units from butadiene monomer do not react, and only half of the 1,4-butadiene

units are epoxidized.144 Instead of peroxyacid, a dimethyldioxirane is formed in situ from
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acetone and potassium monopersulfate at 0 °C. The reaction is let heat up to room
temperature and stirred for 18h, before extraction and precipitation in methanol. Lucki and al.
reported the oxidation of 1,2-polybutadienes by molecular oxygen, singlet oxygen and ozone

by UV and infrared spectroscopy. Cross-linking was observed in all cases. 145

Zuchowska reported that the reactivity of polybutadienes towards epoxidation is very
dependent on the microstructure of the polydiene.146 In 1,2-polybutadiene, the trans units are
more reactive than the cis ones, and vice-versa for the 1,4-polybutadiene. Furthermore, vinyl
bonds are always less prone to epoxidation than double bonds from the main chain. All these
differences may be due to different chain conformations. This was confirmed by Wang and al.
who used H,O;, as oxidant and ammonium tungstate hydrate and phosphoric acid a co-

catalysts, to prevent sides reactions and gelation at high epoxidation levels.'*’

Once the polydiene is epoxidized, the epoxy ring can be opened by common nucleophilic

species, such as amines, acids or alcohols (Scheme 1.10).148

Cross-linking can occur with primary amines, which can react with two equivalents of
epoxide, but cyclization products can be also obtained with high epoxy contents, as

demonstrated by Perera.'®’

In this study, it was confirmed that the conversion of opened
epoxide, calculated from the intensity of the oxirane hydrogen peak, was higher than the
nitrogen content at high conversion. This was further confirmed by gel content values around

20%.

Brosse and al. reported the modification of epoxidized polydienes through the study of model

. . . . 1150
reactions with benzoic acid.

The influence of the temperature, concentration, solvent,
carboxylic acids, and catalyst was investigated. It was showed that high concentrations
combined with polar solvent and basic catalyst such as dimethylformamide and pyridine
accelerate the reaction. At temperatures above 130 °C, the yield reached 70%. However, if
dimethylformamide dissolve the model compounds, it is a bad solvent for polydienes, which

prevents its use for this reaction.

Another strategy was used to functionalize epoxidized polybutadiene.151 After the epoxidation
with meta-chloroperoxybenzoic acid, epoxy ring were opened with HCI, and the obtained
alcohols were further reacted with sulfonyl isocyanate. The overall process, which is
composed of three successive reactions, gave a global yield superior to 90%, and all the

reactions were conducted at room temperature and for less than four hours.
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Pire and al. cross-linked epoxidized natural rubber with dodecanoic diacids (DA). Optimizing
the ratio between DA and epoxy sites, very high strain (650%) and stress at break (SMPa)
could be obtained."”? A good compromise was reached because on the one hand, this cross-
linking process creates covalent ester bonds that show a good stability, while on the other
hand, the use of long diacids with 12 carbons provides flexibility and low steric hindrance.
The resulting DA-cross-linked ENR showed good ageing resistance and fatigue properties.
Very interestingly, the reaction was conducted in bulk with a pre-mixing step followed by the
curing under press at 180 °C, simulating industrial conditions. Curing was completed within
less than 30 minutes thanks to the addition of 1,2-dimethylimidazole.This base acts as an
accelerator for the epoxy reaction through activation of DA by quantitative formation of the
corresponding imidazolium salt. After the reaction, 1,2-dimethylimidazole is deprotonated by
the alcoholate. This salt is soluble in ENR and ensures the good dispersion of the curing agent
in the rubber matrix. The mechanism of the reaction was studied by solid-state NMR
spectroscopy, confirming the formation of B-hydroxy esters along the chains.”® The
imidazolium dicarboxylate preferentially opens the epoxy at the less substituted side which is
consistent with a mechanism associated to basic conditions. Furthermore, it could be shown
that 1,2-dimethylimidazole-induced acceleration of the cross-linking process reduces
secondary reactions that are otherwise favoured by long curing times. Thermal stability and
fatigue experiments showed that this system offers a good compromise between the properties
obtained with standard sulphur- or peroxide cross-linked samples, making this new

. . .. 154
vulcanisation process really competitive.'

Acrylic functions could also be grafted thanks to the reaction of acrylic acid onto epoxide
rings.">>'*® The reaction was followed by infrared spectroscopy through the decrease of a
band at 870 cm™ associated to the epoxy group, while the methyl group of the isoprene unit
was taken at the reference peak at 1357 cm™. The grafting was completed after 2 hours at 80
°C in toluene or 16 hours at 35 °C. Molecular weights were not affected by the grafting.
However, the exact determination of the grafting yield was not reported, especially with

NMR, because the disappearance of epoxy may also be caused by side reactions.

1577160 s o metimes

If carboxylic acids are commonly used to graft onto epoxidized polydienes,
even in combination with diamines,” others nucleophilic agents have been considered.
Derouet and al. investigated the alcoholysis of epoxidized polyisoprene with model molecules

and then studied directly on the polymer.'®"'®* Mild conditions could be used, such as 25 °C
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in chloroform or in bulk, but a catalyst, like cerium ammonium nitrate, is needed. After 72
hours, 88% of the epoxide groups were converted into alkoxylated units. The effect of alcohol
substituent was studied and their reactivity was related to their structure. Indeed, electron
withdrawing groups decreased the reactivity of the alcohol and thus favoured the
rearrangement of epoxy to ketone and allylic alcohol units. A decrease of the number average
molar mass, M,, and an increase of the mass average molar mass, M,,, was observed resulting
in an increase of the molecular weight distribution. This is probably a consequence of the

combination of main chain cleavage and coupling processes.

Other nucleophiles were grafted onto an epoxidized styrene butadiene block copolymer, 2-
mercaptobenzothiazole, 2-mercaptopyridine, N-methylpiperazine or acid chlorides in boiling
THF, but grafting yields were not reported.'® A broadening of the GPC peak was observed
for all the nucleophiles, while the modification of epoxidized polymer by acid chlorides was

free of side reactions.

1.3.2 Oxidative cleavage to yield telechelic oligomers

Another way to incorporate reactive groups is to cleave polymer chains. Photodegradation

164,165 6 cy
and oxidative

with hydrogen peroxide, chlorine, or benzophenone, ozonolysis16
chemical degradation by periodic acid or cleavage of epoxidized polydienes'®’ are suitable
methods.

Gillier-Ritoit and al. investigated the HsIOq oxidolysis of double bonds in polyisoprene.168
Two methods were used: epoxidation with meta-chloroperoxybenzoic acid followed by HsIOg
cleavage, or the direct oxidation with two equivalents of periodic acid (Scheme 1.11). The
comparison between these two procedures led the authors to propose a two-step mechanism
for the second method. During the first step, one equivalent of periodic acid reacts with the
double bond, resulting in an epoxide or alpha-glycol. Then, in the second step, the epoxide or
alpha-glycol is cleaved into a ketone and an aldehyde by reacting with another equivalent of
periodic acid. This last step is thought to be faster than the first one, because neither epoxide

nor glycol could be detected during the course of the reaction.
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Scheme 1.11. Oxidative routes to obtain carbonyl telechelic polydienes in one pot. Left: Chain cleavage of
epoxidized polydienes. Right: Chain cleavage by periodic acid only.

Peruch and al. demonstrated that the two step degradation of polybutadiene, i.e. epoxidation
with meta-chloroperoxybenzoic acid followed by HsIOg addition, gives more controlled molar
mass (between 5 000 to 50 000 Da) with lower disperstity (around 1.5) than the direct
oxidative cleavage with periodic acid alone.'® In particular, the direct oxidation cleavage is
not suitable to form small telechelic chains of polybutadienes. This is still true for
polyisoprene, but to a lesser extent. The authors applied this method to transform cis-1,4-
polybutadiene into thermoreversible elastomer through Diels-Alder chemistry.'’®!"" The
telechelic polybutadiene with aldehyde groups was further functionalized to introduce furan
end-groups and cross-linked with a bis-maleimide. Mechanical properties were tuned by
varying the amount of cross-linker and the telechelic chain length. In addition, the mechanical

properties were fully preserved after five recycling cycles.

1.3.3 Grafting of maleic anhydride derivatives through ene or radical reactions

Polydienes are reactive towards maleic anhydride and its derivatives.' " They were first used
in the 50’s to vulcanize unsaturated and saturated polymers.'”” Dimaleimides, such as N-N’-
m-phenylenedimaledimide, was shown to cross-link natural rubber at 180 °C within 30

minutes in the absence of any other chemical.'”* But the high temperature used led to polymer
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degradation and thus poor mechanical properties. The addition of a radical initiator, such as
dicumyl peroxide (0.3wt%), to the dimaleimide allowed curing at lower temperature (155 °C),
which provided a vulcanised rubber with better properties. Both aliphatic and aromatic
dimaleimides gave highly cross-linked natural rubber when peroxides were added. Initiating
free radicals abstract an allylic hydrogen from natural rubber to give a free radical on the
polymer chain (Scheme 1.12). This radical can subsequently react with the carbon-carbon
double bond of the dimaleimide. It bears now the free radical which can transfer to another
polymer chain. The other carbon-carbon double bonds of the dimaleimide can then react

following the same reaction scheme, yielding a cross-linked rubber.

Radical initiator
+

Scheme 1.12. Mechanism of maleimide grafting onto polyisoprene.

Very interestingly, the addition of a monomaleimide, namely N-phenylmaleimide, also led to
the vulcanisation of natural rubber, but less efficiently. As the first mechanism mentioned
above could not explain this result, a second mechanism was proposed. Once the radical is
borne by the maleimide, instead of chain-transferring it can also react onto a double bond of
the polymer chain or can undergo termination through combination with identical

monomaleimide. In both cases, cross-links are produced.
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The influence of various parameters on maleic anhydride grafting onto polybutadiene, such as
the temperature, nature and concentration of radial initiator, was investigated in toluene.'”
The temperature of the reaction medium had to be kept below 70 °C to prevent cross-linking
of polybutadiene. Benzoyl peroxide was observed to be two times more efficient than AIBN,
but with a maximum grafting yield of 12%. Molecular weight distribution was not reported,
nor the influence of the solvent. When temperatures were too elevated, reaction times too long

176 C e
d.””” Aromatic diamines were

or peroxide too concentrated, insoluble fractions were observe
added to prevent these cross-linking reactions but the grafting was then lower.'”” Addition of
styrene could improve the grafting without affecting the insoluble fraction. 178 Finally dicumyl
peroxide was even better than benzoyl peroxide and toluene was proved to be the best solvent

to perform the grafting.179

Chino and Ashiura modified polyisoprene rubber into maleated polyisoprene through ene

chemistry (Scheme 1.13).180

Maleic anhydride was mixed in a kneader with an antioxidant,
aromatic oil, xylenes and rubber at 210 °C for 60 min to yield a maximum 75% of grafting.
Aromatic oil and xylene should act as activators while the antioxidiant should prevent the
rubber from being degradated but no information about molecular weight were provided. 3-
Amino-1,2,4-triazole was then reacted with the grafted maleic anhydride to form a
supramolecular network, tanks to pendant moieties that can be involved into six hydrogen
bondings. The conversion of maleic anhydride was not calculated. However, the obtained
mechanical properties were comparable to those of sulphur-vulcanized polyisoprene.
Furthermore, the material could be reformed up to ten times. The mechanical data were not
reported to confirm the good recyclability of this network. The low Ty, of around -61 °C, was
conserved through the chemical modification, while a new endothermal peak appeared in
DSC at 180 °C. It was attributed to the cleavage of hydrogen bonds, indicating that the
recycling required higher temperatures to get a viscosity sufficiently low to enable the

reprocessing. However, so elevated temperatures could damage irreversibly polyisoprene

whose heat resistance is low.

56



n 60min,210°C 30 min, 80 °C

Scheme 1.13. Modification of polyisoprene to graft a hydrogen donor and acceptor moiety. '*

This strategy was used to graft furan moieties further cross-linked with a dimaleimide,"™" or to
create dual-networks with hydrogen bonds, coordination bonds and static covalent bonds in

order to enhance cracking resistance through energy dissipation from sacrificial bonds.'*

Maleic anhydride (MA) is a powerful molecule to functionalize polymers but is well-known
to undergo homopolymerization at elevated temperatures. Roover and al. observed oligomers
of maleic anhydride by SEC after reacting MA with polypropylene with and without
peroxides." Such side reactions may increase their local concentrations. They are not
necessarily randomly dispersed along polymer chains but instead oligomers of maleic
anhydrides are grafted onto the chains, which changes the topology of the modified rubber

and could affect its dynamic properties.

1.3.4 Vinyl monomer and nitroxide grafting

Scheme 1.14. Grafting of styrene on polyisoprene.
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Many vinyl monomers can be polymerized from polydienes using the “grafting from” method
through the abstraction of the allylic hydrogen with radical initiators.'**"** Bloomfield and al.
reported the graft polymerization of vinyl monomers onto natural rubber both in solution and
in latex (Scheme 1.14)."° Benzoyl peroxide gave better grafting yield than AIBN, for which
only 5% of polymerized monomer gave short grafted poly(methyl methacrylate) (DP, = 20)
while the rest gave long free polymer chains (DP, = 2000). However, the grafting of styrene
improved the tensile strength and rubber grafted with methyl methacrylate presents excellent
fatigue resistance. The amount of polystyrene incorporated was independent of the initiator
concentration. Interestingly, the growing chain showed no tendency to react with rubber.'?!%2
It means that polybutadiene rubber is grafted when attacked by reactive primary radicals
formed by the decomposition of the initiator rather than by transfer with the less reactive
radicals from growing chains. This was further confirmed by Brydon and al., who also
claimed that AIBN produced no graft copolymer at all on polybutadiene.'” The grafting of
side chains of polystyrene was predominant to monomer homopolymerization at lower
temperatures (65-85 °C), at higher dilutions, and polymer/monomer ratios. 184.194 According to
Kitayama and Vogl, the grafting of a styrene derivative depends on the structure of the
polybutadiene.'” The grafting efficiency reached 56% with 1,2-polybutadiene, while grafting
was limited to 14%. with 1,4-polybutadiene

=L~ = 1=~

A

Scheme 1.15. Modification of polyisoprene via the incorporation of alkoxyamine moieties, initiated or not by
peroxides or nitroxide itself.

More direct pathways were proposed by Bonilla-Cruz and al.'® The first method used
peroxides to generate radicals onto the polymer backbone, which are subsequently trapped by
nitroxides to form alkoxyamine links (Scheme 1.15). The second approach consists in heating
a mixture of nitroxide and polybutadiene, without peroxides. The first method gave a grafting

yield of around 58%, while the second approach achieved efficiency between 60 and 70%.
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The molecular weight was shifted to higher values matching with the incorporation of
nitroxide moiety. In both cases, a shoulder at low elution volume was observed by SEC,
which was attributed to branching and minor cross-linking. Light broadening towards lower
molecular weight was also observed, which could indicate some chain cleavage because of /-
scission. Once the alkoxyamine was present on the polybutadiene backbone,

97 The network

homopolymerization was conducted adding maleic anhydride or styrene.
could be cut into small pieces and reprocessed at 130 °C, or higher temperatures, by
compression moulding followed by a cooling step to obtain a recycled material. Storage
modulus decreased over recycling meaning the numbers of cross-linking point also

dropped.'”®

1.3.5 Catalyst

Many reactions involving catalysts have been reported to functionalize polydienes, including
hydroformylation, hydrocarboxylation, aminomethylation, hydrosilylation, oxidation,
epoxidation and hydroboration (Scheme 1.16). They required expensive and rare catalysts

such as rhodium, platinum and palladium.199’20O

Hydroformylation
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Scheme 1.16. Functionalization of polybutadiene by metal-mediated processes.
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1.3.6 Thiol chemistry

One of the most promising chemical routes established to functionalize existing polymers is

based on thiol-ene click chemistry,?' "

which can precisely modify the physical,
mechanical, optical, and other key properties of polymers. The reactions between
multifunctional monomers and multifunctional thiols are part of attractive and versatile

methods that can be used for the preparation of adhesives, sealants and coatings.

1.3.6.1 Thiol-ene click

Thiol-ene polymerizations are reactions between multifunctional thiol and ene (vinyl)

monomers, which proceed via a step growth radical addition mechanism. Initiation is

204

achieved through generation of radical centers, using thermal or photo initiators.” Thiol-ene

addition reaction was discovered in 1905 by Posner, who investigated the kinetics of the

. e 205
reaction and monomer reactivities.

Thiols can readily react with many functional groups, such as carbon-carbon doubles and
triple bonds through radical reactions, or epoxides and isocyanates through nucleophilic
reactions. Thiol-ene reactivity is well known since 1905.2% However, thiol reactions have
gained significant attention these recent years due to efficiency to functionalize polymers.
Indeed, these reactions combined many advantages, including mild reaction conditions, high
yields and rapid conversion. Thanks to these characteristics, thiol chemistry belongs to the

“click chemistry”.

1.3.6.2 Radical thiol-ene

Photopolymerizaion of thiols compounds with carbon-carbon double bonds is very attractive

. . 206—
to cure thermosets, obtain homogenous networks, have narrow glass transition. 06

212 S . . 213 ¢ 214 215
Applications range is very wide, from surfaces treatment,” ~ lithography, © membranes,

216 4

hydrogels, dental resins, 7 dendrimer synthesis,21 and linear, branched or star

214,21
copolymers.*'**!8

. . 215,219,22
In some cases, thiol—ene chemistry has been employed *'°2'%*%

as an efficient avenue by
which to impart additional chemical functionality. It has been remarkably successful in

generating polymers with tunable bulk®*' or surface *** functionalization, as well as
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responsive polymers capable of switchable patterns.”” This kind of post functionaliztion

involves polymers with double bonds, especially vinyls one because of their higher reactivity.

Butadiene based polymers have been modified successfully with thiols. Serniuk was the first

to report the grafting of alkyls thiols onto 1,2-PB.**

Boutevin and al. reported the radical
addition of fluorinated, hydroxylated or phosphorinated thiols onto telechelic
polybutadienes.m*227 A fraction of thiols was grafted on the 1,4 polybutadiene, even if vinyl
bonds are more reactive than vinylenes. Schlaad and coworkers studied in details the

228230 Functionalization of

modification of butadiene copolymers via thiol-ene chemistry.
hydrophobic copolymers with hydrophilic molecules is used widely for encapsulation.
Modification of polymers bearing pendant double bonds away from each other prevent
intramolecular cyclization. Hawker and al. synthesized styrene, methacrylate and
caprolactone based copolymers with pendant vinyl bonds. These polymers were post-

modified with thiols to reach high degrees of functionalization, around 999, %!

./ P
SR \/
Thiole-ene product /_\

Radical initiator + SH =~ ———> rs®

ot <

Scheme 1.17. Mechanism for the hydrothiolation of carbon-carbon double bonds of poly(1,2-butadiene) in the

presence of a radical initiator. Green arrow: initiation, black arrows : propagation and red arrows : termination.

The general mechanism of thiol-ene chemistry was proposed by Kharasch and al.>** Once
photo or thermal initiator is decomposed or excited, the initiator abstracts a hydrogen from a
thiol generating a thiyl radical that can propagate, meaning it attacks the double bonds

yielding carbon centrered radical (Scheme 1.17). This radical may then transfer to a free thiol
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producing the copolymer and generating a new thiyl radical, which can propagate again.
Radicals are also prone to terminate, by coupling of two thiyl radicals to yield disulphur
compounds, by reaction between two carbon radicals, or by recombination involving a thiyl

and a carbon radical.

Grafting reactions are often conducted on polybutadiene with high vinyl contents (superior to
80%) in solution using AIBN as a thermal initiator. Thiols are typicallly used in large

234
excess,>

with a molar ratio thiol/C=C varying between 5 and 40, which allows to
functionalize 60 to 80% of the double bonds. Intermolecular cyclization prevents the reaction

to reach higher yields.

Interestingly, thiol-ene polymerization can proceed readily even in the absence of initiator. A
thiol (pentaerythritol tetrakis(3-mercaptopropionate) was shown to copolymerize with vinyl
ether, allyl, acrylate, methacrylate and vinyl benzene monomers.”> These thiol-ene
polymerizations are photoinitiated without any photoinitiator at all. Thiol-vinyl and thiol-allyl
polymerizations were shown to be true stoichiometric step-growth reactions, while thiol-
acrylate, methacrylate and vinyl benzene polymerizations proceeded via a combination of step
growth and vinyl homopolymerization reactions. Commercial SBR could be cross-linked
using the thiol-ene click chemistry just by heating up the bulk mixture to 160 °C. **° The

temperature was high enough to generate radicals, leading to the grafting of the thiol.

The reactivity of the thiol-ene reaction depends on the structure of both alkenes and thiols.
Vinyls bonds are more reactive than vinylenes bonds. The latter are prone to undergo cis-trans

isomerisation and have often a steric hindrance more pronounced than vinyl groups.

Thiol-ene chemistry can be used to functionalize chain-ends to change their properties. Many
polyolefins have terminal double bonds that can be used for thiol-ene modification.
Polyisobutylene (PIB), polypropylene and polyethylene were modified with many different
thiols.”” Surface tension of PIB could be decreased thanks to the incorporation of a
fluorinated thiol. Radical thiol-ene chemistry is widely used to functionalize polymers bearing
vinyl double bonds. This versatile chemistry enables to graft many different groups onto these
double bonds, very quickly and with high yields. Usually, small molecules are used because

the grafting efficiency decreases with the size of the thiol.
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1.3.6.3 Nucleophilic thiol-ene

Thiole-ene product
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Scheme 1.18. Left: The proposed base-catalyzed mechanism for the hydrothiolation of an activated carbon
carbon double bond. Right: Examples of activated substrates susceptible to hydrothiolation via a
base/nucleophile-mediated process.

When the double bonds are electrophilic, such as (meth)acrylate derivatives, maleimides or
fumaric esters, the thiol addition is a nucleophilic addition, known as thio Michael addition
(Scheme 1.18). The reaction mechanism follows two steps, first thiolate ion is obtained
thanks to a base, and then it reacts onto the double bond to yield enolate. Finally, the
protonated base or another thiol gives up its labile proton to yield the desired thioester.
Interestingly, the thiol deprotonation may be spontaneous when the solvent has dielectric
constant high enough, no base 1is then required. Otherwise, bases such as
benzyltrimethylammonium or triethylamine or sodium methoxide are usually employed. In
some cases, the base can also attack the double bond to yield the enolate which generates the
thiolate ion. Usually conducted at room temperature, the reaction yield depends on solvent

polarity, pH, pKa of the base, thiol nucleophilicity and electrophilicity of the double bond.

Moreover, polymers, synthesised by RAFT (reversible addition-fragmentation chain-transfer)
polymerization, have a thiocarbonylthio function readily convertible into thiols through
aminolysis, for example. These polymers may react with acrylates or maleimides through the

thio Michael addition.****
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1.3.7 Others

Alder-ene reaction with triazoline diones

Triazoline diones (TAD) possess a chemical structure similar to maleimides.’*® However,
triazoline diones react much faster and have a far higher thermodynamic driving force than
maleimides. That is why they can react with much more substrates. The Alder-ene reaction
involves an enophile with a carbon-carbon double bond and an ene reactant containing an
allylic proton. First described by Alder and al. in 1943, this reaction is very similar to the

Diels-Alder reaction.?*!

Butler and al. used this reaction to graft hydrogen bonding moieties
onto polydienes (Scheme 1.19).24%%8 Polymers and copolymers of 1,3-dienes, both butadiene
and isoprene, were modified with triazoline diones. The polymers were dissolved in dry
benzene or THF, and 4-phenyl-1,2,4-triazoline-3,5-dione or 4-methyl-1,2,4-triazoline-3,5-
dione was added very quickly to the polymer solution at room temperature. The reaction was
completed within less than 5 minutes for cis-1,4-polyisoprene, cis and trans polybutadiene

and styrene-butadiene copolymers, while it required 1 to 6 hours to functionalize 1,2-

polybutadiene and acrylonitrile-butadiene rubber.
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Scheme 1.19. Grafting reaction of triazoline dione onto polybutadiene or polyisoprene.

With feeding ratio of 1 mole of reactant for 1 mole of repeating unit, grafting yields as high as
78 to 93% were obtained after 48h of reaction as indicated by elemental analysis of the
nitrogen content in the functionalized polymers. The amount of grafted urazole groups could
be tuned at will, but too high incorporation resulted in very important changes of the
physicochemical properties of the rubber. Above 10-20 mol% of functionalization, the
copolymer started to precipitate out of the reaction medium. The hydrogen bonds formed
between the urazole groups and their polarity limit the solubility of the functional polymers.
The maximum modification allowed in order to retain thermoplasticity was found to be 7
mol% for cis polyisoprene, and 0.3 mol% for cis and trans polybutadiene. Glass transition
was also drastically affected by the triazoline diones incorporation, with an increase of 20 °C

with 10 mol% of urazoles for polyisoprene and 1,2-polybutadiene. The decrease of molar
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mass observed in GPC in chloroform was attributed to intramolecular hydrogen bonds within
polymer chains, through urazole pendant groups, leading to a decrease of the hydrodynamic

volume in this non protic solvent and thus a higher retention volume.

As the urazole alone form weak complexes, they are easy to dissociate leading to permanent
deformation of the polymer. To address this problem, Hilger and Stadler modified the urazole
group attached to polybutadiene. They used an urazole groups that contained carboxylic acid
function as a difunctional hydrogen donor and acceptor, in order to form linear

MM A5 a consequence, the grafted copolymer showed equivalent

supramolecular chains.
elastomeric properties to thermoplastic elastomers.

A different urazole, 5-urazoylisophtahalic acid, was grafted onto polybutadienes to obtain
TPEs with melting temperatures ranging from 130 °C to 190 °C, depending on the
functionalization degree..**® Excellent mechanical properties were achieved, with stress at

break between 2 and 6 MPa and strain at break around 1000%. However, for temperatures

above 150 °C, irreversible cross-linking occurred, preventing the polymer from reprocessing.

Cross metathesis functionalization

Another interesting approach to functionalize rubber is to use the cross metathesis reaction.
Ying and al. reacted cis-2-buten-1,4-diol based chain transfer agents containing —Si(OEt)3 or
—SiMe; functionalities with poly(cis-1,4-butadiene) to yield telechelic polybutadienes.247
Because direct cross metathesis of polybutadiene with the targeted molecule is not efficient,
the crude polybutadiene needed first to be activated by Grubbs 2nd generation catalyst in
solution over 8 hours (Scheme 1.20). Dichloromethane was evaporated and the chain transfert
agent was added in bulk to functionalize the polymer for 8h. The conversion was determined
by weight differences before and after column chromatography on acidic silica gel and varied

from 13.5% to 91.5%, depending on the concentration of catalyst and of the nature of the

transfer agent.

Grubbs
2" generation

L e A

. 8h CH,Cl, weu 8h, bulk

Scheme 1.20. Synthetic scheme for the end-functionalization of polybutadiene through cross metathesis.
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This type of functionalization can only be used to attach new groups onto the chain-ends. The
number of functions per chain cannot exceed two while to modulate the cross-link density of
the future network it is preferable to be able to graft as many cross-links per chain as it is
desired. Another limitation comes from the reaction itself. Indeed, cross metathesis leads to a
decrease of the molecular weight of the polymer. In the present example, the M, decreased
from 200 000 Da to 28 000 when PB was mixed by Grubbs’ catalyst and further decreased to
20 000-2000 Da during the functionalization step. As molecular weight significantly affects
the properties of elastomers, such a drastic drop considerably alters the mechanical properties
of the polymer. Last but not the least, the reaction requires an expensive catalyst, , which can
favour side reactions, and can lead to phase separation, or be released over time. The highest

conversation values were obtained for catalyst ratio of 2%, which is not negligible.

Multicomponent reactions

Multicomponent reactions have recently attracted the attention of polymer scientists. Barner-
Kowollik and al. used a well-known electrophilic multicomponent reaction in order to
functionalize a low molecular weight polybutadiene (M, of 9 200 Da, 23% vinyl and 77%
vinylene) with different kind of nucleophilic species (Scheme 1.21).>*® For instance,
pentafluorobenzoic acid was dissolved in dry THF with polybutadiene and N-
bromosuccinimide was added dropwise at 0°C and the reacton was let run during 22 hours.

Yields varied a lot depending on the nature of the carboxylic acid.

NBS, NuH, THF,
0°C, 1h then rt, 24h

Scheme 1.21. The MCR modification of polybutadiene with a nucleophilic partner.

Even if the grafting yield could reach very high value (from 0 up to 99.5%), the only ratio
used between the nucleophile and C=C repeating unit was 1 to 1. No lower targeted
functionalization degrees were reported. Furthermore in every case, all the carbon-carbon
double bonds disappeared during the reaction, meaning the grafting is not sufficiently

selective and lots of side reactions occurred and consumed the dienes. Vinyl and vinylenes
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were prone to react in the same manner according to the authors. The nucleophile partner had
to be rather acidic; it is the reason why the authors only used carboxylic acids. This reaction
led to the bromination of the polybutadiene, which could change the thermal or chemical

stability of the material.

Onchoy and al. reported the direct electrophilic addition of N-bromosuccinimide onto natural
rubber in latex at room temperature, with FeCl, as a catalyst.249 The aim of this modification
was to enhanced adhesion between rubber and silica filler thanks to hydrogen bonding and
polar interactions. An incorporation degree of 2 mol% of bromine was determined according
to '"H NMR. However, many characterisations were missing as the molecular weight of the
modified polymer, while the grafting yield remained unclear. Usually such reactions are prone

to generate cross-linking as side reactions.

Nitrile N-oxides

Takate and al. designed a bifunctional nitrile N-oxide in order to cross-link natural rubber.>
The reaction was carried out in toluene at 90 °C over one day. Low feed ratios were used,
between 0.1 and 1.0 mol%, which corresponds to 10 and 100 cross-links per chain,
respectively. 'H NMR could not detect the signals from the protons of the N-oxide due to its
very low content. The network with esters groups could be dissolved after immersion in a
KOH suspension in THF/MeOH/H;0 mixture. SEC measurements of this solution showed a
decrease of the molecular weight by a factor two. No characterization was carried out with
mono functional nitrile N-oxide to check the grafting yield and to study the kinetic of the

reaction.
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1.4. Conclusion

Increasing the part of recycled rubber is mandatory to reach a circular economy. Due to their
sulphur or peroxide based cross-linking, elastomers are intrinsically very challenging to
recycle regardless of the technique used: thermo-mechanical, microwaves, ultrasounds or
chemical. Incineration cannot be considered as a sustainable approach due to the emission of
green house gases and production of incinerator bottom ashes as side products, while

pyrolysis is highly energy consuming.

Switching from static to dynamic cross-links may be a good solution to address this problem.
Dynamic bonds rely on both physical and chemical bonds that possess different advantages
and drawbacks. Thermoplastic elastomers are fully reprocessable but their heat resistance is

too poor for demanding applications.

A very interesting solution could be to transform classical rubbers, such as polyisoprene and
polybutadiene, into vitrimers. This method would keep the major characterics of rubber such
as solvent resistance and elasticity, but impart recyclability to them. Many dynamic exchange
reactions have been developed last decades, involving C-N, C=N, C-O or S-S dynamic bonds.
All these reactions possess specific activation energies and rate constants. These parameters
need to be well adapted to vitrimers, which require an associative covalent chemistry that is
highly dynamic at processing temperature, while almost frozen at service temperature. Such a
fine reaction is not easy to find. Futhermore, the dynamic moieties have to be stable at
elevated temperature and not prone to side reactions that would generate static bonds. S-S
bonds are already used in conventional curing of rubbers and do not lead to recyclable
elastomers. C-N and C=N bonds may give free amines that are sensitive to oxidation and are
highly reactive towards many functional groups. C-O bonds have the same problem with
alcohols and require very elevated temperature and the presence of a catalyst to accelerate the
exchang reaction. Boronic esters are thermally and chemically stables, while B-O bonds are
highly dynamic in certain conditions. Therefore, boronic esters can be considered as

interesting candidates to transform elastomers into vitrimers.

However, finding a dynamic reaction is not sufficient to reach this objective. Dynamic
moieties have to be grafted onto the polydienes to cross-link elastomers as polyisoprene and
polybutadiene. Epoxidation is a common way to functionalise polydienes but it requires two

steps to introduce the dynamic part. Nitroxide and maleic anhydride derivatives may graft
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onto rubbers but they are prone to generate side reactions. Many reactions led to an increase
or decrease of the molar mass. Thiol-ene chemistry is an efficient and versatile tool that could
be useful for the grafting onto vinyls bonds, but faced some limitations when expose to

vinylenes.

Therefore, finding a combination of dynamic exchange reaction and grafting chemistry

adapted to transform elastomers into vitrimers is highly challenging.
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Chapter 2 - Polybutadiene Vitrimers Based on
Dioxaborolane Chemistry and Dual Networks with

Static and Dynamic Cross-links

2.1 Introduction

Vitrimers are polymer networks that are able to change their topology through degenerate
exchange reactions.' ™ As a result, vitrimers behave like elastic solids when the topology of
the network is frozen and like viscoelastic liquids when exchange reactions are operating. The
degenerate nature of the exchange reactions ensures that the number of chemical bonds
remains constant regardless of the temperature. Vitrimers present a unique combination of
properties, which can include recyclability, creep resistance, enhanced adhesion, adjustable
solid-to-liquid transition, environmental stress-cracking resistance, shape memory, and self-
healing ability.>”

2,4,5,10-17

Most vitrimers have been prepared so far through a step growth process, yet

examples of vitrimers prepared by a chain-growth polymerization or from thermoplastic

3,7,18-23
precursors have been reported recently.

The latter approach is particularly attractive
from an application and industrial point of view, as it allows transforming thermoplastics into
vitrimers without changing existing syntheses. With more than 27 million tons produced per
year, conventional vulcanized elastomers raise important environmental issues because of
their non-recyclability. Polydiene (co)polymers account for more than 80% of the global
rubber market. Transforming these elastomers into vitrimers would endow them with
recyclability, welding ability and potentially self-healing properties.”*° For instance, Tang,
Guo et al. reported the synthesis of recyclable and self-reparable styrene-butadiene rubbers
incorporating dioxaborolane cross-links.”® However, while creep resistance at service
temperatures in high glass transition temperature (7,) and semi-crystalline vitrimers is ensured
by the absence of motion of polymer molecules, the situation is drastically different for
elastomeric vitrimers. For such materials, creep resistance is solely provided by the chemical
cross-links, which translates for vitrimers into the ability to quench the exchange

5,19,31,32

reaction. In that context, ideal exchange reactions are those with a large activation

energy, as the life time of the dynamic links would be extremely long at room temperature, to
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prevent creep, and very short at high temperature, to provide good processability.33 On the
other hand, exchange reactions that are highly dynamic but present a low activation energy,
such as dioxaborolane metathesis,’ appear as poor candidates to design elastomers with good
creep resistance. Yet, dioxaborolanes are very interesting dynamic links to prepare vitrimers
thanks to their compatibility with a large number of chemical functions and their very high
bond dissociation energy.7’34_36 Therefore, we were interested to investigate the possibility to
prepare creep resistant vitrimers relying on dioxaborolane cross-links. To conduct this model
study, we decided to use a low molar mass unentangled polybutadiene (PB) as a vitrimer
precursor, in order to emphasize the effect of the dynamic cross-links onto creep resistance.
Using a bis-thiol dioxaborolane cross-linker, vitrimers with various cross-linking degrees are
obtained in a single-step and used to perform a comprehensive study of the impact of the
cross-linking density onto the physicochemical and thermomechanical properties of these
materials. In order to develop reprocessable and recyclable elastomers with improved creep
resistance, dual networks incorporating various fractions of dynamic and static cross-links

were also prepared and compared to networks containing solely static or dynamic cross-links.

mmm o o w

0‘ °
B /
e vy
y
AN \/j‘
HS
=

- Zr a ‘s\/\/\/\s/I\

\ Polybutadiene / x

o SH
1
BE-SH Sad - *jHW 40— o 0 ,
N J/ N OO
HS o Y% SH

< LA

0
B
@ PB-g-BE Vitrimer m

Figure 2.1. Synthesis of: polybutadiene grafted with dioxaborolanes (bottom left), polybutadiene vitrimers
(bottom right), polybutadiene dual (top right) and static (top left) networks.
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2.2 Experimental section

2.2.1 Materials

Polybutadiene (PB) (vinyl content = 84 mol %, M, = 3.9 kg/mol, D = 1.48), 1-thioglycerol
(98%), 1,6-hexanedithiol (96%), benzene-1,4-diboronic acid (98%), phenylboronic acid
(97%), 1,2-propanediol (98%), 2,2’-azobis(2-methylpropionitrile) (AIBN) and magnesium
sulfate (MgSO4) were purchased from Sigma-Aldrich. Toluene, anisole, tetrahydrofuran
(THF) and methanol were obtained from Carlos Erba and CDCIl; from Eurisotop. Unless
otherwise noted, reagents were used without further purification. Solvents (including
deuterated solvents) were dried over activated 3A molecular sieves under an inert atmosphere
for at least 72 hours prior to use. Glassware used for dioxaborolane and vitrimer syntheses
was oven-dried and then heated with a heat gun while being purged with dry argon (< 0.5
ppm H,O). AIBN was recrystallised from methanol. Diols were dried over MgSO4 and

filtered before use.

2.2.2 Characterisation

Size exclusion chromatography (SEC). SEC was performed on a Viscotek
GPCmax/VE2001 connected to a triple detection array (TDA 305) from Malvern. Molecular
weights were determined based on conventional calibration with monodisperse polystyrene

(PS) standards.

Fourier-transform infrared (FT-IR) spectroscopy. FT-IR spectroscopy was conducted on a
Tensor 37 spectrometer from Bruker in solid state and recorded in attenuated total reflectance

(ATR) mode and converted to absorbance spectra.

Nuclear magnetic resonance (NMR) spectroscopy. 'H and >C NMR spectra were recorded
at 297 K on a Bruker AVANCE 400 spectrometer at 400 MHz and 100 MHz, respectively,
and referenced to the residual solvent peaks (lH, 6 7.26 for CDCl;; 13 C, 6 77.16 for CDCl;).

Rheological characterizations. Viscoelastic properties of polybutadiene samples were

determined using a TA Instruments ARES G2 rotational rheometer equipped with parallel

plate geometry (25 mm in diameter) in a convection oven under air.
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Step stress-creep recovery experiments. Creep-recovery tests were carried out between 25
°C and 120 °C by imposing a constant stress over time (creep) and releasing it for a certain
period of time (recovery) while measuring the strain. The linear part of variation of the strain
versus time of the creep-recovery plots was fitted using linear regression. The shear creep
compliance Joq was determined from the intercept of the linear fit. The strain rate y' was
determined from the slope of the linear fit. The viscosity 1 and the relaxation time 7 were

calculated from equations 1 and 2:

Equation 2.1. n=

=.1q

Equation 2.2. T =NJeq

Stress relaxation experiments. Stress relaxation measurements on polybutadiene samples
were conducted between 60 °C and 160 °C by applying a constant shear strain of 1%. The
zero-shear viscosity 779 and the relaxation time 7 were calculated from stress relaxation

experiments using equations 3 and 4, respectively:
©o
Equation 2.3. No = fo G(t)dt

_ yt6mat
[P 6®at

Equation 2.4.

Differential scanning calorimetry (DSC). Glass transitions of materials were determined by
DSC. Sequences of temperature ramps (heating, cooling, heating) in the —50 °C to 60 °C
range were performed at 10 °C/min using a TA Instruments Q1000 equipped with a liquid
nitrogen cooling accessory and calibrated using sapphire and high purity indium metal. All
samples were prepared in hermetically sealed pans (5—10 mg/sample) and were referenced to

an empty pan. The reported 7, values are from the second heating cycle.
Thermogravimetric analysis (TGA). TGA analyses were conducted on a TG 209 F1 Libra

from Netzsch under nitrogen flow. The samples were heated at a constant rate of 10 °C/min

from 25 to 500 °C.

89



Dynamic mechanical analysis (DMA). DMA analyses were conducted on a TA Instruments
Q800 in tension mode. Heating ramps were performed from -75 °C to 120, 150 or 250 °C at a
constant rate of 3 °C/min with a maximum strain amplitude of 1% at a fixed frequency of 1

Hz.

Tensile tests and recycling. Uniaxial tensile tests were performed on dumbell-shaped
specimens (gauge length 10 mm) using an Instron 5564 tensile machine mounted with a 100
N cell. Specimens were tested in quintuplicates at a fixed crosshead speed of 10 mm/min.
Testing was carried out at room temperature for all materials. Engineering stress-strain curves
were obtained through measurements of the tensile force F and crosshead displacement Al by
defining the engineering stress as o = F/Sy and the strain as y = Al/ly, where Sy and [, are the
initial cross-section and gauge length of the specimens, respectively. The Young’s modulus
was determined as the initial slope of the engineering stress-strain curves. Following tensile
testing, the vitrimer specimens were cut down to small fragments and reshaped via
compression moulding for 10 min at 150 °C under a load of 3 tons in order to test their
recyclability over several reprocessing cycles. Tensile tests were repeated at room

temperature for each generation.

Adhesion measurements between dual networks. Double networks were molded under press
at 150 °C for 10 min into rectangular shape of 25 mm in length, 5 mm in width and 1.5 mm in
thickness. The samples still in their molds were overlapped with a length of 15 mm and were
pressed at 150 °C for 2 min under a pressure of 10 kPa. Lap joints were left to slowly cool
down to room temperature and de-molded. Lap-shear tests were performed with a speed of 10

mm/min using an Instron 5564 tensile machine mounted with a 100 N cell.

Swelling tests and cleavage by diolysis of boronic ester vitrimers, static and dual networks.
The samples (typically, with an initial mass og 200 mg) were immersed in dried THF
(typically 15 mL) at room temperature and weighed after 24h (mass of the swollen sample).
Then, the samples were dried under vacuum at 120 °C until complete dryness and weighed
again (mass of the dried sample). All tests were performed in triplicate. The swelling ratio and

the insoluble fraction were calculated according to the following equations:

. Mass dried
Equation 2.5. Insoluble fraction = ————
Initial Mass
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Mass swollen -Mass dried

Equation 2.6. Swelling ratio = Mass dried

The samples (initial mass: 50-250 mg of polymer, n equivalents of dioxaborolane functions)
were put in THF at room temperature and 1,2-propanediol (50—150 X n equivalents for
vitrimers and dual networks while 25 wt % was used for the static networks) was added. After
24 h of immersion, the samples were removed from the solution (THF + diols) and dried
under vacuum at 120 °C until complete dryness and weighed again (mass of the dried
sample). All tests were performed in triplicate. The insoluble fraction was calculated

according to equation 2.5.

2.2.3 Syntheses

o N P
B B B
HS o HS o o SH
BE-SH Bis-BE-SH

Scheme 2.1. Thio-dioxaborolanes used in this study.

Synthesis of 4-thioethyl-2-phenyl-1,3,2-dioxaborolane (BE-SH): The synthesis of Bis-BE-
SH was adapted from the literature.® In a typical experiment, thioglycerol (1.0 eq) and
phenylboronic acid (1.05 eq) were mixed in THF (2 mL/1 mmol boronic acid) at room
temperature and stirred until complete dissolution of all compounds. MgSO4 (3.0 eq) was
added stepwise and the mixture was stirred at room temperature for 5 hours, filtered and
concentrated under reduced pressure. The purified thio-functionalized dioxaborolane (BE-
SH) was transferred directly to a dried and purged Schlenk flask and stored under an inert
atmosphere (88%). 'H NMR (400 MHz, CDCl5): & 7.81 p.p-m. (d, J = 5.6 Hz, 2H), 7.49 (m,
1H), 7.39 (m, 2H), 4.73 (q, J = 6.3 Hz, 1H), 4.48 (m, 1H), 4.15 (m, 1H), 2.81 (m, 2H), 1.49 (t,
J = 8.8 HZ, 1H). °C NMR (100 MHz, CDCI3): & 135.0, 131.8, 128.0, 77.6, 69.9, 29.8.
Carbon adjacent to boron not detected. Purity: no diol detected by 'H NMR.

Synthesis of 2,2'-(1,4-phenylene)-bis[4-thioethyl-1,3,2-dioxaborolane]| (Bis-BE-SH): In a
typical experiment, thioglycerol (2.0 eq) and benzene-1,4-diboronic acid (1.05 eq) were mixed
in THF (2 mL/1 mmol boronic acid) at room temperature and stirred until complete
dissolution of all compounds. MgSO, (6 eq.) was added stepwise and the mixture was stirred

at room temperature for 5 hours, filtered and concentrated under reduced pressure. The
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purified bis-thiol dioxaborolane cross-linker (Bis-BE-SH) was transferred directly to a dried
and purged Schlenk flask and stored under an inert atmosphere (92%). 'H NMR (400 MHz,
CDCl3): & 7.81 (s, 4H), 4.74 (q, J = 6.2 Hz, 2H), 4.50 (m, 2H), 4.17 (m, 2H), 2.81 (m, 4H),
1.48 (t, J = 8.6 HZ, 2H). >C NMR (100 MHz, CDCls): & 134.3, 77.7, 70.0, 29.8. Carbon
adjacent to boron not detected. Purity: no diol detected by 'H NMR.

Grafting procedure of BE-SH onto polybutadiene: In a typical experiment,
polybutadiene (PB) (1.00 g, 15.5 mmol of vinyl groups) was dissolved in anhydrous anisole
(20 wt%), followed by BE-SH (0.284 g, 1.46 mmol). Then, AIBN (1.2 mg, 0.008 mmol) was
dissolved in anisole (0.5 mL) in another vial and added to the solution of polybutadiene and
BE-SH. The mixture was bubbled with argon for 30 min. Then, argon flow was stopped and
the mixture was heated at 100°C for 60 min (9 x t;5). Finally, the polymer was precipitated in
20 mL of anhydrous methanol. The isolated residue was dried under high vacuum overnight at

100 °C.

Vitrimers syntheses: In a typical experiment, PB (1.00 g, 15.5 mmol of vinyl groups) was
dissolved in anhydrous anisole (20 wt%), followed by Bis-BE-SH (0.275 g, 0.89 mmol).
Then, AIBN (0.73 mg, 0.004 mmol) was dissolved in anisole (0.5 mL) in another vial and
added to the solution of polybutadiene and Bis-BE-SH. The mixture was bubbled with argon
for 30 min. Then, argon flow was stopped and the mixture was heated at 100°C for 60 min (9

% 112). The obtained gel was dried under high vacuum overnight at 100 °C.

Dual networks syntheses: Dual networks were obtained following the same procedure as

described above, but replacing Bis-BE-SH by a mixture of Bis-BE-SH and 1,6-hexanedithiol.

Static networks syntheses: In a typical experiment, PB (3.00 g, 46.6 mmol of vinyl groups)
was dissolved in anhydrous THF (67 wt%), followed by 1,6-hexanedithiol (0.333 g, 2.2
mmol). Then, a solution of DMPA (5.7 mg, 0.02 mmol) in THF (0.5 mL) was added to the
mixture of polybutadiene and 1,6-hexanedithiol. The resulting solution was poured into a
mold and cured for 5 min in a UV chamber from UWAVE at a wavelength of 365 nm and a

power of 142 mW/cm®”. The obtained gel was dried under high vacuum overnight at 100 °C.
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2.3 PB grafting with a thio-functionalized dioxaborolane

The functionalization of PB was first studied with BE-SH in order to quantify the grafting
efficiency as a function of the targeted functionalization degree, as well as the impact of this
chemical modification onto the physicochemical properties of PB (Figure 2.1). The grafting
of PB was performed in anisole, keeping a constant ratio [AIBN]/[BE-SH] of 0.01, and
varying the [BE-SH]/[C=C] ratio to tune the functionalization degree.

¢ b
@ .
PB-BE-7

BE-SH
q
p,m
l PB
I ' I ' I ' I ' I ' I ' I ' I ' I
8 7 6 5 4 3 2 1 0

J (ppm)

Figure 2.2. '"H-NMR spectra in CDCl; of PB-BE-7 after purification by precipitation into anhydrous methanol
(grafting yield = 89%, f = 9%) (top, blue), BE-SH (middle, red), and the starting neat PB (bottom, black).

2.3.1 '"H-NMR analysis

The efficiency of BE-SH grafting onto PB was quantified by performing 'H NMR analysis
of grafted PBs before and after purification by precipitation into anhydrous methanol. A
typical spectrum of an isolated BE-SH-grafted PB after purification by precipitation into
anhydrous methanol is displayed in Figure 2.2. Peaks at 7.79, 7.48 and 7.38 ppm,

characteristic of the phenyl group of the phenylboronic ester, as well as peaks corresponding
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to the proton of the dioxaborolane ring (-OCH2- and —CH-C), e.g. 4.75, 4.48 and 4.15 ppm,
confirmed the grafting of BE-SH onto PB. The functionalization degree, which corresponds
to the number of repeating unit carrying a pendant dioxaborolane, and the grafting yields are

reported in Table 2.1. They were calculated according to the following equations:

Integration proton d

Equation 2.7. f(%) =

(Integration all protons— 11 x Integration protond )/6

Integration proton d after precipitation
Integration proton d before precipitation

Equations 2.8. Grafting yield (%) =

Grafting yields were high regardless of the targeted functionalization degree. Yet, they
slightly increased with the molar ratio [BE-SH]/[C=C], going from 85% to 92% with

functionalization degrees increasing from 4 to 13%.

Table 2.1. Characterization of polybutadiene grafted with BE-SH.

. _ ) f'measured +
f (%) Grafting  Vinyl  Vinylene . My M, exp
Sample ) b vinyl +
measured  yield (%)  (%)* (%) . (g/mol)*  (g/mol)
vinylene (%)

PB - - 85 15 100 3900 3900 1.47
PB-BE-3 4 85+2.5 70 13 87 4460 4170 1.39
PB-BE-5 6 81+1.6 66 13 85 4740 4700 1.48
PB-BE-7 9 89+ 1.5 60 12 81 5160 4950 1.44
PB-BE-9 13 92+09 55 12 80 5700 5300 1.45

* From equation 9;b From equation 10; © M, g, = 3900 + (3900/54) x f measured X Mpg.sh.

Following the sum (measured functionalization degree + vinyl + vinylene) as a function of the
functionalization degree provides valuable information (Table 2.1). Indeed, in the absence of
side reactions consuming carbon-carbon double bonds, this sum should remain equal to
100%, regardless of the functionalization degree. The greater the difference, the more side
reactions are taking place. Going from a functionalization degree of 0 to 13%, the percentage
of vinyl bonds decreased from 85 to 55%, while the percent of vinylene bonds only decreased

from 15 to 12%. These values were calculated based on the following equations:
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(Integration proton q)/2

Equation29. Vinyl (%) =

(Integration all protons— 11 x Integration protond )/6

Integration proton q
2 )/2

(Integration all protons— 11 x Integration protond )/6

((Integration proton m+p)

Equation 2.10. Vinylene (%) =

This observation reflects the well-known higher reactivity of pendant vinyl groups towards
thiyl radicals, as compared to main-chain vinylene groups.®’ It also highlights the occurrence
of intramolecular cyclizations involving mostly pendant vinyl groups, as the sum (measured
functionalization degree + vinyl + vinylene) decreased from 100 to 80%.°’~® These
intramolecular cyclizations can occur between two adjacent vinyl bonds, two adjacent
vinylene bonds, or between adjacent vinyl and vinylene bonds to yield cyclohexane and
cyclopentane derivatives. Given the high vinyl content of the polybutadiene used in this study,
and the higher reactivity of vinyl functions as compared to vinylene functions, the side-
reactions mostly involved vinyl bonds here (Table 2.1). The NMR spectrum of PB-BE-7
(Figure 2.2), which presents a functionalization degree of 9% (Table 2.1), displays strong
peaks at 0.96 and 0.87 ppm corresponding to the methyl group of cyclopentane derivatives

obtained by intramolecular cyclization of two adjacent vinyl groups.*’

2.3.2 SEC and DSC measurements

As should be expected, the number average molar mass, M,, increased with the grafting
functionality. Good matches were obtained between theoretical and experimental M, values
(Table 2.1, Figure 2.3), indicating that minimal radical cross-linking and chain scission are
taking place under these conditions. The low and constant dispersities of the various grafted
PB samples further confirm the absence of undesirable non-dynamic cross-linking. These

results are consistent with the low amount of AIBN used to perform BE-SH grafting.

The impact of the functionalization degree f on T, of the PB was investigated by DSC. The
T, of the functionalized PB increases significantly with f, going from —29 °C for neat PB to
2 °C for f= 13 % (Figure 2.3). This increase of the T, is a result of the introduction of 2-
phenyl-1,3,2-dioxaborolane pendant groups capable of creating n-m interactions as well as

coordinate covalent bonds. Therefore, the design of elastomeric vitrimers from low molecular
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weight PB precursors will require a fine adjustment of the grafting density in order to have

sufficient cross-links to ensure network formation while maintaining sub-ambiant 7, values.

—— PB-BE-5
—— PB-BE-9 5L * .

. -10 N
— -15} ;
20| 4
251 4
301 * .

28 30 32 0 2 4 6 8 10 12 14
Retention Volume (mL) Functionalization degree (%)

Figure 2.3. Left side: SEC chromatograms of neat PB (black), PB-BE-5 (blue) and PB-BE-9 (red). Right side:
Glass transition temperature (7, °C) of PB grafted with BE-SH as a function of the functionalization degree f.
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2.4 Vitrimer synthesis and characterisation

2.4.1 Vitrimer formation

The synthesis of PB vitrimers was achieved following the same procedure used for PB
grafting, simply replacing BE-SH with Bis-BE-SH (Figure 2.1). This way, various cross-
linking densities, i.e. Bis-BE-SH cross-linker per chain, can be obtained by simply adjusting
the concentration of Bis-BE-SH in the reaction medium. Regardless of the amount of cross-
linker per chain added, e.g. from 3 to 7, no macrophase separation was observed in the final
material and colorless transparent polymers were always obtained. The grafting of Bis-BE-
SH in vitrimers was confirmed by FT-IR, with the presence of stretching vibration bands
characteristic of the dioxaborolane moiety (1220 cm™ O-C, 1310 and 1360 cm™ B-C), and the

absence of a stretching vibration band associated to the S-H bond around 2560 cm™,

4.4.2 Dissolution of vitrimers

Swelling experiments were also conducted. Samples were immersed in dried THF at room
temperature and weighed after 24h. While low molar mass PB cross-linked with 3 Bis-BE-SH
per chain was soluble in THF, all other networks prepared with the Bis-BE-SH cross-linker
were insoluble under these conditions, with insoluble fractions increasing from 75 to 93%
with the content of Bis-BE-SH grafted increasing from 4 to 7 per chain. Static networks
prepared with 1,6-hexanedithiol instead of Bis-BE-SH were all insoluble, even with as little
as two cross-linkers per chain, and showed insoluble fractions higher than that of the
corresponding vitrimers (Figure 2.4). As should be expected, swelling ratios decreased with
the cross-linking degree, for both vitrimers and static networks. Interestingly, the swelling
ratios of vitrimers were 1.5 to 2 times higher than the swelling ratios of the corresponding
static networks (Figure 2.4). This observation is consistent with previous reports on vitrimers
showing that vitrimer networks swell more than identical non-dynamic networks when

exchange reactions between cross-links can take place during the swelling tests.>
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Figure 2.4. Insoluble fraction (left side) and swelling ratio (right side) of vitrimers (blue) and static networks
(red) as a function of the number of cross-linker per chain under different solvents. Top: After 24h in THF at
room temperature. Bottom: After 24 h in toluene at room temperature.

Depending on numerous parameters (e.g. the cross-link density, the M, of the polymer
chains constituting the network, the presence or not of exchangeable bonds within the
backbone of the polymer chains, the ratio of pendant exchangeable groups to cross-links, the
dynamics of exchange, the time of observation, the quality of the solvent) vitrimers can
partially or completely dissolve during swelling tests.”*’ This dissolution does not necessarily
imply a decrease of the overall connectivity of the systems. Indeed, the formation of
intramolecular loops during the reorganization of the gels can lead to soluble linear, cyclic
and/or (hyper)branched polymers, in proportion that will depend on the parameters listed
previously. Vitrimers prepared from low molecular weight polybutadienes, and which present
a low number of cross-links per chain that are dynamic under the conditions of the swelling

experiments (temperature and time), are particularly prone to undergoing such topological
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rearrangements. Indeed, the vitrimer containing 5 Bis-BE-SH per chain, PB-BE-VS, became
fully soluble in THF after 72 h, while the vitrimer containing 7 Bis-BE-SH per chain, PB-BE-
V7, became fully soluble in THF after 120 h at room temperature. In toluene, the insoluble
fraction of the vitrimer containing 5 Bis-BE-SH per chain, PB-BE-VS, was 87% and 69%
after 24h and seven days of immersion at room temperature, respectively (Figure 2.4). This
significant difference of insoluble fractions after prolonged immersion time in THF and
toluene at room temperature reflects the faster dynamics of exchange of dioxaborolane cross-
links in THF as compared to toluene. This finding indicates that solubility tests conducted
under conditions where the cross-links are dynamic can lead to inaccurate assessment of the
actual crossliking density of vitrimers. Such observation could apply for example to semi-
crystalline polyolefin vitrimers containing few cross-links per chain and for which solubity

tests are performed over prolonged time at high temperature.*>*

—— PB-BE-V5

28 30 32
Retention Volume (mL)

Figure 2.5. SEC chromatograms of PB-BE-VS after diolysis (red), PB-BE-5 (blue, dashed) and PB (black).

As evidenced by the complete dissolution of vitrimers after prolonged immersion in THF,
the network formation occurred with limited formation of static cross-links caused by radical
recombination. To get more quantitative information, the vitrimers were swollen in THF and
cleaved by selective diolysis of the boronic ester cross-links through transesterification with a
large excess of 1,2-propanediol as compared to Bis-BE-SH. All vitrimers completely
dissolved within few minutes under this treatment. The polymer recovered after diolysis of
the vitrimer containing 5 Bis-BE-SH per chain, PB-BE-VS5, was analyzed by SEC (Figure
2.5). The M, (4400 g/mol) and P (1.53) of the polymer were almost identical to that of the PB
grafted with 5 BE-SH per chain (PB-BE-5 Table 2.1; M, = 4700 g/mol and P = 1.48). This

result indicates that vitrimer synthesis via radical grafting of Bis-BE-SH onto PB occurred
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with minimal radical cross-linking and chain scission. It also indicates that BE-SH and Bis-

BE-SH have comparable reactivity for radical grafting onto PB.

2.4.3 Thermo-mechanical properties of vitrimers.

2.4.3.1 Dynamic mechanical analysis (DMA)

The cross-linked nature of PB vitrimers prepared by radical grafting of Bis-BE-SH was
further confirmed by dynamic mechanical analysis (DMA). Whereas the low molar mass 1,2-
polybutadiene does not present a rubbery plateau above its 7T,, vitrimers show a plateau
regime above their T, characteristic of cross-linked systems (Figure 2.6). The vitrimers
exhibit increases to both the storage modulus of the rubbery plateau and the T, as the cross-

linking density is increased, which is to be expected for highly cross-linked elastomers.

1 03 L ——4 Bis-BE-SH/ chain
—— 5 Bis-BE-SH / chain
—— 7 Bis-BE-SH/ chain
< 9 Bis-BE-SH / chain
a 102 —— 10 Bis-BE-SH/ chain
=
w
10 14n1
10 10
1 OO 3 1 1 1 3 1 OO

50 0 50 100 150
Temperature (°C)

Figure 2.6. Evolution of the storage modulus of vitrimers as a function of temperature for various cross-linking
densities.

2.4.3.2 Calorimetry

To quantify the respective impact of the cross-linking density and of the chemical nature of
the cross-links onto the 7, of vitrimers, and to determine the maximal amount of Bis-BE-SH
that can be introduced while keeping a sub-ambient T, the 7, values of vitrimers and model
static networks were measured by DSC as a function of the cross-linking density (Figure 2.7).
Starting from a 7, of —29 °C for neat polybutadiene, the 7, values of both networks
progressively increase with the cross-linking density. Yet, the increase is much more
pronounced for vitrimers than for static networks, with 7, values of 27 and 0 °C, respectively,
for the vitrimer and the static network prepared with 8 cross-linkers per chain on average
(Figure 2.7). This difference of 7, values between vitrimers and static networks is a

consequence of the distinct chemical nature of their respective cross-links, with vitrimers

100



containing rigid dioxaborolane cross-links capable of creating physical (n-m) and chemical
(coordinate covalent bonds) intermolecular interactions.”®*! Vitrimers with 3, 5 and 7 Bis-BE-
SH cross-linkers per chain displayed 7, values of —10, 2 and 14 °C, respectively, and can
therefore be used to conduct model studies on elastomeric vitrimers. If we focused our effort
in this study on synthesizing vitrimers from a low molecular weight PB precursor, it should be
mentioned that the use of a high molecular weight PB precursors would allow introducing

7,28

much less dioxaborolane cross-linkers to prepare vitrimers, " and therefore obtain materials

with significantly lower Ty, if desired.
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Figure 2.7. Left side: DSC curves of static networks (dashed lines) and vitrimers (solid lines) with various
crosslinking densities, and of the polybutadiene precursor. Right side: Glass transition temperatures of vitrimers
(blue) and static networks (red) as a function of the number of cross-links per chain.

2.4.3.3 Thermogravimetric analysis (TGA)

The thermal stability of vitrimers and model static networks were assessed by
thermogravimetric analysis (TGA), performing heating ramps from 25 °C to 500 °C (Figure
2.8). All networks, vitrimer and static, showed excellent thermal stability (superior to neat
PB) up to 375 °C. For example, regardless of the cross-linking density, all vitrimers showed
weight loss lower than 1 wt % at 300 °C, whereas neat PB lost 2.6 wt % at this temperature.
Nonetheless, the temperature at which 10 wt % is lost decreased with the cross-linking
density, going from 418 °C for the neat polybutadiene to 409 °C for the 3 cross-linkers per
chain and 395 °C for the 7 cross-linkers per chain (Figure 2.8). The static and the vitrimer
networks showed very similar trends in term of thermal stability, further confirming the

thermal stability of dioxaborolane.”
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Figure 2.8. Thermogravimetric analysis of the polybutadiene precursor (black) and of vitrimers (solid line) and
their static network counterparts (dashed line) with various cross-linking densities. Left: From 25 °C to 500 °C.
Right: From 350 to 500 °C.

2.4.4 Flow properties of vitrimers

The aptitude of vitrimers to be processed and recycled while being permanently cross-
linked reflects their ability to flow thanks to chemical exchange reactions taking place within
the network. The dynamics of exchange within vitrimer networks depend on the rate constant
of the chemical exchange reaction, the concentration, and the mobility of the chemical species
involved in the exchange reaction. Therefore, for a given exchange reaction and a given
thermoplastic precursor, the viscoelastic properties of vitrimers will depend on the cross-
linking density, the concentration of pendant exchangeable groups (if present), and the

temperature.
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Figure 2.9. Stress relaxation of PB-BE-V3 (top, left), PB-BE-VS (top, right) and PB-BE-V7 (bottom, left) at
different temperatures. Bottom, right: Normalized stress relaxation of PB-BE-V3 (green), PB-BE-VS (red) and
PB-BE-V7 (blue) at 140 °C.

2.4.4.1 Stress relaxation

The dynamics of network reshuffling through dioxaborolane exchange reactions were
measured by performing stress relaxation experiments at various temperatures on vitrimers
containing 3 (PB-BE-V3), 5 (PB-BE-V5) and 7 (PB-BE-V7) Bis-BE-SH cross-linkers per
chain (Figures 2.9). All of the vitrimers completely relaxed stress, further confirming that the
radical grafting of Bis-BE-SH onto PB occurred with minimal radical cross-linking. The
modulus at ¢ = 0.1s, Gy, increased with the cross-linking density and temperature, as

#2745 and previously confirmed by the DMA

predicted by the theory of rubber elasticity
measurements (Figures 2.6 and 2.9). The relaxation times increased with increasing the

cross-link density, going from 128 s for PB-BE-V3, to 293 s for PB-BE-V5 and 684 s for
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PB-BE-V7 at 140 °C (Figure 2.9 and Table 2.2). Vitrimers PB-BE-V5 and PB-BE-V3
relaxed via two modes, and especially the less cross-linked PB-BE-V3, whereas the more
cross-linked vitrimer PB-BE-V7 showed a more monomodal behaviour. The first relaxation
process observed for PB-BE-V3 and PB-BE-VS corresponds to the relaxation of dangling
chains and chain segments between cross-links. The second relaxation process, which allows
for a complete stress relaxation, occurs through covalent bond exchange between the
dioxaborolane cross-links. Thanks to accelerated exchange reactions between cross-links, the
relaxation is faster at higher temperatures, with relaxation times of 815 s and 142 s at 100 °C
and 160 °C, respectively (Figure 2.9 and Table 2.2). The relaxation times exhibited
Arrhenius-like temperature dependence with a low activation energy of 38.9 kJ/mol for PB-
BE-VS. Zero-shear viscosities for the different vitrimers were calculated from stress
relaxation experiments (Table 2.2). As expected, they increased with the cross-linking density

and a viscosity activation energy of 32.5 kJ/mol was measured for PB-BE-VS.

Table 2.2. Zero-shear viscosities and relaxation times of PB-BE-V3, PB-BE-V5 and PB-BE-V7.

Mo (Pa.s) 7 (s)

T (°C) V3 V5 V7 V3 V5 \i
100 - 291 x 10° - - 815 -
120 267x 10" 2.13x10° - 364 533 -
140 8.72 x 10° 1.29x 108 2.01x10° 128 293 634
160 547x10°  6.76 x 107 - 72 142 -

2.4.4.2 Frequency sweep
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Figure 2.10. Left side: Comparison of frequency sweeps at 25 °C between the vitrimer PB-BE-VS5 (purple) and
the linear polybutadiene functionalised with pending dioxaborolanes PB-BE-10 (grey). Right side: Frequency
sweeps of PB-BE-VS at 25 °C (purple) and 200 °C (red).

At 25 °C, the vitrimer PB-BE-VS was compared with a linear polybutadiene with pending
dioxaborolanes PB-BE-10. Both G’ and G’” were higher for the vitrimer at a given frequency
confirming the network formation, moreover the linear polybutadiene did not present a
rubbery plateau due to unentangled low molar mass chains. Consequently, PB-BE-10 was
already in its terminal relaxation region at 100 rad/s while the relaxation was shifted to lower

frequencies by more than 4 orders of magnitude for the vitrimer.

Heating the vitrimer PB-BE-VS from 25 °C to 200 °C changed the viscoelastic properties, as
shown in Figure 2.10. At high to moderate frequencies, ie. from 100 to 1 rad/s, the vitrimer
exhibits a rubbery plateau because the network cannot relax the stresses within this range of
time. At lower frequencies, G’ started to decrease and finally crossed G’’ at a frequency
which corresponds to the longest relaxation time. At this point the system possesses a liquid-
like behaviour because the material rearranges its topology faster than the characteristic time
of the experiment; the vitrimer flows. When the temperatures increases, this cross-over point
is shifted to higher frequencies, ie. shorter times, the system relaxes faster due to accelerated
dioxaborolane exchange reactions between cross-links. PB-BE-VS has a characteristic
relaxation time of 83 seconds at 200 °C, while at 25 °C the relaxation time was larger than
630 seconds and could not be observed in the frequency window used for the rheology

experiments.

2.4.5 Tensile tests and recyclability of vitrimers

2.4.5.1 Tensile testing

Thanks to their ability to flow, dioxaborolane based vitrimers should be recyclable. This
ability was assessed by performing consecutive cycles of mechanical testing/reprocessing.
After each set of tensile test, samples were cut down to small pieces, re-molded in a press for
10 min at 150 °C under a load of 3 tons, and re-tested for the tensile test. As expected,
increasing the amount of cross-linker resulted in higher stresses at break and lower
elongations at break (Figure 2.11). For all cross-linking densities tested, the elongation at
break decreased with recycling cycles, with a decrease of 7%, 9% and 8% between the first

and third recycling for vitrimers PB-BE-V3, PB-BE-VS and PB-BE-V7, respectively.
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Whereas the elongation at break was affected by a factor of two approximately going from
PB-BE-V3 (113%) to PB-BE-V7 (58%), the Young’s modulus and stress at break varied to a

much greater extent with the cross-linking density. The Young’s modulus increased from

0.3 MPa to 56 MPa, and the stress at break from 0.2 to 4.3 MPa, when going from PB-BE-V3

to PB-BE-V7, respectively. The Young’s modulus remained rather constant through the

recycling steps for vitrimers PB-BE-V3 and PB-BE-VS5 and fluctuated for vitrimer PB-BE-
V7 (Figure 2.11). Stress at break decreased for PB-BE-V3 and PB-BE-VS and increased for

PB-BE-V7 (Figure 2.11).
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Figure 2.11. Stress at break (top, left), elongation at break (top, right) and Young’s modulus (bottom) of
vitrimers PB-BE-V3 (green), PB-BE-VS5 (red) and PB-BE-V7 (blue) as synthesized and after recycling up to 3

cycles.
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2.4.5.2 DMA, DSC and TGA after recycling

The impact of recycling on the physicochemical properties of PB vitrimers was evaluated

by DMA and DSC analyses. The 7, and the storage modulus on the rubbery plateau of the

different vitrimers were not impacted by consecutive cycles of mechanical testing and

reprocessing, indicating minimal fluctuation of the cross-linking densities and chemical

composition (Figures 2.12). Similarly, TGA indicated that the thermal stability of vitrimers

was not affected at all by the successive mechanical testing and reprocessing cycles (Figure

2.12).
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Figure 2.12. DMA (top), DSC analysis (bottom, left) TGA (bottom, right) of vitrimers PB-BE-V3 (green), PB-
BE-V5 (red) and PB-BE-V7 (blue) as synthesized and after 3 recycling cycles, and of the polybutadiene

precursor (black).
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2.4.5.3 Polymer recycling via selective de-cross-linking

Table 2.3. M, and D of polymers recovered after diolysis of vitrimers before and after recycling obtained by

SEC and based on polystyrene standards.

M, (g/mol) b
PB-BE-V3 as synthesized 4150 1.69
PB-BE-V3 recycled 3 times 4100 1.70
PB-BE-VS5 as synthesized 4360 1.53
PB-BE-VS5 recycled 3 times 4280 1.58
PB-BE-V7 as synthesized 4530 1.53
PB-BE-V7 recycled 3 times 4540 1.55

The impact of recycling on the structure of the polymer chains constituting the vitrimers
was also investigated by performing SEC analyses. As synthesized vitrimers, and vitrimers
that underwent 3 cycles of mechanical testing and reprocessing were immersed in THF at
room temperature and diolyzed in the presence of a large excess of 1,2-propanediol as
compared to Bis-BE-SH cross-links. All samples completely dissolved under these conditions
and polymers from as synthesized networks and recycled networks essentially had identical
M, and D (Table 2.3, Figure 2.13). Therefore, no scission, branching or static irreversible
cross-linking could be detected by SEC on polymer chains of vitrimers processed and tested

multiple times.

PB-BE-V5 — Initial Initial
PB-BE-V3 — Initial = +Recycled (3x) PB-BE-V7 = +Recycled (3x)
== Recycled (3x)
28 30 32 28 30 32 28 30 32
Retention Volume (mL) Retention Volume (mL) Retention Volume (mL)

Figure 2.13. SEC chromatograms before (solid lines) and after three recycling (dashed lines) of PB-BE-V3
(green), PB-BE-V5 (red) and PB-BE-V7 (blue) vitrimers. After diolysis for all specimens.

The results collected with these different analytical techniques (DMA, DSC, TGA, SEC)
clearly indicate that the dioxaborolane cross-links and the polymer chains constituting the

vitrimer networks are stable under the processing and testing conditions. Thus, the
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fluctuations of the elongation and stress at break observed over successive mechanical testing
and reprocessing cycles likely originate from the processing of the samples by compression

moulding.

2.4.6 Creep resistance

Cross-linking provides dimensional stability and solid properties to elastomers. However,
because of the dynamic nature of the cross-links, these properties can be affected or even lost
in vitrimers. In the present case, the low activation energy of dioxaborolane metathesis, i.e.
16 kJ/mol,” combined with the low M, of the PB precursor, lead to poor creep resistance of
the vitrimers. Consecutive creep-recovery cycles were performed on PB-BE-V3, PB-BE-V5
and PB-BE-V7 at different temperatures under a constant load of 0.1 MPa for PB-BE-V5 and
PB-BE-V7 and of 0.01 MPa for PB-BE-V3 (Figure 2.14). After an initial annealing cycle,
the successive creep cycles became identical, providing reproducible viscosities for a given
vitrimer at a given temperature. Viscosities and residual deformations were calculated on the
fifth cycle, which we consider to be representative for each material’s behaviour (Figures

2.14, Table 2.4)
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Figure 2.14. Left: Step-stress elongational creep-recovery (5 consecutive cycles of 30 min of creep under a load
of 0.1 MPa followed by 30 min of recovery; 5™ cycle presented) at different temperatures for vitrimers PB-BE-
V3 (top, green), PB-BE-V5 (middle, blue) and PB-BE-V7 (bottom, red) at a given temperature. 5™ cycle of step-
stress elongational creeps-recovery for vitrimers PB-BE-V3 (top, green), PB-BE-VS5 (middle, blue) and PB-BE-
V7 (bottom, red) at different temperatures.

Upon application of an axial stress of 0.1 MPa at 100 °C, PB-BE-V5 and PB-BE-V7
deformed of 4.1% and 2%, respectively, which correspond to an elastic modulus of 2.44 MPa
and 5 MPa, (Figure 2.14) and agree with the moduli measured by DMA (Figure 2.12). After
release of the stress, only the elastic deformation was recovered proving that the exchange
reaction actually allowed the vitrimer to flow and that the network reached a new equilibrium
topology. The actual creep was determined once the deformation stabilized after stress
release. As expected, and already confirmed by stress-relaxation experiments, the creep
resistance increases with the cross-linking density. For example, after 30 min under 0.1 MPa
stress at 80 °C, PB-BE-VS and PB-BE-V7 retained a permanent deformation of 1.2% and
0.35%, respectively, after recovery of the elastic deformation. The viscous flow activation

energy was found to be dependent on the cross-linking density, increasing from 20.5 kJ/mol,
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to 36 kJ/mol and eventually 49.3 kJ/mol, for PB-BE-V3, PB-BE-VS5 and PB-BE-V7,
respectively (Figure 2.15, Table 2.5).
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Figure 2.15. Plots of log(n) (left) and log (t) (right) versus 1000/T for PB-BE-V3 (green), PB-BE-V5 (red) and
PB-BE-V7 (blue) experimental points (squares) and linear fits (solid lines) to extract the activation energy from
the slope and 7, from the abscissa at which log(n) = 12 (dashed lines). Viscosities were extracted from stress
step-stress creep data with Equation 2.1. Relaxation times were extracted from step-stress creep data with
Equation 2.2.

These results not only illustrate that the dynamics of exchange at a given temperature
depend on the cross-linking density, but more importantly, they demonstrate that the extent to
which vitrimer flow properties respond to a change of temperature can be manipulated and
adjusted by playing on the cross-linking density. Hypothetical 7, values were calculated by
extrapolation of creep experiments, and found to be —98, —14 and 28 °C for PB-BE-V3, PB-
BE-V5 and PB-BE-V7, respectively (Figure 2.15, Table 2.5). Therefore, for a given
exchange reaction and polymer matrix (chemical nature and M, of the polymer precursor), the
T, and the viscous flow activation energy of vitrimers can be controlled and adjusted by

5,31

adding a catalyst of the exchange reaction to the system or by manipulating the

crosslinking density, the topology and the functionality of the vitrimer network.
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Table 2.4. Viscosities of vitrimers calculated from the fifth cycle of consecutive step stress creep-recovery

experiments.

PB-BE-V3  PB-BE-V5 PB-BE-V7
T (°C) n (Pa.s) n (Pa.s) n (Pa.s)
40 2.0x 10° 4.8x10" -
60 1.0 x 10° 2.4x10" 1.3 x 10"
80 7.9 x 10° 1.4 x 10" 6.5x 10"
100 6.3 x 10° 6.6 x 10° 2.5%x10"
120 3.5x 10° 2.7 % 10° 8.8 x 10’

Table 2.5. Summary of activation energy and 7, of vitrimers extracted from step stress creep-recovery

experiments.
PB-BE-V3 PB-BE-V5 PB-BE-V7
E, (kJ/mol) from 194 36.2 459
E, (kJ/mol) from t 20.5 36.0 49.3
T, (°0O) -98 -14 28
T, (°O) -12 1 15
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2.5 Dual Networks

As just demonstrated, the creep resistance of PB vitrimers can be adjusted by playing on the
concentration of dioxaborolane cross-links. However, numerous properties depend on the
cross-linking density. Therefore, we were interested to find alternative ways to improve the
creep resistance without changing the cross-linking density nor losing the ability of vitrimers
to be recycled. To do so, PB networks incorporating both dynamic dioxaborolane cross-links

(Bis-BE-SH) and static cross-links, 1,6-hexanedithiol (HDT), were prepared (Figure 2.1).

2.5.1 Synthesis and solvent resistance

The combination of dynamic and static cross-links into a single network has been recently
exemplified by Sumerlin et al.*® as well as Torkelson et al.*’ Sumerlin et al. prepared
networks incorporating boronic ester cross-links, static cross-links, and eventually free diols,
to design self-healing materials with structural integrity. Torkelson et al/. conducted a
theoretical and experimental study on vitrimers containing various fractions of static and
dynamic cross-links. They predicted and verified experimentally that vitrimers can be
reprocessed with full recovery of cross-link density as long as the fraction of permanent non-
dynamic cross-links is insufficient to form a percolated static network. Both studies were
performed on networks prepared by a step growth process. Thus, these networks were made
of polymers with exchangeable groups in their main chain. In the present study, the networks
will not present exchangeable groups in the main chain of the polymers, and the use of a
thermoplastic precursor to generate the networks will also induce significantly different

gelation profiles.

Two dual networks containing 6 cross-linkers per PB chain in average, but with different
ratios of static to dynamic cross-links were prepared and compared to networks containing
solely static (PB-HDT-5) or dynamic (PB-BE-V5) cross-links. The first dual network (DN-
HDT-3-BE-3) contained 50% of static cross-links and 50% of dynamic dioxaborolane cross-
links, while the second dual network (DN-HDT-4-BE-2) contained 66% of static cross-links
and 33% of dynamic cross-links. The four networks presented high and comparable insoluble
fractions, between 85% and 95%, after immersion for 24 h in THF at room temperature
(Figure 2.16). When similar experiments were conducted in the presence of 1,2-propanediol,

the insoluble fraction of the static network remained the same, 94%, whereas the vitrimer
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network entirely dissolved, as expected. The dual networks displayed an intermediate
behaviour, with decreasing insoluble fractions with increasing content of dioxaborolane cross-
links. DN-HDT-3-BE-3 and DN-HDT-4-BE-2 presented insoluble fraction of 61% and 75%
in the presence of diols, respectively, clearly indicating that the proportion of static cross-links

alone was sufficient to be above the gel point for both dual networks.
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Figure 2.16. Insoluble fraction after 24h in THF at room temperature in the absence (left) and in the presence
(right, striped) of free diols: static network PB-HDT-5 (gray), vitrimer PB-BE-V5 (red), dual networks DN-
HDT-3-BE-3 (blue) and DN-HDT-4-BE-2 (cyan).

2.5.2 Creep resistance

The effect of the static cross-links onto the creep resistance was assessed by performing
creep-recovery experiments. The networks were subjected to an elongational stress of 0.1
MPa for 100 min at 30 °C, and the residual stress was measured after 30 min of recovery at

30 °C (Figures 2.17).
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Figure 2.17. Creep resistance at 30 °C of static network PB-HDT-5 (gray), vitrimer PB-BE-V5 (red), dual
networks DN-HDT-3-BE-3 (blue) and DN-HDT-4-BE-2 (cyan) after 100 min under a stress of 0.1 MPa and 30

min of recovery (no stress).

As expected, the creep resistance of the networks increased with the amount of static cross-
linker. The residual deformation of the vitrimer was the highest, 2.79%, whereas the static
network displayed a residual deformation of 0.64%. The residual deformation of the dual
networks DN-HDT-3-BE-3 and DN-HDT-4-BE-2 lied in-between, with 2.41% and 1.49%,
respectively. Hence the creep resistance of the dual network DN-HDT-4-BE-2 was 1.9 higher

than that of the vitrimer.

2.5.3 Recyclability

The ability of the dual networks to be recycled was also assessed. Stress-relaxation
experiments indicated that the dual network DN-HDT-3-BE-3 can relax more than 70% of
the initial stress at 120 °C thanks to its dynamic dioxaborolane cross-links, even though the
fraction of static cross-links (HDT) is sufficient to form a percolated permanent network, as
evidenced by solubility tests in the presence of free 1,2-diols (Figure 2.16). The recyclability
of the dual networks was evaluated by performing consecutive cycles of reprocessing and
mechanical testing (Figures 2.18 and 2.19). Although, the Young’s moduli of the four
networks are comparable, the stress and elongation at break are clearly affected by the content
of dynamic cross-links. As the content of dioxaborolane cross-links is increased, the
elongation at break and the stress at break both increase. These results tend to indicate that the
dioxaborolane cross-links are dynamic under the conditions of the tensile tests, e.g. at room
temperature with a crosshead speed of 10 mm/min. Interestingly, the mechanical properties of

the dual network DN-HDT-3-BE-3 were unmodified after 3 recycling cycles, the Young’s
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modulus, stress and elongation at break after 3 cycles being 5.6% higher, 2.6% higher and
3.3% lower, respectively (Figures 2.18 and 2.19).
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Figure 2.18. Stress (left) and elongation (right) at break at 25 °C of static network PB-HDT-5 (gray), vitrimer
PB-BE-VS5 (red), and dual networks DN-HDT-3-BE-3 (blue) and DN-HDT-4-BE-2 (cyan).

Furthermore, DMA of the initial and reprocessed dual network showed that the T, of the
network as well as the storage modulus below and above the 7, were unmodified by the
consecutive cycles of processing and mechanical testing (Figure 2.19). On the other hand, the
mechanical properties of the dual network DN-HDT-4-BE-2 were affected by recycling: the
Young’s modulus, stress and elongation at break all increased with recycling cycles (Figures
2.18 and 2.19). It should also be mentioned that the dual network DN-HDT-4-BE-2 was
difficult to reprocess by compression moulding. The material was prone to wrinkle and

smooth surfaces were difficult to obtain.
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Figure 2.19. Left side: Young’s modulus (bottom) at 25 °C of PB-HDT-5 (gray) static network, PB-BE-V5
(red) vitrimer, DN-HDT-3-BE-3 (blue) and DN-HDT-4-BE-2 (cyan) dual networks. Right side: Storage
modulus and tan delta of DN-HDT-3-BE-3 dual network before and after recycling.
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2.5.4 Adhesion of Dual Networks

The possibility to create a strong adhesion between permanently cross-linked networks and
cross-linked composites is an important feature of vitrimers.*”*® Therefore, we were
interested to test the possibility to generate a strong adhesion between dual networks, thanks
to the formation of covalent bonds at the interface through dioxaborolane metathesis (Figure
2.20). To this aim, lap-shear experiments were conducted. Double networks were molded
under press at 150 °C for 10 min into a rectangular shape and allowed to cool down to room
temperature. The samples still in their molds were subsequently overlapped with a length of
15 mm and pressed at 150 °C for 2 min. Lap joints were left to slowly cool down to room
temperature, de-molded and submitted to lap-shear tests. For both DN-HDT-3-BE-3 and DN-
HDT-4-BE-2 dual networks, the adhesion was so strong even after 2 min at 150 °C that the
fracture systematically occurred in bulk. Yet, the elongation and the force at rupture were
consistently higher for the dual network containing more dioxaborolane cross-links (Figure
2.20). These results, consistent with the mechanical characterization performed (Figures 2.14
and 2.19) and the higher content of exchangeable cross-links in DN-HDT-3-BE-3, indicates
that dual networks containing high fraction of static cross-links can also lead to strong

interfacial adhesion, thanks to dioxaborolane metathesis between dynamic cross-links.
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DN-HDT-4-BE;

Double Network
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Figure 2.20. Adhesion test between dual networks: schematic representation of the exchange reaction at the
interface and photographs of the double joints before, during and after the lap-shear test.
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2.6 Conclusion

Vitrimers have been prepared from a commercial polybutadiene oligomer by radical
grafting of a bis-thiol dioxaborolane. Network formation occurred without chain scission of
the PB chains or formation of detectable permanent static cross-links via radical
recombination. The cross-linking density and the properties of the vitrimers could be easily
tuned by adjusting the content of dioxaborolane cross-linkers, even though the introduction of
rigid phenyl-dioxaborolane pendant groups and cross-links significantly increases the 7, of
the polymer matrix. Vitrimer networks with high insoluble fractions in THF and toluene were
obtained. However, because of the low molar mass of the PB precursor, the limited number of
cross-links per chain, and the dynamics of diaxaborolane cross-links under the conditions of
the solubility tests, vitrimers dissolved after prolongated immersion time in THF. These
results indicate that solubility tests are not always an appropriate way to assess the cross-
linking density of vitrimers, if the tests are performed when cross-links are dynamic.
Theoretical and experimental model studies should be conducted to quantify the extent and
kinetics of dissolution of vitrimers as a function of the molecular structure of the network,

life-time of the dynamic links, and solvent fraction and quality.

All the prepared vitrimers could entirely relax stress and their viscosities at a given
temperature could be modulated by as much as two orders of magnitude by varying the cross-
linking density by a factor of 2.3 only. More importantly, we showed that the viscous flow
activation energy of vitrimers can be controlled by the molecular structure of the network. As
a result, starting from the same PB oligomer and using the same dioaxoborolane cross-linker,
vitrimers with hypothetical 7, varying by more than 120 °C were obtained. This result
illustrates the complex dependance of vitrimer flow properties on the dynamics of exchange
of the cross-links as well as on the mobility and accessibility of the exchangeable bonds.
These parameters can be adjusted by manipulating the cross-linking density, the topology, and
the functionality of the vitrimer network. This finding indicates that it is possible to optimize
simultaneously creep resistance at room temperature and processability at high temperature.
In an attempt to optimize creep resistance for a given given crossliniking density, and while
preserving reprocessability, dual networks containing static and dynamic cross-links were
prepared. We showed that in the case of dual networks prepared from thermoplastic
oligomers, it is possible to maintain an excellent recyclability and to improve at the same time

creep resistance by introducing static cross-links in proportion sufficient to form a percolated
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network. Furthermore, it was demonstrated that such dual networks present the ability to

create a strong adhesion between permanently cross-linked materials, just like vitrimers.
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Chapter 3 — Model Study of Exchange Reactions of

Dioxaborolanes and Dioxaborinanes

3.1 Introduction

Small molecules that contain boronic acid moieties have been widely used in various
applications.k10 In organic chemistry, they are utilised as protecting groups, in carbon-carbon
coupling reactions, such as Suzuki-Miyaura, Chan-Lam and Liebeskind-Srogl reactions, but
also in conjugate addition, oxidation, homologation, C-H coupling reaction and molecular
self-assembly." ™ Thanks to their low toxicity and biofunctionality, macromolecules
containing boronic acids and boronic acid derivatives are used in medicine, as boron neutron
capture therapy agents, enzymatic inhibitors in anticancer drugs, or as chemical sensors of
biomolecules like glucose, fructose or other polysaccharides.mf35 Moreover, they have found

others applications, such as injectable hydrogels,36 dynamic covalent networks,””?®

. 39 . . . 40 . . . 41
separation,” surface post-functionalization,” nanomaterials, intelligent molecular systems,

344 and others.*> Their extraordinary broad

cages, cell captures,42 controlled drug delivery
utility is a consequence of their dynamic behaviour, which is related to the dynamic covalent

bonding between diols and boronic acids.

The first synthesis of a boronic acid was reported by Frankland in 1860.% Triethyl borate was
treated with diethylzinc to obtain a highly air—sensitive triethylborane, which provided
ethylboronic acid through its oxidation in ambient air. Indeed, one of the three carbon linked
to the boron atom of the trialkylborane is first hydrolysed to get a borinic acid, i.e. a boron
specie with only one hydroxyl group (Scheme 3.1). More stable than its borane counterpart,
but still reactive, the ethyl borinic acid can be further hydrolysed to yield ethyl boronic acid,
and even boric acid, where all alkyls groups have been replaced by hydroxyls (Scheme 3.1).
The latest product is the most stable of all considered compounds. But nowadays, the most
common way to produce boronic acid is the reaction of organolithium or organomagensium

reagents with trialkyl borates, followed by successive hydrolysis.*’*®
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Scheme 3.1. General scheme of the synthetic route of boronic acid.

In the neutral form, the boron atom of boronic acid is spz—hybridized with six valence
electrons and one vacant p orbital orthogonal to the three substituents, which are oriented in a
trigonal planar configuration with an O-B-O angle of 120°. As a consequence of its electron-
deficiency and moderate electronegativity, boron possesses a weak Lewis acidic character and
can form complex with Lewis bases, thereby changing from sp” to sp> hybridisation state and
adopting a tetrahedral configuration with bond angle of 109.5°. Under basic conditions in
water, the boron atom reacts with hydroxyl-ions to form a hydroxyboronate anion. Depending
on the pH and pKa of the boronic acid, an equilibrium is reached between these two species;
the boronate anion and its neutral counterpart. The pKa of boronic acids is defined as the pH-
value at which half of the boron is present as sp> boronic acid and half as sp> hydroxyboronate
anion. The pKa is strongly correlated to the substitution pattern of boronic acids. The
presence of electron-withdrawing substituents on the aryl groups of the boronic acid favours
the formation and stabilisation of the corresponding boronate anion, decreasing its pKa, while
electron-donating groups increase the pKa.* > Additionally, bulky substituents close to boron
hamper the formation of the tetrahedral boronate ion due to steric hindrance and thus increase
the pKa value.” Therefore, pKa values of the aryl boronic acids are higher than the alkyl
ones. Due to all these different effects, the pKa range varies from 10.4 to 4.0 for 3-
pyridylboronic acid that mainly exists as a zwitterion in water. If Lewis acidity plays an
important role in the reactivity of boronic acid, Brgnsted acidity is much more unusual and is
observed only when the formation of a tetrahedral boronate is highly unfavourable (Scheme
3.2).> In this case, the conjugate base is formed through proton transfer instead of

coordinating with the hydroxide ion.
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Scheme 3.2. Ionization equilibrium for a six-membered ring boronic acid (top) and for a 2-aminomethyl-
phenylboronic acid derivative.

B-O bonds are shorter than B-C bonds, 1.37 and 1.57 A, respectively. This translates into a
higher bond dissociation energy of the B-O bond, ca. 630 kJ/mol, as compared to the B-C
bond, ca. 430 kJ/mol™® As a consequence, B-C oxidation is thermodynamically favoured, but
the oxidative cleavage of this bond with oxygen or water is very slow, so many common
boronic acids are kinetically stable. This is true for arylboronic species, which are stable in
water over a wide range of pH, but not so for alkylboronic acids, which are prone to

atmospheric oxidation when left under ambient air, yielding an alcohol and boric acid.

R
/OH O—B,
3R-B == Rr-gf o T3H0
OH o-8
\R

Scheme 3.3. Equilibrium between a boronic acid and boroxine, a trimeric cyclic boronic anhydride.

If boronic acids are stable compounds towards atmospheric oxidation, they can form
cyclotrimeric anhydride species through the condensation of boronic acids, named boroxine.
(Scheme 3.3).57 Boroxines often coexist in solution and in solid state with their boronic acid
counterparts. A '"H- NMR study of different phenyl boronic acids showed that the reaction
was reversible at room temperature in CDCIl3 but with equilibrium constants rather small.”®
Steric hindrance and electron-withdrawing groups were found to play a key role in this
constant, decreasing the stability of the boroxines. The planar boroxine ring is isoelectronic to
benzene and possess a partial aromatic character. Boroxines can interact with bases, just like
their boronic acid analogues, involving only one boron atom of the B3Os ring. Indeed, the

coordination with another equivalent of base is strongly disfavoured due to steric strain. The
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eight-membered cyclotetrameric boronic anhydride also exists but presents significantly more
ring strain than its six-membered counterpart, and is thus more prone to hydrolysis.59 The
reactivity of cyclic boronic anhydrides with water makes them interesting for imparting

recyclability and self-healing properties to polymer networks.** %

OH K, © OH ®
R—B  +2H,0 R—B:IoH +H;30
OH OH
HO OH
J|xe “1C
HO OH
0 HO Ky HO o ®
—_— + —_— -/
R=B, ] 2 rReBO | THO
O 0
+2 HzO +2 HzO

Scheme 3.4. Reaction landscape of boronic ester formation. Both neutral and anionic forms of boronic acid exist
in thermodynamic equilibrium with cis-diols in aqueous solution, forming boronic and boronate esters via
condensation reactions. Kg and Kg’ are the equilibrium reaction constants for the pathways between the trigonal
neutral and the tetrahedral anionic forms, respectively. Ka and Ka’ are the ionization constants of the boronic
acid and boronic ester, respectively. (Adapted from reference *°)

Boronic acids can also react with diols yielding boronic esters and water (Scheme 3.4). This
equilibrium between boronic acids, diols, water and boronic esters was studied firstly in
details by Loran and Edwards in 1959, looking at the dissociation equilibrium constant Keq.65
But the study considered only tetrahedral boronate anions to react with diols, while neutral
form can also form boronic esters. Lots of studies about the complex boronic acid-diol
equilibrium in aqueous media have been conducted since.’ 86669 It was shown that boronic
ester formation is favoured at high pH and that free boronic acids have lower Lewis acidity
than their ester counterparts.45 Intramolecular and intermolecular complexation, like in Wulff-
type boronic acids, with internal coordination between the nitrogen or carbonyl lone pair and
boron’s vacant orbital, can change the pKa and the stability of boronic esters.”””
Consequently, diethanolamine boronic esters are formed in high yields, without water
trapping agents as they crystallise out of solution. Furthermore, the choice of the diol is the
key factor that will affect the most Keq.73 For instance, as compared to ethylene glycol, the

formation of the ester is 10 times more favoured with glycerol, 1000 times with mannitol and

10 000 times with catechol.”” The boronic ester formation is driven by removing water during
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the reaction, thanks to Dean-Stark apparatus, or with the addition of dehydrating agents such
as magnesium sulphate or molecular sieves. Under these conditions, boronic esters can be

obtained in very good to quantitative yields.

Boronic esters can give back the boronic acids and diols when exposed to water. For acyclic
boronic esters or unhindered cyclic ones, as those obtained with ethylene or propylene glycol
(Scheme 3.5, compounds 1 and 2, respectively), hydrolysis is very fast and can occur with
contact to atmospheric moisture only.”*”® Catechol based boronic esters (Scheme 3.5,
compound 3) are also sensitive to hydrolysis. However, hydrolysis can be slowed down and
significantly decreased with hindered cyclic esters, such as pinacol, pinanediol and
Hoffmann’s camphor-derived diols (Scheme 3.5, compounds 4, 5 and 6).76*82 In fact, these
bulky boronic esters are quite complicated to convert into their starting boronic acids, as a
further proof of their excellent stability. As forehead mentioned, diethanolamine and other N-
substituted derivatives based boronic esters are even more resistant to hydrolysis due to the
intramolecular dative N-B bond.***! Stereochemistry may also play an important role on the
thermodynamic stability of boronic esters. For instance, boronic esters made from trans-1,2-
cyclohexanediol are less robust to hydrolysis than their cis counterpart due to the

unfavourable orientation of the hydroxyl groups.85
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Scheme 3.5. Some common boronic esters.

Moreover, five membered boronic esters, knowns as dioxaborolanes, are more prone to
hydrolysis than six membered boronic esters, called dioxaborinanes.®® Indeed, the 1,3-diols
form more stable boronic esters than their 1,2 counterparts, due to the absence of ring strain in
dioxaborinanes. The complexation of 5-membered boronic esters induces a release of angle
strain; O-B-O and B-O-C bond angles changing from 120° to 109°, when going from a planar

configuration of the sp2 boron atom to a tetrahedral configuration of the sp3 boron atom.
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Scheme 3.6. Transesterification between a dioxaborolane and 1,2-diol.

Boronic esters can also react with free diols through transesterification to yield a mixture of
different boronic esters and diols. The stoichiometric balance between the different boronic
esters, once the thermodynamic equilibrium is reached, reflects their respective stability
(Scheme 3.6). The rate of the transesterification depends on the nature of the boronic ester
and diol. Transesterification is typically faster with dioxaborolanes containing unhindered
aliphatic diols and/or which carry electron-withdrawing substituents. More hindered boronic
esters obtained from pinacol or pinanediol do not undergo transesterification, or extremely

87,88

slowly. Diethanolamine containing dioxaborolanes are too stable to be reactive towards

these species. Due to their increased stability, dioxaborinanes reacts slower than their 1,2-

diols analogues.
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Figure 3.1. Kinetic data of the metathesis of dioxaborolanes 7 and 8 in bulk under argon protective atmosphere
(adapted from reference 89).
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Nicolay, Leibler and coworkers reported a new dynamic covalent reaction involving boronic
esters: a metathesis reaction between dioxaborolanes (Figure 3.1).% A direct exchange
occurred without any detectable traces of free diol, water or boronic acid. When two different
dioxaborolanes were mixed in THF at 20 °C under protective atmosphere, no exchange was
observed even after 200 minutes, while at 60 °C in bulk, the metathesis products were
detected and the reaction reached equilibrium after 160 minutes. As the kinetic of exchange
was followed from 60 °C to 180 °C and fitted with a second order model assuming a single
metathesis rate, the activation energy was determined from the Arrhenius law to be 15.9
kJ/mol. Compared to other covalent exchange reactions, e.g. transesterification (88 kJ/mol) or
vinylogous urethanes transamination (59 kJ/mol), the energy is quite low, meaning the

temperature has a lower influence on the kinetics of the reaction.

Interestingly, boronic esters are very stable compounds even at high temperatures and thus are
not prone to side reactions. Direct metathesis between boronic esters offers the possibility to
implant a highly dynamic covalent chemistry without using diols. Indeed, diols are highly
polar compounds so they can induce phase separation when they are incorporated into apolar
polymeric matrices. Moreover, diols are much more sensitive to oxidation than boronic esters,
and as good nucleophiles they can also react with many functional groups leading to the

formation of a static covalent crosslinks.

As presented in chapter 2, the direct reaction between dioxaborolanes led to inherent creep for
the considered elastomers, even at ambient temperature. To overcome this problem, while
keeping the excellent chemical and oxidative stability of boronic esters, a kinetic study of the
possible exchange reaction between dioxaborinanes was conducted and will be presented in
this chapter. First, the association and dissociation equilibrium constants of dioxaborinanes
were calculated and compared to those of dioxaborolanes. Transesterification exchange
kinetics between dioxaborinanes and 1,2 or 1,3-diols are also presented. Then, the direct
exchange between two highly pure dioxaborinanes under protective atmosphere was studied

in details in solution and then in bulk.

131



3.2 General experimental methods

Chemicals, solvents and gases: Boronic acids, diols and other chemicals were purchased from
Sigma Aldrich, Alfa Aesar, TCI, Acros and Fischer. Solvents and deuterated solvents were
stored under inert atmosphere over fresh and dried molecular sieves 3A. The respective ratio
of molecular sieves to solvent (% mass/volume) and the minimum time to achieve dryness for
each solvent were taken from literature.”® The diols used as reactants were dried over MgSOy4
and filtered. After concentration under reduced pressure at elevated temperature to remove
any traces of water, they were stored under inert atmosphere. Argon in highest available

purity (alphagaz 2, <0.5 ppm H,O) was purchased from Air Liquide.

Glassware: Glassware was oven-dried and purged with nitrogen or argon while heating with a

heat gun before addition of the chemicals.

NMR analyses: '"H-NMR and "C-HNMR analyses were conducted on a Bruker Ultra Shield
machine at 400 MHz and 100 MHz, respectively. NMR tubes were oven dried. If not stated
otherwise, samples of 10 mg in 500 uL of deuterated solvent were analysed and the obtained

data were internally referred to the standard shift of the respective deuterated solvent.

GC analysis: GC analysis was conducted on a Shimadzu gas chromatograph GC-2014
equipped with a Zebron-5SHT “inferno” column and helium as carrier gas. Injection was done
manually by injecting 1 pL sample volumes using a 10 pL syringe from Hamilton (gastight
1701). Before running analysis, the entire set-up was pre-heated to 350 °C and kept at
constant carrier gas flow of 5 mL/min and split ratio of 2.0 for at least 30 minutes. The GC
method (Tinj, Teot, Taet, gas flow, split ratio) was chosen according to the nature of the studied
molecules and the respective exchange reaction. The column was reconstituted regularly by

heating to 350 °C.
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3.3 Synthesis, purification, storage and characterisation of boronic

esters

3.3.1 Synthesis, purification and storage of boronic esters

The most straightforward route to synthesise boronic esters is the condensation of a diol with
a boronic acid in the presence of a water trapping agent (Schemes 3.7 and 3.8). Two different
strategies were used. Decent purity was achieved for boronic esters used for external
calibration and experiments under air thanks to the strategy 2, while highly pure compounds

used for experiments under inert atmosphere were prepared via strategy 1.

Et,0, H,0
OH HO MgSO,, 1t, 3-24h o
‘E< ' B/ ' ’ HZO
OH HO \o
Boronic acid Diol Boronic ester
B, Dy B,D,
cl FiC
Bx = <j>—a(om2 B(OH), B(OH), IB(OH)2 QB(OH)Z QB(OH)Z
cl FsC
B, B, B; B, Bs Bg

HO HO HO- HO HO HO: HO. HO

o= ) B 10 0

HO HO HO- HO HO HO- HO’ HO
D, D, D; D, Ds Dg D, Dy

Scheme 3.7. Boronic ester formation (top). Various boronic acids (middle) and diols (bottom) were used to

prepare model compounds.
Strategy 1: ByDy and B,D,

The diol (1.0 eq), the boronic acid (1.05 eq) and 0.1 vol% of water were mixed in Et,O (2
mL/1 mmol boronic acid) at room temperature and stirred until complete dissolution of all
compounds. MgSO, (3.0 eq) was added stepwise and the mixture was stirred at room
temperature for 5-24 hours. The suspension was filtered and concentrated under reduced
pressure. The resulting oil was distilled at 90 °C (B{Dy) or 140 °C (B;D5) under high vacuum

to yield the target compounds in very high purity as a colourless oil (B;D;) or a white solid
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(B2D3) (70-85%). The purified boronic esters were transferred directly to dried and purged

Schlenk flasks and kept under inert atmosphere (argon).

Strategy 2: B1D,, B1D3, B1Dy4, B1Ds, BiDs, B1D7, B1Dg B2D1, B2D7, B3D;, B4D2, BsD;, B¢D>

The diol (1.0 eq), the boronic acid (1.05 eq) and 0.1 vol% of water were mixed in Et,O or
THF (2 mL/1 mmol boronic acid) at room temperature and stirred until complete dissolution
of all compounds. MgSO4 (3.0 eq) was added stepwise and the mixture was stirred at room
temperature for 5-24 hours. The suspension was filtered and concentrated under reduced
pressure to yield the target compounds as colourless oils or white solids (60-82%). The
boronic esters were transferred directly to small septum closed vials and kept under inert

atmosphere (argon).
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Scheme 3.8. Boronic esters synthesised and studied in model experiments, organized according to the boronic

acid part (column) and the diol part (row).
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3.3.2 Detection limit of 1,3-propanediol and 1,3-butanediol in "H-NMR spectroscopy

To determine the purity of boronic esters generated via strategy 1, the detection limit for free
diols in '"H-NMR analysis was estimated by deliberately decreasing the concentration of 1,3-
propanediol (D) and 1,3-butanediol (D;) in CDCl; (Table 3.1). Stock solutions of Dy and D,
at a concentration of 25.5 mM were generated and further diluted with the deuterated solvent.
Styrene was added as internal standard (at a concentration of 25.0 mM) to the deuterated

chloroform before it was dried with molecular sieves and the stock solutions were prepared.

‘ D, at different concentrations with styrene (25 mM) in CDCl, ‘

‘ D, at different concentrations with styrene (25 mM) in CDCl,

-6.72
2

-4.09

3.88

[
|
0
{
E -

>
-

o T
o o o
— — —
70 65 6.0 55 50 45 40 35 3.0 25 20 15 1.0 70 65 6.0 55 50 45 40 3.5 3.0 25 2.0 1.5 1.0
6 (ppm) 6 (ppm)

Figure 3.2. Determination of the detection limit of 1,3-propanediol (Dy, left) and 1,3-butanediol (D5, right) in
'H-NMR with a constant concentration of styrene as internal standard.
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Figure 3.3. 'H-NMR analysis in CDCI; of ByD; (1 M) overlapped with free D;.
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Figure 3.4. 'H-NMR analysis in CDCl;of B,D, (1 M,) overlapped with free D,.

In total twelve solutions were analysed. In the 'H-NMR spectrum of the 5.10"* mol/L solution,
D; and D; can still be detected and the integration values of the different signals match rather
well. At a concentration of 1.10™ mol/L, the signals of Dy cannot be detected anymore and

only the CHs-signal of D, at 1.25 ppm is still detectable at this concentration (Figure 3.2).

Assuming a detection limit of 5.10* mol/L, the maximum free diol content in the synthesised
boronic esters, BiD; and B,D,, was estimated by analysing highly concentrated boronic ester

solutions in IH-NMR spectroscopy (Figures 3.3 and 3.4).

Table 3.1. Determination of the detection limit of 1,3-propanediol (D4, top) and 1,3-butanediol (D,, bottom) in
'H-NMR spectroscopy: Concentration and integration values of Dy and D, in CDCl,.

# C Chemical shift (ppm) and integration
D; (M) Styrene D,

6,72 (1H) 5,73 (1H) 5,26 (1H) | 3,88 4H) 1,82 2H) -
C1 | 2,50E-02 1 1,06 1,07 1,19 0,61 -
C2 | 1,00E-02 1 1,03 1,02 0,4 0,28 -
C3 | 5,00E-03 1 1,06 1,03 0,18 0,12 -
C4 | 1,00E-03 1 1,05 1,06 0,102 0,044 -
C5 | 5,00E-04 1 1,13 1,1 0,03 nd* -
C6 | 1,00E-04 1 1,12 1,07 nd* nd* -
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# C Chemical shift (ppm) and integration
D, M) Styrene D,
6,72(1H) 5,73(1H) 526 (1H) | 41 (1H) 1,7(1H) 1,25@3H)

C1 | 2,50E-02 1 1,01 0,99 1,16 24 3,61
C2 | 1,00E-02 1 1,02 1,02 0,44 0,92 1,51
C3 | 5,00E-03 1 1,02 0,99 0,2 0,5 0,69
C4 | 1,00E-03 1 0,99 0,98 0,03 0,15 0,12
CS | 5,00E-04 1 1,08 1,08 0,02 0,06 0,09
C6 | 1,00E-04 1 1,02 1,06 nd* nd* 0,03

*nd = not detectable

The diol signals of Dy and D, are undetectable in the 'H-NMR spectra of B1D; and B,D»,
respectively. The maximum diol content in the boronic esters can be calculated using the

above estimated detection limit and the following relation:

(diol],ay = [diol]max
M [diol]ymax + [boronic ester]
dioll — 5.10*mol /L
ldiollmax = £ 62001 /L T 1,000 mol/L
Equation 3.1. [diol]max = 0.05 mol%

Thus, the boronic esters BiD; and B,D, prepared via strategy 1 possess a minimum purity of

99.95 mol% with respect to their corresponding diols.

Similarly, in the "H-NMR spectra of the boronic esters synthesised via strategy 2 no free diol
signals were detected. The maximum free diol content was calculated via the same procedure
as mentioned above. Among all the studied diols, Ds and D¢ possess the highest detection
limit respectively with 0.35% and 0.27%. The boronic esters synthesised via strategy 2

possess thus a minimum purity of 99.65 mol% with respect to their corresponding diols.

137



3.4 Association and dissociation equilibrium constants of boronic

esters

3.4.1 Determination of the association equilibrium constant from diol and boronic acid

In order to assess the equilibrium composition of boronic acids, diols and boronic esters in the

absence of a water trapping agent, the association constant (K,) was determined.

oH o THF-dg, argon, rt ° OH HO
\ \ \
OH HO o OH HO

Boronic acid Diol Boronic ester Boronic acid Diol

B, D, B,D, B, D,
Scheme 3.8. Formation of boronic esters ByDy in THF-dg.

Phenylboronic acid (By) was dissolved in dried THF-dg at room temperature and mixed with
an equimolar amount of a solution of diol in dried THF-dg at the same concentration (0.2
mol.L'") (Scheme 3.8). After mixing 20 hours, the solution was analysed by 'H-NMR
spectroscopy using an oven dried NMR tube purged with argon to prevent the presence of
water. Characteristic isolated signals of boronic esters and diols were used. For instance, the
signal at 1.32 ppm (-CH3) of the boronic ester B;D, was compared to the corresponding peak
from the diol at 1.09 ppm (Figure 3.5), while for B{D; the peak at 2.06 ppm (-CH;) was
studied. The total concentration of boronic esters and diols should be equal to the initial
concentration of diols (prior to mixing), that is to say 0.1 mol.L"". The exact concentration of
water, boronic esters, boronic acids and diols could be calculated. Consequently, the
association equilibrium constant was determined assuming negligible amount of boroxines in

the starting boronic acid and using the following equation:

B, Dy ]*[H,0]?
Equation 3.2. Ko = %

The value appeared to be very different between dioxaborolanes and dioxaborinanes (Table
3.2). For the former, the constant was calculated to be 20 M (B;D7) and 26 M (B1Dsg), while
the latter had association constants four to twelve times higher (Table 3.2). Chemically
different dioxaborinanes were tested to study the effect of the substitution pattern on the

association constant. For a fixed boronic acid, phenyl boronic acid (B), different diols, Dy,

were added to form the corresponding boronic esters. As a general trend, the more the diol is
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substituted the higher is the association constant. For instance, the boronic ester B1Dy4, with 3
methyl groups on the diol, possess an association constant of 312 M, while B{Dy, with the
unsubstitued 1,3-propanediol Dy, has an association constant of 139 M. Interestingly, the
position of the methyl groups has an influence on the overall stability of dioxaborinanes.
B,Ds, with two methyl groups born by the carbon which is not attached to oxygen atoms, has
an association constant estimated to be 303 M, while B{D; with same number of methyl
groups but closer to C-O bond had a lower constant at 92 M. Then the diol was fixed, 1,3-
butanediol, D, and the boronic acid, By, was varied. The equilibrium composition is also
strongly related to the structure of the boronic acid. For instance, halogen-substituted, B,Ds,
and trifluoromethyl-substituted dioxaborinanes, B;Dg, have an association constant estimated
to be 830 and 499 M, respectively, while the association constant of the 3,5-dimetyl-

susbtituted boronic ester B,D, was found to be 108 M.

The ratio boronic ester/water (1/2 according to 'H-NMR) was consistent with the equation of
the reaction, for which two molecules of water are released for every molecule of boronic
ester formed. The observed boronic ester/water ratio indicates that no (or very limited)
quantities of boroxine was formed under these conditions. However, the concentration of

water may be imprecise because of its labile protons that can exchange with those of diols.

These experiments indicate that simple mixing of diols and boronic acids, without removing
the resulting water, produces dioxaborolanes and dioxaborinanes in high yields. The

association equilibrium constant is ten times higher for the dioxaborinanes than for the

dioxaborolanes.
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Figure 3.5. "H-NMR of the formation of boronic esters BD-, and B;D,, after 18h at room temperature.
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Table 3.2. Determination of the association equilibrium constant K, via 'H-NMR.

B.Dy | [BiDy+Dy] | [BDyl/[Dy]| [B\Dy] [HO] [Byl (Dy] Kass

- M) - M) M) M) M) M)

theoritic Measured | Calculated | Calculated | Calculated | Calculated | Calculated

B,D, 0,1 18,2 9,5E-02 2,0E-01 5,2E-03 5,2E-03 139
B.D, 0,09 19,3 8,6E-02 1,8E-01 4,4E-03 4,4E-03 141
BiD; 0,10 15,3 9,4E-02 1,9E-01 6,1E-03 6,1E-03 92
BD4 0,10 26,5 9,6E-02 2,1E-01 3,6E-03 3,6E-03 312
B,Ds 0,10 26,1 9,6E-02 2,1E-01 3,7E-03 3,7E-03 303
B{D, 0,10 7,3 8,8E-02 1,8E-01 1,2E-02 1,2E-02 20
B,Dg 0,10 7,9 8,9E-02 1,9E-01 1,1E-02 1,1E-02 26
B,D, 0,10 15,8 9,4E-02 2,0E-01 6,0E-03 6,0E-03 108
B;D, 0,10 21,4 9,6E-02 2,1E-01 4,5E-03 4,5E-03 203
B4D, 0,10 29,7 9,7E-02 2,1E-01 3,3E-03 3,3E-03 394
BsD, 0,10 42,9 9,8E-02 2,1E-01 2,3E-03 2,3E-03 830
B¢D-» 0,10 33,3 9,7E-02 2,1E-01 2,9E-03 2,9E-03 499

3.4.2 Determination of the dissociation equilibrium constant through hydrolysis

As discussed above, boronic esters are formed by the reversible condensation of a free diol

with a boronic acid with the release of two equivalents of water. Consequently, the presence

of water can lead to the hydrolysis of pure boronic esters. Hydrolysis depends on many

parameters such as the solvent, temperature, pH, etc... In order to investigate the stability of

boronic esters in the presence of water, hydrolysis experiments were conducted on B{Ds,

B{D; and B;D4 in THF-dg. To determine the amount of hydrolysed boronic esters, precise

quantities of water were added to THF-dg stock solutions containing a known concentration of

boronic esters (Scheme 3.9). After 48 hours, when the equilibrium is reached, the samples

were handed to 'H-NMR spectroscopy. All the tubes were oven-dried, and solutions were
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prepared and kept under argon. The dissociation equilibrium constant was studied in detail at

room temperature through four different ratios of B;D7/H,0, B1D1/H,O and B;D4H,0 (Table

3.3). Stabilities of dioxaborolanes and dioxaborinanes were compared.
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Scheme 3.9. Hydrolysis of boronic esters B;D;, B;D; and B;D4 in THF-dj.
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Table 3.3. Reactants quantities used to investigate the hydrolysis of boronic esters B;D,, B;D; and B1D,.

C# ratio Reactant m M n | % C
H,0/B,Dy (mg) (g/mol) | (mmol) | (uL) M)
B,D, 12,3 161,99 0,08 600 0,13
Cl1 20 27,3 1,52 27 2,53
C2 10 13,7 0,76 14 1,27
C3 5 0 6,8 18 0,38 7 0,63
C4 1 1,4 0,08 1 0,13
B,D, 12,3 161,99 0,08 600 0,13
Cl 20 27,3 1,52 27 2,53
C2 10 H,O 13,7 18 0,76 14 1,27
C3 5 6,8 0,38 7 0,63
B,D, 12,3 204,07 0,06 600 0,10
Cl1 20 21,7 1,21 22 2,53
C2 10 H,O 10,8 18 0,60 11 1,27
C3 5 54 0,30 5 0,63

Boronic esters can be sensitive to hydrolysis and their water stability depends on their

substitution pattern. The dissociation constants of the boronic esters were calculated via the

following equation:

Equation 3.3.

Kaiss =
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Two methods were used to determine the concentration of water. The first one (method 1)
relies on the integration of the signal of water whose protons can exchange with the
deuterated THF, which may lead to an incorrect assessment of the water content. In contrast,
the second method (method 2) calculates the water concentration according to the following

equation:
Equation 3.4. [H;0]; = [H;0]o — 2 x [Dy];

Method 2 is based on the theoretical initial water concentration minus two times the quantity
of generated diols. Tuning the ratio of H,O/B{D7 leads to modify the equilibrium composition
between boronic esters, free diols and boronic acids. According to method 1, the dissociation
constant was estimated to be K = 1.5x10" M for B{D; (Table 3.4). This value corresponds
to Kyss = 7 M, which is of the same order of magnitude with the measured 20 M. Method 2
gave lower values for Ky ca. 2.6x102 ML, In contrast with dioxaborolanes, the two methods
gave similar results for the 6-membered boronic esters. Dissociation constants of
dioxaborinanes were calculated to be one or two orders of magnitude lower than those of
dioxaborolanes, with Ky of 7.6x10° M and 1.4x107° M! for B{D; and B{Dy, respectively,
(Figure 3.6). B1D4, which has three methyl groups bore by the diol part, has a dissociation
constant which is five times lower than the same boronic ester without methyl group, i.e.
B{D;. The presence of these side groups might decrease the hydrolysis through steric
hindrance. The association constant of B;D; calculated from 1/Kgss = 131 M is consistent
with the value of 139 M as mentioned above, while for BiDy, 1/Kgiss = 741 M is twice higher
than the value determined by initially mixing the diol and the boronic acid. The presence of
boroxines and/or imprecise determination of concentration of water might be responsible for

this discrepancy when estimating K, and Ky;g.
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Table 3.4. Determination of the dissociation equilibrium constant K, via "H-NMR spectroscopy.

B.D, | C# |[B:D,+Dy]| [B.D,l/[Dy]| [B\Dy] [HO0] [By (D] Kaiss  Kass | [HO] Kaiss  Kass
S I 0 ) - ™) ™M) ™) o~ h | ™ ™
Theoritical| Measured | Measured | Measured | Estimated | Measured | Method 1 Estimated Method 2

Cl 0,10 0,7 4,1E-02 8,4E-01 59E-02 | 59E-02 |1,2E-01 8 | 2,4E+00 1,4E-02 69

C2 0,10 1,2 5,5E-02 5,2E-01 4,5E-02 | 4,5E-02 [ 14E-01 7 1,2E+00  2,7E-02 37

b C3 0,10 2,8 7,4E-02 2,5E-01 2,6E-02 | 2,6E-02 | 1,6E-01 6 5,8E-01  2,9E-02 35
C4 0,10 14,3 9,3E-02 5,1E-02 6,5E-03 | 6,5E-03 | 1,7E-01 6 1,2E-01 34E-02 30

Cl1 0,10 1,4 5,8E-02 | 2,2E+00 | 4,2E-02 | 4,2E-02 |6,2E-03 162 | 2,4E+00 5,0E-03 202

BD,| C2 0,10 3,1 7,6E-02 1,0OE+00 | 2,4E-02 | 2,4E-02 |7,2E-03 140 | 1,2E+00 5,2E-03 193
C3 0,10 5,7 8,5E-02 5,3E-01 1,5E-02 | 1,5E-02 [9,5E-03 105| 6,0E-01 7,3E-03 137

Cl 0,10 72 8,8E-02 1,6E+00 1,2E-02 | 1,2E-02 | 6,9E-04 1450| 2,5E+00 2,7E-04 3707

BDy | C2 0,10 10,8 9,2E-02 7,8E-01 8,4E-03 | 84E-03 | 1,3E-03 790 | 1,3E+00 5,0E-04 2017
C3 0,10 18,3 9,5E-02 3,7E-01 5,2E-03 | 52E-03 |2,1E-03 477 | 6,2E-01 74E-04 1351
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Figure 3.6. 'H-NMR in THF-dg of B;D, and Dy after hydrolysis reaction with an initial ratio B;D4/H,0: 1/5.

In this section, the association and dissociation equilibrium constants of boronic esters, K
and Kgis, were estimated. Phenyl boronic acid (By) was mixed, in dry THF-dg and under
protective atmosphere, with equimolar amounts of various diols. The thermodynamic
association constants were calculated to be 20 M and 26 M for B;D7 and B;Ds, respectively,
while the thermodynamic association constant ranges between 92 and 312 M for
dioxaborinanes. Even in the absence of water trapping agent, the proportion of generated
boronic esters is higher than the amount of corresponding diols or boronic acids, 8 times for
dioxaborolanes and from 15 to 42 times for dioxaborinanes. It was shown that the more the
boronic esters are sterically hindered the higher is their water stability. The dissociation
equilibrium constants, Kgiss, of three different pure boronic esters were estimated under the
same conditions and matched well with the above association equilibrium constants as Ky =
1/K4iss- The constants range varies from 0.15 M for dioxaborolane B;D; and 7.6x107 M to
1.4x10” M for dioxaborinanes BiD; and BDy, respectively. The higher stability against
hydrolysis of diaxoborinanes as compared to dioxaborolanes reflects the absence of ring strain
in the 6-membered ring boronic esters unlike the 5-membered ring species. To investigate the
rate of different exchanges that can occur between boronic esters with and without diols in

organic solvent and in bulk, the following experiments were conducted.
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3.5 Exchange reactions under air

The studies of exchange reactions taking place in mixtures of dioxaborolanes or
dioxaborinanes are presented in the following sections. Experiments were performed under
different conditions. In this subchapter, the influence of water and atmospheric moisture on
boronic esters exchange is investigated to see if pure boronic esters can exchange in these

conditions. Kinetic experiments were followed under air via GC analysis.

3.5.1 GC methods: internal and external calibrations and usual procedure

Kinetic studies of the possible exchange reaction between boronic esters were followed by gas
chromatography (GC). To calculate the exact molar quantity of the different boronic esters
involved in the reactions from GC raw data, internal and external calibrations methods were

used.

External calibrations curves were obtained for each boronic ester. Each compound was
analysed at four different concentrations at a constant sample volume of 1 pL and specific
response factors were generated for every boronic ester. When no internal calibration was

used, then only the percentage of each boronic ester could be calculated.

For internal calibration, an internal standard (IS) was added and the boronic esters signals
were referred to this standards signal. The standard was chosen according to its column
compatibility, retention time, temperature stability, polarity and its inert character towards
boronic esters. Dodecane or tetradecane were used as internal standards. They were dried and

stored over molecular sieves at least four days under argon atmosphere before use.
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Figure 3.7. Example of the GC raw data used for the external calibration curve of boronic ester B1D;.

All calibration curves were generated as follow. Stock solutions of each boronic ester and
inert standard were prepared by adding 0.1 mmol of the corresponding molecule to 1 mL of
the respective solvent. 100, 50, and 10 pL of these stock solutions were subsequently diluted
with the anhydrous solvent to reach the targeted concentrations, between 140 mM and 9 mM,
and characterised by GC using an injection volume of 1 pL (Figure 3.7). Concentrations were
corrected for diol or boronic acid impurities, as quantified by prior 'H-NMR analysis. The

slope of the linear fit of the four resulting points was used as external calibration reference to
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obtain the concentration — area dependence for each molecule as depicted in Figure 3.8.
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Figure 3.8. External calibration curves of the boronic esters used for model exchange reactions.
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GC analysis was conducted on a Shimadzu gas chromatograph GC-2014 equipped with a
Waxplus column, a flame ionization detector and helium as carrier gas. Injection was done
manually by injecting 1 pL. sample volumes using a 10 pL syringe from Hamilton. Before
running analysis, the entire set-up was pre-heated at 350 °C and kept at constant carrier gas

flow of 5 mL/min and split ratio of 2.0 for at least 20 min.

GC methods were adapted to the nature of the studied boronic esters, meaning polarity and
molar mass, and the speed of the exchange reaction. The methods varied in detection/injection
temperature, starting temperature of the column and the temperature program. The carrier gas
flow was adjusted when necessary. These parameters were chosen as a compromise between
short retention time, to maximise the number of measures in a given time, and good
separation between the products, to improve the precision and reproducibility of the results.

Table 3.5 depicts the totality of used GC methods.

Table 3.5. Gas chromatography methods used for kinetic studies of boronic ester exchanges.

Tinjidet | Teo Column flow | Split ratio Temperature program

Hold time (min) / ramp (°C/min) /

(°C) (mL) i aimed temperature (°C)

Reactions with only dioxaborolanes

300 100 3.0 2.0 0/30/200

Reactions with dioxaborolanes and dioxaborinanes

300 100 5.0 2.0 0.5/30/250

Reactions involving only dioxaborinanes

270 100 8.5 10 0.5/8/119 - 1/4/124 - 1/4/135

3.5.2 Study of the exchange reaction between two dioxaborinanes under air

The direct reaction between two dioxaborinanes was investigated in the presence of

atmospheric moisture (Figure 3.9). To this aim, the following series of experiments were
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performed. Stock solutions with a concentration of 0.1 M of B{Dy and 0.1 M of B,D, were
generated under argon in toluene and a stoichiometric amount of B,D, (2 mL) was added to

B{D; (2mL) under ambient atmosphere at the considered temperature.
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Figure 9. Exchange between B{D; and B,D, under air in toluene at 100 °C (red) and 35 °C (blue).

The reaction at 35 °C presented an induction period of 180 min, where no reaction occurred
(Figure 3.9). After 100 min, the reaction began to proceed slowly with an equilibrium time
superior to 1400 min at 35 °C. Increasing the temperature to 100 °C decreased the induction

period to 100 min and the equilibrium state was reached after more than 500 min.
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3.5.3 Study of exchange reaction between a dioxaborinane and a dioxaborolane under

J + / ; ; ; ; 25°C
\o \o 100 b & - B,D, +B,D,
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Figure 3.10. Exchange between dioxaborolane B;D; and dioxaborinane B,D, under air in toluene at 60 °C (red)
and 25 °C (blue).

The influence of the structure of boronic ester was studied under similar conditions, i.e. in
solution under ambient atmosphere (Figure 3.10). The exchange between dioxaborinane B,D»
and dioxaborolane B{D7 is faster than between two dioxaborinanes made solely from 1,3-
aliphatic diols. This observation reflects the higher reactivity, thus lower stability, of the 5-
membered boronic ester rings because of ring strain. The kinetics data reveal that at 60 °C the
dioxaborinane B,D, does not react before 60 min, while the dioxaborolane concentration of
B1D7 started to decrease as from 20 min. This can be explained by the higher water stability of
dioxaborinanes. Interestingly, cooling down the system to 25 °C did not result in a decreased
equilibrium time, which indicates a low activation energy of the exchange reaction through

hydrolysis and transesterification.
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3.6 Exchange reactions under protective atmosphere

The transesterification of dioxaborinanes was studied with different diols in solution. Finally,
the exchange reaction between highly pure boronic esters was studied in concentrated
solutions and in bulk. Key parameters of the direct exchange, such as the rate constant k and
the activation energy, E,, of the reaction, were estimated. Out of stoichiometry experiments

were conducted to determine the global order of the reaction.

3.6.1 Transesterification reactions

3.6.1.1 Transesterification of dioxaborolanes with 1,2-butanediol

To better understand the role of diols in solution of boronic esters, a series of experiments was
performed under argon atmosphere. Under these conditions, the presence of water can be

neglected and the effect of diols can be isolated from hydrolysis.

To study the kinetic of the direct transesterification reaction of a boronic ester with an
aliphatic diol, the following experiments were conducted. Stock solutions with a
concentration of 0.1 M of BjD7 and 0.1 M of dried Dg were generated and a stoichiometric

amount of Dg (2 mL) was added to B;D7 (2mL) in DCM under argon atmosphere at 20 °C.
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Figure 3.11. Transesterification of dioxaborolane B;D; with a monosubstituted 1,2-aliphatic diol, Dg, in DCM at
20 °C.

Only boronic esters BjD7 and B;Dg could be detected via GC analysis because of the very

short retention time of the free diols, no matter the parameters used in GC. Figure 3.11 shows
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the consumption of B;D7 and the generation of B;Dg. The reaction is extremely fast, reaching
its equilibrium within less than five minutes. The dioxaborolane products are not present in
stoichiometric proportions, 62 mol% for B;Dg and 38 mol% for B1D5. This non stoichiometric
distribution reveals that boronic ester B{Dg is more stable than B;D; in DCM at room

temperature.

3.6.1.2 Transesterification of dioxaborinanes with 1,3-butanediol

To compare the behaviour of dioxaborinanes and dioxaborolanes toward transesterification, a
similar reaction was studied involving 6-membered ring boronic esters and a 1,3-aliphatic
diol. Stock solutions with a concentration of 0.1 M of B;D; and 0.1 M of died D, were
generated, and various amounts of D, (in 2 mL) were added to B;D; (2mL) in DCM under

argon atmosphere at 20 °C.
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Figure 3.12. Transesterification of dioxaborinane B;D; with a 1,3-aliphatic diol, D,, in DCM at 20 °C, with
different boronic ester/diol ratios.

The transesterification of dioxaborinanes was more than twice slower than the similar reaction

with dioxaborolanes (Figure 3.12). This may be explained by the higher stability of the 6-
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membered boronic esters. The equilibrium was reached after 20 minutes. As should be
expected, the equilibrium composition was different depending on the initial ratio of B4D; and
D;. For instance, with an equimolar initial ratio of B;jD; and D, the transesterification led to a
product distribution of 43% for B1D; and 57 % for BiD,. B{D; is slightly more stable than
B,D; thanks to the extra methyl group of D,. With a lower ratio D,/B;D; equilibrium was

displaced to a higher B1D; concentration also within 20 minutes.

To investigate the influence of the substitution pattern of the boronic ester, a different
dioxaborinane, B{D4, made from phenylboronic acid and a bulky diol with three methyl
groups, the 2,4-dimethylpentanediol, was used to study transesterification. Stock solutions
with a concentration of 0.1 M of BiD4 and 0.1 M of dried D, were generated, and an

equimolar amount of D, (2 mL) was added to BjD4 (2mL) in DCM under argon atmosphere at

20 °C.
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Figure 3.13. Transesterification of dioxaborinane B;D, with a 1,3-aliphatic diol D, in DCM at 20 °C.

The exchange was extremely slow as compared to the transesterification between B;D; and
D,. Indeed, the reaction needed more than 4300 minutes to reach the equilibrium (Figure
3.13). The steric hindrance of B;jD4 only due to the diol part likely explains the slow rate of
transesterification. Indeed, it was reported that pinacol (four methyl groups) based
dioxaborolanes do not undergo transesterification.?*®”® The ratio BiD4 / B{D,, which is

measured to be 13.7 is consistent with the higher stability of B;Dy.
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3.6.1.3 Transesterification of dioxaborolanes with 1,3-butanediol

One last transesterification was studied to confirm that the rate of transesterification mostly
depends on the structure of the boronic ester rather than on the nature of the diol involved, 1,2
or 1,3-diol. The exchange between dioxaborolane B;D7 and 1,3-butanediol D, was conducted.

The two compounds were mixed in equimolar amounts in DCM under argon atmosphere at
20 °C.
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Figure 3.14. Transesterification of dioxaborolane B;D; with a 1,3-aliphatic diol D, in DCM at 20 °C.

The kinetic was similar to those of ByD; with the 1,2-butanediol Dg, with equilibrium reached
within 7 minutes, and a product distribution in favour of the dioxaborinane; 65% of the
dioxaborolane was converted into the most stable 6-membered boronic ester (Figure 3.14).
Interestingly, this composition is not very different from the one observed with 1,2-
butanediol, but 1,3-pentanediol should be used instead of 1,3-butanediol for a rigorous

comparison, i.e. with a similar ethyl group as substituent on the diol part.

All the reactions of transesterification were slower for 6-membered boronic esters than for 5-
membered boronic esters, but the exchange was always faster than between two boronic esters

as observed in the previous section.
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3.6.2 Exchange of dioxaborinanes in solution at room temperature

The two highly pure boronic esters B;D; and B,D, were mixed in an equimolar ratio under
protective atmosphere in THF at an overall boronic ester concentration of 0.1 mM, and the

evolution of the reaction was followed by GC.
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Figure 3.15. Reaction between B;D; and B,D, under argon protective atmosphere in THF at 20 °C. Signals are
referred to the internal standard tetradecane and are given in mol% (left, plotted are the sums of reactants and
products) and in concentration (right, individual curves for each species).

Almost no exchange reaction was detected under these conditions. After 2900 min, the
generated B1D; and B,D; were still inferior to 0.5 mol% (Figure 3.15). As the presence of
diols would lead to fast transesterification reaction, we can conclude to the absence of diols
and water in this case. This experiment is a further evidence of the very high purity of the two
compounds B{D; and B,D». It also validates this experimental set-up to perform exchange

reactions in the absence of moisture.

3.6.3 Exchange of dioxaborinanes in highly concentrated medium and in bulk

When working in anhydrous conditions and under inert atmosphere, no exchange was
observed between dioxaborinanes Bi{D; and B,D, in THF at an overall concentration of
boronic esters of 100 mM. However, in a similar case as for dioxaborolanes, without
detectable traces of water and diols, the reaction could occur in bulk through a direct
exchange between boronic esters, or through transesterification due to the presence of
undetectable traces of diols or water. The exchange reaction between dioxaborinanes B{Dq

and B,D, was studied at different temperatures in highly concentrated solution and in bulk
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under protective atmosphere. Importantly, no traces of free diol could be detected by 'H-NMR

at the beginning and the end of all the conducted reactions.

3.6.3.1 Exchange between dioxaborinanes in highly concentrated medium

Here is presented the study of the exchange between the highly pure dioxaborinanes B1D; and
B,D,. The exchange was conducted in a highly concentrated dodecane solution (this section)
and in bulk (next section). In both cases, the reaction was conducted under argon protective

atmosphere at different temperatures, without the addition of diol.
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Figure 3.16. Left side: Metathesis of highly pure dioxaborinanes B;D; and B,D, at different temperatures under
argon protective atmosphere. Right side: Gas chromatography traces of the reaction medium after 3min
(bottom), 84 min (middle) and 137 min (top) during the exchange at 150 °C.

The dioxaborinane BjD; (2.7 mmol) was mixed with dodecane (2.4 mL) then an equimolar
amount of dioxaborinane B,;D; (2.7 mmol) was added under argon at different temperatures.
The densities of the boronic esters were measured and the concentration of all boronic esters
was calculated to be 1.6 mol.L'. At 190 °C, the equilibrium was reached after 45 min,
whereas at 150 °C it needed more than 2 hours of reaction, and at 60 °C the system was still

out of equilibrium after 24 hours (Figures 3.16 and 3.17).
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Figure 3.17. Kinetic plots of the exchange reaction between boronic esters B;D; and B,D, B,D, in dodecane at
different temperatures and under argon protective atmosphere.

The kinetic data of the exchange reaction are fitted with a second order model and assuming a
single metathesis rate k. Consequently, the rate constant of dioxaborinanes metathesis can be
estimated using the following expression (see appendix for details, 3.8.2.2) with q, the initial

concentration of B1Dy:

Equation 3.5. ln( 2 ) = 2a kt
a—2x
_Ea
Equation 3.6. k = Ae Rt

According to equation 3.6, the activation energy determined via the logarithmic plot of the
rate constant versus the inverse temperature was estimated to be 39.1+ 0.4 kJ/mol (Figure
3.18). The pre-exponential factor A was assumed to be temperature independent and
determined from the intercept of the linear fit of Arrhenius law to be 1.5 £ 0.1 L.mol's™. This
factor represents the frequency of collision between reactant molecules. It includes steric

effects of the boronic esters, indeed the molecules have to collide to give the corresponding
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products but also to be in the correct orientation. Dioxaborinanes are 6-membered cyclic
species that possess different cycle conformations, with six classical forms.”! They are
switching from a conformation to another all the time, changing the orientation of the O-B-O
plan and thus making the co-planar overlap of two dioxaborinanes highly difficult. Samples of
the reaction medium were analysed by 'H-NMR spectroscopy just after mixing at t = 4 min

and at the equilibrium. The amount of free diols was below the diol detection limit in both

cases.
T T T T T — -7 T T T T T
60 °C, 110 °C
1.5} o -8t 1
— ,190 °C
=3 E, = 39,1 kdJ/mol
%) a
% ol M | N 9t |
o . c
o £
€ v 10+ 1
c05F 4
[an] .
A1+ Highly concentrated 4
Highly concentrated dodecane solution
0.0k dodecane solution |
1 1 1 1 1 / 12 1 1 1 1 1
0 100 200 300 400 1500 2.2 2.4 2.6 2.8 3.0
Time (min) 1000/T (1000/K)

Figure 3.18. Left: Exchange of highly pure boronic esters in dodecane at different temperatures and under argon
protective atmosphere. Right: Activation energy of the reaction.

The presence of dodecane had two potential benefits; on one hand it was useful for calculating
the exact concentration of boronic esters, and on the other hand, dodecane can mimic in some
ways the elastomer or olefin matrix, as a molecule made only from carbon and hydrogen.
However, in order to confirm these promising results, and to obtain the characteristic
parameters such as the rate constant of the metathesis reaction and the activation energy of the
exchange reaction in a different chemical environment, the exchange reaction was also

performed in bulk.
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3.6.3.2 Exchange between dioxaborinanes in bulk
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Figure 3.19. Left: Exchange of highly pure boronic esters in bulk at different temperature and under argon
protective atmosphere. Right: Activation energy of the reaction.

The dioxaborinanes B{D; and B,D, (2.7 mmol) were mixed in equimolar amounts under
argon at different temperatures. The overall concentration of boronic esters was estimated to
be 5.7 mol.L'\. At 190 °C, the condensation of the lightest dioxaborinane B{D; was observed
on the walls of the Schlenk flask. Thus, in order to homogenise the reaction medium, the

walls were rinsed four times with the reaction mixture before sampling at this temperature.

It was observed that the reaction was faster in bulk at 190 °C than in dodecane (Figure 3.19).
At this temperature, the equilibrium was reached after only 36 min, while with the internal
standard it required 45 min. However, at 150 °C the equilibrium was reached after 390 min of
reaction in bulk, while it only required 137 min in dodecane. This suggests a higher activation
energy of the metathesis reaction in bulk. The plot of In k£ versus 1000/T gave an activation
energy, E,, of 61.6 + 1.4 kJ/mol and a pre-factor, A, of 83 + 2.3 L.mol's™". The pre-factor is
really low as compared to the pre-factor calculated from the metathesis of dioxaborolanes in
bulk, for which A was found to be 6600 L.mol™'s™".°* This means that dioxaborinanes requires
80 times more collisions before to react than dioxaborolanes. Dioxaborolanes, as 5-
memebered cyclic compounds, have less difficulty than dioxaborinanes to overlap between
each other, because all the atoms of the dioxaborolane cycle are in the same plan. Compared
to the experiment with dodecane, the order of magnitude of the pre-factor is two times higher,
and the activation energy is 1.5 times higher. Changing the conditions, i.e. from solution to
bulk, resulted in modification of activation energy and frequency factor in the same direction.
Such behaviour might suggest that the variation of the nature of the solvent alters the degree

of solvation of the transition state and/or of the reactants. Most importantly, both in bulk (5.4
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mol.L™") or at high concentration (1.6 mol.L™"), the exchange between two highly pure
dioxaborinanes was observed, while in solution in THF the exchange reaction did not occur at
room temperature. The concentration might play an important role on the kinetic, as well as
the complexation of the boron atom by the lone pair of the oxygen of THF, which decreases
the Lewis character of dioxaborinanes. The role of undetectable traces of free diols and
boronic acids cannot be excluded during the exchange of highly pure dioxaborinanes, through

a catalytic process of transesterification with dioxaborinanes.

3.6.4 Determination of the reaction order of dioxaborinane metathesis in solution

In an attempt to verify the assumptions made to fit the kinetic data, the global order of the

reaction between two highly pure dioxaborinanes B;D; and B,D; was determined.

Stock solutions in xylene with a concentration of 0.8 M of B,D; and different concentrations
of B;1D; were generated and various amounts of BjD; (in 2 mL) were added to B,D, (2mL) in

xylene under argon atmosphere at 110 °C (Scheme 3.10).

Assuming that only metathesis, i.e. one elementary step, occurred during the exchange
reaction between boronic esters with [A] = [B1D1], [B] = [B2D2], [C] = [B1D3], [D] = [B2D1],

the reaction can be described as follow:

kl
[A]+[B] [C] +[D]
k,
Xylene, 110 °C,
argon
B B B
B,-D, B,-D, B,-D, B,-D, B,-D, B,-D,
1.0eq 0.25, 1.0,
2.00r5.0eq

Scheme 3.10. Exchange reaction of B;D; with B,D, in xylene under argon at 110 °C, with different initial
boronic ester ratios.
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Figure 3.20. Exchange of boronic esters in xylene at 110 °C under argon with different initial boronic ester
ratios.

Let us assume that initially [B1D4]o = a, [B2D2]o = b while [B1D3]o and [B;D4]y are zero, we

obtain the following equation (see appendix for details, 3.8.2.1):

Equation 3.7. in () = k(a + b)a?~'b~ 1t

Xe—X
In(x.-x) is plotted against ¢ to yield the slope k’, which may be equalled to:
k' = k(a+ b)aP~1pi1

Rearranging equation 7, we obtain:

Equation 3.8. In (k—,) =In(k)+ (p — Din(a) + (g — Din (b)

a+b
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The overall reaction order is determined by:
Equation 3.9. n=p+gq

To determine the order p of the reaction with respect to [A]yp = a = [B1D1]o, 4 different
experiments were performed at 110 °C in which the initial concentration of [A] was varied,
while [B]y = b = [B2D:]y was kept constant (Figure 3.20). The different ratio a / b were 0.25,
1, 2 and 5 for an initial concentration of [B]p = b = 0.8 mol.L'". As In b is a constant, In
{k’/(a+b)} is plotted against /n a to determine the slope, which is equalled to p - /. According
to equation 3.8 and Figure 3.21, the reaction order with respect to B;Dy, was calculated to be
1.15 £ 0.08. As B1D; and B,D; possess similar structures their partial order of reaction should
be equal. Thus the overall reaction order is calculated to be 2.3 + 0.16 (Equation 3.9). This
value seems to confirm the above assumption of a second order model for the boronic ester

exchange.

-8 T T T
Xylene, 110 °C
-1=-0.15

=-10} \p 0157,
Ko}
+
S
£ 12}

14 . . !

-2 -1 0 1 2

In (a)

Figure 3.21. The logarithmic plot of the rate constant k£’ versus In a to determine the order of the exchange
reaction between two dioxaborinanes.
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3.7 Conclusion

In this chapter a method was presented to analyse the dynamic covalent exchange reactions
between two boronic esters, and between boronic esters and diols. Compounds were
synthesised in high to very high purities (diol below the detection limit of NMR, content
below 0.05 mol%). The association and dissociation constants of dioxaborolanes and
dioxaborinanes were studied in the presence of water under argon via 'H-NMR spectroscopy.
Dioxaborinanes possess a water stability, or resistance to hydrolysis, 10 to 100 times higher

than the corresponding dioxaborolanes.

The transesterification was studied and was proven to be faster for dioxaborolanes
(equilibrium time, t g, < 5 min) than for dioxaborinanes (t ¢q ca. 20 min). The substitution

pattern might strongly affect the speed of reaction as demonstrated for BiDy (t oq > 4300 min).

While in a dry THF solution of two highly pure dioxaborinanes no exchange could be
observed at room temperature under protective atmosphere, the exchange reaction was
observed at high concentration and in bulk. An activation energy of E, = 39.1 kJ/mol was
calculated in dodecane at high concentration, while the E, was estimated to be 61.6 kJ/mol in
bulk, with a frequency factor 55 times higher as compared to dodecane solution. Diols
influence the speed of exchange. Although neither free diols (nor boronic acids) could be
detected via 'H- NMR, the presence of traces of diols, acting as a catalyst, cannot be excluded
in bulk under the tested conditions. The overall reaction order was studied and estimated to be

2.3 and thus, close to the second order assumed to fit the kinetic data.

Compared to dioxaborolane metathesis, dioxaborinane metathesis has an activation energy 3
times higher and a frequency factor 100 times lower. These two combined characteristics are
highly interesting. For instance, at 60 °C, the rate constant of dioxaborolanes exchange was
estimated to be k = 10 L.mol™'s™ versus k = 1.10” L.mol's™ for dioxaborinanes. Consequently
the exchange is drastically slowed down at room temperature for 6-membered cyclic boronic
esters as compared to their 5S-membered counterparts, likely because of the ring strain present
in the 5-membered boronic esters and absent in the 6-membered species. Introducing
dioxaborinane groups into elastomeric matrices could be extremely interesting: not only for
their high stability and compatibility with a wide range of polymer backbones, but because the

exchange reaction is quenched at room temperature, freezing the topology of the network thus
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preventing it to creep while at higher temperatures (150-190 °C) the reaction is 1000 times
faster allowing rapid rearrangement of the network and thus processability. Consequently, we
aimed to incorporate dioxaborinanes into polybutadiene to generate reprocessable elastomers

with higher creep resistance.
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3.8 Appendix

3.8.1 Characterisation of boronic esters

@B/
\O >
BI-DI

'H-NMR (CDCls, 400 MHz): & (ppm) 7.78 (d, J = 8.0 Hz, 2H), 7.43 (m, 1H), 7.36 (m, 2H),
4.18 (t,J = 5.5 Hz, 4H), 2.06 (qt, J = 5.5 Hz, 2H).

BC-NMR (CDCl;, 100 MHz): & (ppm) 133.4, 130.4, 127.5, 61.8, 61.5, 27.8, 21.2. Carbon
adjacent to boron not detected. Purity: no impurities detected via GC and 'H-NMR.

B-D,

'H-NMR (CDCls, 400 MHz): & (ppm) 7.86 (d, J = 8.0 Hz, 2H), 7.47 (m, 1H), 7.41 (m, 2H),

4.33 (m, 1H), 4.23 (m, 1H), 4.15 (m, 1H), 2.03 (m, 1H), 1.82 (m, 1H), 1.42 (d, J = 6.3 Hz,
3H).

BC-NMR (CDCls, 100 MHz): & (ppm) 133.4, 130.4, 127.7, 67.9, 61.5, 33.9, 22.82. Carbon
adjacent to boron not detected. Purity: no impurities detected via GC and 'H-NMR.

B-D3

'H-NMR (THF-ds, 400 MHz): § (ppm) 7.71 (d, J = 8.0 Hz, 2H), 7.30 (m, 1H), 7.22 (m, 2H),
4.38 (m, 1H), 4.23 (m, 1H), 2.03 (m, 1H), 1.83 (t, J = 5.3 Hz, 1H), 1.32 (m, 6H).
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\O

BI-D4

'H-NMR (THF-ds, 400 MHz): & (ppm) 7.71 (d, J = 6.6 Hz, 2H), 7.31 (m, 1H), 7.23 (m, 2H),
4.34 (m, 1H), 1.92 (m, 1H), 1.55 (m, 1H), 1.35 (m, 6H), 1.31 (d, J = 6.2 Hz, 3H).

(X

B-Ds

'H-NMR (THF-ds, 400 MHz): & (ppm) 7.75 (d, J = 6.4 Hz, 2H), 7.34 (m, 1H), 7.26 (m, 2H),

3.75 (s, 4H), 0.99 (s, 6H).
B/O
\O

B-Dg

'H-NMR (THF-ds, 400 MHz): § (ppm) 7.3 (d, J = 6.6 Hz, 2H), 7.32 (m, 1H), 7.25 (m, 2H),
3.81 (d,J = 5.4 Hz, 2H), 3.75 (d, J = 5.4 Hz, 2H), 1.33 (m, 4H), 0.95 (s, 3H), 0.91 (, ] = 6.3

Hz, 3H).
B/O
\O

B,-D;

'H-NMR (CDCls, 400 MHz): & (ppm) 7.73 (d, J = 6.7 Hz, 2H), 7.41 (m, 1H), 7.31 (m, 2H),

4.66 (m, 1H), 4.40 (dd,J=1.1 Hz,J =83 Hz), 3.83 (dd,J=1.1 Hz,J =83 Hz), 1.34 (d,J =
6.2 Hz, 3H).

BC.NMR (CDCl3, 100 MHz): 8 (ppm) 134.4, 131.6, 127.9, 73.7, 72.5, 21.9. Carbon adjacent
to boron not detected. Purity: no impurities detected via GC and "H-NMR.
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B;-Dg

'"H-NMR (CDCls, 400 MHz): § (ppm) 7.84 (d, J = 6.4. Hz, 2H), 7.41 (m, 1H), 7.31 (m, 2H),
4.56 (m, 1H), 4.43 (dd, J = 1.2 Hz, J = 8.3 Hz), 3.88 (dd, J = 1.2 Hz, J = 8.3 Hz), 1.72 (m,
2H), 1.06 (1, J = 7.8 Hz, 3H).

C-NMR (CDCls, 100 MHz): § (ppm) 134.7, 131.5, 127.7, 78.7, 70.8, 21.9, 20.5. Carbon

adjacent to boron not detected. Purity: no impurities detected via GC and 'H-NMR.

B/ :>
\o
B,-D,

'H-NMR (CDCls, 400 MHz): § (ppm) 7.46 (s, 2H), 7.11 (s, 1H), 4.19 (t, J = 5.5 Hz, 4H) ,
2.37 (s, 6H), 2.07 (qt, J = 5.5 Hz, 2H).

BC-NMR (CDCl;, 100 MHz): & (ppm) 136.7, 132.2, 131.3, 61.9, 27.1, 21.2. Carbon adjacent
to boron not detected. Purity: no impurities detected via GC and "H-NMR

B/ :§
\()
B,-D,

'H-NMR (CDCls, 400 MHz): & (ppm) 7.48 (s, 2H), 7.12 (s, 1H), 4.33 (m, 1H), 4.23 (m, 1H),
4.15 (m, 1H), 2.38 (s, 6H), 2.04 (m, 1H), 1.82 (m, 1H), 1.43 (d, J = 6.3 Hz, 3H).

BC-NMR (CDCl;, 100 MHz): & (ppm) 136.7, 132.2, 131.3, 67.9, 61.0, 34.2, 22.9, 21.2.

Carbon adjacent to boron not detected. Purity: no impurities detected via GC and 'H-NMR.
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B/O
\O

Bz-D7

'"H-NMR (CDCls, 400 MHz): & (ppm) 7.44 (s, 1H), 7.11 (s, 1H), 4.46 (m, 1H), 4.40 (dd, J =
1.1 Hz,J = 8.8 Hz), 3.83 (dd, J = 1.1 Hz, J = 8.8 Hz), 2.34 (s, 6H), 1.43 (d, J = 6.2 Hz, 3H).

PC-NMR (CDCls, 100 MHz): & (ppm) 1347.4, 133.6, 132.9, 73.7, 72.5, 21.9, 21.2. Carbon
adjacent to boron not detected. Purity: no impurities detected via GC and 'H-NMR.

B;-D,

'H-NMR (THF-ds, 400 MHz): & (ppm) 4.03 (m, 1H), 3.89 (m, 2H), 1.85 (m, 1H), 1.58 (m,
7H), 1.23 (m, SH), 1.17 (d, J = 6.3 Hz, 3H), 0.74 (m, 1H).

BC-NMR (THF-dg, 100 MHz): & (ppm) 61.34, 35.1, 29.3, 28.9, 28.1, 27.8, 23.1. Carbon

adjacent to boron not detected.

/O
VAR
B,-D,

'H-NMR (THF-ds, 400 MHz): & (ppm) 4.03 (m, 1H), 3.88 (m, 2H), 1.88 (m, 1H), 1.56 (m,
1H), 1.34 (m, 2H), 1.17 (d, J = 6.3 Hz, 3H), 0.86 (m, 3H), 0.58 (t, J = 7.6 Hz, 2H).

BC-NMR (THF-dg, 100 MHz): & (ppm) 67.0, 61.3, 35.1, 23.1, 17.4, 17.1. Carbon adjacent to

boron not detected.
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Cl

c Bs-D,

'H-NMR (THF-dg, 400 MHz): & (ppm) 7.58 (s, 2H), 7.45 (s, 1H), 4.28 (m, 1H), 4.12 (m, 2H),
2.03 (m, 1H), 1.77 (m, 1H), 1.34 (d, J = 6.3 Hz, 3H).

®C-NMR (THF-ds, 100 MHz): & (ppm) 135.0, 132.4, 130.7, 68.9, 62.2, 34.5, 22.3. Carbon

adjacent to boron not detected.

F3C

B¢-D
FoC 672

"H-NMR (THF-dg, 400 MHz): & (ppm) 8.21 (s, 2H), 8.01 (s, 1H), 4.34 (m, 1H), 4.18 (m, 2H),
2.09 (m, 1H), 1.82 (m, 1H), 1.37 (d, J = 6.3 Hz, 3H).

BC-NMR (THF-ds, 100 MHz): & (ppm) 134.1, 126.0, 123.3, 69.1, 62.3, 34.8, 22.8. Carbon

adjacent to boron not detected.

3.8.2 Equations for the exchange reactions

3.8.2.1 Equations for the estimation of the reaction order

If only metathesis occurs between boronic esters with [A] = [BiDy], [B] = [B2D2], [C] =
[B1D2], [D] = [B2D1]:

ky

[A]+[B]

[C]+[D]
k,

Exchange reaction may be expressed as following: *
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. dx (a—x)(b—x) x2
Equation 3.10. == aP b1 (k1 — - k, E)

We suppose that the equilibrium constant equals 1 thanks to the thermodynamic stability of

all the reactants and products, as a consequence k; = k; = k.

— — 2
Equation 3.11. % =k aPbl {w _ x_}

ab ab

(a—x¢)(b—xe)
xg

With the equilibrium constant: K =

ab
a+b

Xeo =

Rearranging equation 3.11:

2 = ka? b7 (a + b)(xe — X)

Integrating and using the fact that x = 0 when t = 0, we have:

ln( Ye ) = k(a + b)aP~1ba 1t

X —

3.8.2.2 Equations for the assessment of the rate constants

Restarting from equation 3.11 and assuming that the observed exchange follows second order
reaction kinetics, i.e. p =1 and q = 1, the rate constant of the reaction can be determined using

the following relations:

dx_

7 = klla—0b-x) - x%}

After the integration between t = 0 and t:

l ab — (a+b)k
n(ab—(a+b)x)_(a+ ) kt

When the two reactants are mixed in stoichiometric proportions, thus a = b, the above

equation becomes:
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