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Abstract

Abstract

Polymeric materials shape the world we live in, and imagining our reality without
them seems an impossible task. However, concerns about their sustainability are
rapidly arising since most of them are synthesised from crude oil derivatives and

accumulate in the environment with little known consequences.

The inclusion of bio-based renewable monomers into polymer structures
represents a significant and valuable effort in building more sustainable materials.
However, attention must be placed on the polymerisation method too, to adhere to
green chemistry principles. Current step-growth polymerisation techniques
succeed inincluding heteroatoms into polymer backbones aiming to introduce new
reactivity handles, but they often require harsh reaction conditions such as high
temperature. On the other hand, polymerisations proceeding via chain-growth
mechanism occur at lower temperatures but produce mostly carbon-carbon based

backbones.

The goal of this thesis was to leverage the nucleophilic addition of heteroatoms
to activated alkynes, i.e.the thiol- and hydroxyl-yne click reactions, to synthesize a
new range of polymers. In light of its simplicity and selectivity, this reaction has
been successfully employed to yield designer polyesters, both linear and
crosslinked, with tuneable thermomechanical properties and controlled
degradability. Moreover, the same approach could be expanded into the production
of polyester amides from bio-sourced monomers to access a novel class of amino

acids-based polymers.
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Chapter 1 —Introduction

1.1 Polymers

Since 1820, when Thomas Hancock reported the change in mechanical
properties of natural rubber upon mastication’ (i.e. subjected to high shear forces
several times), the understanding of the behaviour of polymeric materials has
increased greatly. Following on from Hancock’s findings, in 1839, Nathaniel
Hayward assigned his patent US 1090 to Charles Goodyear for his discoveries
regarding the vulcanisation of natural rubber.? However, albeit several reports
regardingthe various properties associated with this class of compounds, polymers
were thought to be the physical association of small molecules. A significant shift
has happened since the Nobel Prize Herman Staudinger laid down the foundation
of polymer science proposing the term “macromolecules”, defining polymers as
composed of large molecules made of shorter repeating units linked by chemical
bonds.® Thanks to his pioneering work among others, such as crystallographic
studies by Herman Mark and Kurt Meyer on natural polymers and Carothers's work
on the preparation of polyamide and polyesters?, polymer science is now a branch
of chemistry with a direct influence on society. This is highlighted by the significant
increase in polymeric product production since their introduction in the 1950s
(Figure 1). Given the current trend, it is predicted that plastic production will
account for almost half of the increase in oil consumption, it takes up 15% of our
carbon budget, and has resulted in serious environmental concerns.® For these
reasons, it is imperative to investigate new polymerisation routes to improve the

sustainability of polymer synthesis. In addition to leveraging bioderived monomers
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from renewable feedstock coupled with considerations about recycling and
performances, adherence to green chemistry principles (atom economy, hazard
reduction, lower energy requirements)® must be maximised. Typical polymer
synthesis occurring through a step-growth mechanism enables the introduction of
heteroatoms into the polymer backbone, which is crucial for recycling and polymer
performance. However, this requires very high temperature (>200 °C), thus making
it a highly energy intensive process. On the other hand, polymers produced via
chain-growth polymerisation requires lower temperatures, but incorporation of
heteroatoms without compromising the mechanical performances or the
polymerisation efficiency remain elusive. It is worth noting that recent efforts into
the depolymerisation of fully carbon-carbon based polymers produced via radical
mediated polymerisation have constituted inspiring and valuable novel
approaches.” 8 For these reasons, it is proposed that replacing condensation
reactions with click reactions performed at lower temperature may be a viable

methods to build functional polymers under milder conditions.
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Figure 1. Amount of plastic (expressed in millions of tonnes) produced from the 1950 to 2019.
Data plotted by the author obtained from Sci. Adv.3,e1700782(2017).°

1.1.1 Polymer composition and architecture

Nowadays, the term polymer refers to a substance composed of large
macromolecules, which are formed by linking together monomer molecules in a
process called polymerisation and can display different architectures and,
therefore, physical properties. These polymers can be divided into linear, where the
macromolecules present two chain ends, and non-linear which have no chain ends
(cyclic orring polymers). An example of different properties in ultrahigh-molar mass
(UHMM) polymers was reported recently by Chen and co-workers.' The authors
found out that the thermal degradation temperature of linear poly(2,2-dimethyl-3-
thiopropiolactone) ([-P3T(Me).P) was 14 °C lower than the that of a cyclic analogue,
and differences in mechanical properties were observed too. The skeletal structure

of polymers can also present side chains, called branches, with different lengths
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andfrequencies, which are bonded to the main chain atbranching points. Branched
polymers are classified as dendrimers or hyperbranched according to the definition
of the molecular mass and structure. These differences are also known to impact
the physical properties of polymers. For example, it is known that the intrinsic
viscosity of a linear polymer increases with its molecular weight, and the maximum
is associated with the formation of dendrimers." Branches can also act as
crosslinkers between different macromolecules, creating a polymer network that
can be characterised by their number of junction points per unit volume, which is

known as crosslinking density (Figure 2).

Linear Cyclic Branched

Network Hyperbranched Dendrimer

Figure 2. Different skeletal structures of polymeric materials.

Another important factor is the nature of the monomers that constitute the
polymers. Polymers constituted only from one kind of monomer are called
homopolymer,' whilst if two or more different repeating units are present, they are
called copolymers.’™ Copolymers are further classified according to the way the

different monomers are distributed along the chain. Statistical copolymers are
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polymers in which the monomer distribution obeys statistical laws™, but if the
monomer distribution cannot be predicted they are defined as random
copolymers,’™ whereas alternating copolymers are polymers where the monomers
are perfectly alternated.’® Another type of polymer are block copolymers. In this
case, the polymer is made of alternating blocks composed of repetition of one
single monomeric unit.” Subtle variation in the monomer sequence can lead to
huge differences in terms of thermomechanical properties. For example, melt
viscosity of random butadiene and styrene copolymers was found to be different
when compared to block copolymers made of the same monomers, which
exhibited a two-phase domain structure.’® Copolymers can have branches
composed of monomers differing from the monomers of the main chain, in this

case, they are called comb copolymers (Figure 3)."°

Alternating Statistical Random

R S S o ¢ BN Se 000 OIS o oe0 o

Homopolymer

W Block Comb

Figure 3. Polymers can be classified according to the number of monomer species.

Polymers are also classified based on their thermomechanical behaviour.
Thermoplastics are linear, branched or cyclic polymers, which can flow when the
temperature is sufficiently high, and can be further differentiated according to their
ability to crystallise, i.e. their chains align to form highly ordered structures.?® 2" In

most cases, it is impossible to obtain a fully crystalline polymer, and generally
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crystalline domains are dispersed into a non-crystalline phase (semi-crystalline).
The crystalline phase is characterised by a melting temperature (Tm) In turn,
polymers that are not able to form crystalline domains are defined as amorphous.
These polymers, together with the amorphous phase of semi-crystalline polymers,
are characterised by their glass transition temperature (Tg). Transitioning above the
Ts means shifting from the glassy state (hard) to the rubbery state (soft).??
Crosslinked polymers can be further divided into elastomers and thermosets.
Elastomers are rubbery networks, generally characterised by a low crosslinking
density, that can repeatedly be stretched and recover their initial shape when the
deforming stimulus is removed.?® On the other hand, thermosets are characterised
by higher crosslinking density which confers higher rigidity and solvent resistance,
as the materials swell rather than solubilise, and the inability to flow even at higher
temperatures, making these materials hard to degrade.?* For example, the onset
temperature of the rubbery plateau of silicon polymer networks increases with

increased crosslink density.?®

1.1.2Molar mass and degree of polymerisation

Since polymers properties show dependency on the size of the chains, it is
important to characterise their dimensions. This is done by measuring the molar
mass (M) of a polymer, which represent the mass of 1 mol of polymer and it is
expressedingx mol™. Thisvalue depends on the degree of polymerisation (x), which
is the number of repeating units in the polymer chain, multiplied by the molar mass

of the repeating unit (Mo), through equation 1.
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Equation 1. Molar mass of a homopolymer obtained multiplying the molar mass of the repeating unit with
the degree of copolymerisation.

szMO

cop

Equation 1 can be used for copolymers if Mo is replaced by Mo, which is the
mean molar mass of the repeating units considering the different monomers

constituting it (Equation 2).

Equation 2. Molar mass of a copolymer obtained multiplying the molar mass of the repeating unit
considering the monomers constituting it with the degree of copolymerisation.

Mg = Sx Mg

Where xx represents the mol fraction and Mo* the molar mass of the monomer
“k” in the copolymer. Since a polymer is composed of chains of different sizes, their

distribution is characterised in terms of average molar mass. Macromolecules

€19

forming the polymer will be grouped in discrete fractions j

containing M
molecules of molar mass M. The number-average molar mass (M,) is calculated as
the sum of the products of the molar mass of each fraction multiplied by its mole

fraction, which is given by the ratio of Ajto the total number of molecules (Equation

3).

Equation 3. Number average molecular weight equation (M.) equation, where the molecular mass of all
polymer chains is divided by the number of polymer chains.

_INM

LT

Molecular weight can also be expressed using the weight-average molar mass
(Mw), which considers the weight fractions instead of the number of molecules. The
weight fraction is calculated as the ratio between the mass of molecules of molar

mass M; divided by the total mass of all the molecules (Equation 4).
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Equation 4. Weight average molecular weight equation (Mw) equation, where the molecular mass of all
polymer chains is divided by the total mass of all the molecules.

_ INM

The ratio between My, and M, gives the dispersity (Pu) value, which indicates how
uniform the size of the macromolecules forming the polymer is. A perfectly uniform
polymer would have a Dy of 1 but most polymers display higher values, according
to the method of polymerisation. Evaluation of M,, and M,, is usually performed via
size exclusion chromatography (SEC), also referred to as gel permeation
chromatography (GPC). The retention time of polymers eluting through a column
packed with a resin having pores of known size is evaluated against standards of
known M value and narrow ©Hnm, such as polystyrene (PS) or

poly(methylmethacrylate) (PMMA).

1.2 Bulk properties of polymers

1.2.1 The amorphous state

As previously discussed, polymers that do not display any crystalline domain are
denoted as amorphous and are characterised by a lack of precise molecular order.
When these materials are cooled, and do not present any crystallisation, their
viscosity increases, and the material flows less. When the temperature is lower
than the T, the polymers are frozen and transition from a rubbery to a glass state,
where chain mobility is significantly hindered. This transition is linked to a drastic

change in the thermomechanical properties, where the material becomes more
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brittle and a significant change in heat capacity is recorded.?® Semi-crystalline
materials will display a Ty relative to their amorphous region. Importantly, the
recorded T; value will depend on the heating rate, meaning that the value will
depend on the experimental conditions. The glass transition is often described
using the concept of free volume: at higher temperatures, materials undergo
volumetric expansion, increasing the separation between the polymer chains, and
therefore, the rates of molecular motion and availability of different conformational
states. When the temperature is reduced, less energy will be available for molecular
motion, limiting the number of conformations the chains can assume. When the
temperature decreases below T, chain mobility is eventually hindered to the point
that the polymer can be considered frozen. The Tg of polymers can be affected by
different factors such as the chain flexibility, associated with the easiness of
rotation along main chain bonds, as poly(ethylene oxide) displays a much lower T,
when compared to the more rigid poly(p-xylene).?”-?8 Another factor that affects the
Ts is the presence of side chains, as bulkier side chains tend to restrict bonds

rotation increasing the Ty, (Figure 4).

Main chain modification Side chain modification
ol m A n n
Ty- -67 °C 80 °C -23°C 30°C 100 °C

Figure 4. Factors controlling the Ty such as main chain flexibility (left) and side groups bulkiness
(right).
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The T; can also be affected by molar mass, branching, and crosslinking.
Increasing molar mass leads to an increase in T4 as the chain ends, which are
associated with more free volume when compared with the central segments of the
chains, will see a reduction in their contribution to the total free volume of the
polymer. This has been observed by Singh et al. on polystyrene thin films via
spectroscopic ellipsometry.?® As branches act as chain ends, they can modulate
the Ty too. Generally, an increase in branches will reduce the T4 but, when the
number of branches increases significantly, the restriction imposed on the degree
of freedom of the chain will significantly outweigh the contribution to the free
volume, leading to an overall increase in T4.3% 3" A similar restriction on molecular
motion is exerted by crosslinking, which leads to an increase in T;. Another aspect
influencing the T is the thickness of the polymer film as it has been demonstrated
that the onset of molecular mobility, i.e. transitioning to the rubbery state, happens
at a lower temperature on the surface of a polymeric film than in its bulk.3? This is
explained by the fewer constraints associated with the surface layer of the polymer,
and it has been measured on various polymers such as poly(a-methylstyrene)®:,
PMMA34 and polystyrene.? * The onset of molecular motion at the Ty is studied by
macromolecular dynamics, and it is stated that a long polymeric chain can move
according to two different processes. The chain can change its conformation
without moving its centre of mass, or it can move its centre of mass relatively to the
position of neighbouring chains. Both these motions occur through thermal
activated Brownian motion, and they are limited by the physical constrained

imposed by the mesh.®* The two main theories associated with the motion of
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polymer chains are the Rouse-Beuche theory and the De Gennes reptation theory.%¢
One of the main differences associated with these theories is the different degree
of dependency of the viscosity of the polymer (n) on the molar mass. In fact, the
Rouse-Bueche theory underestimates this dependency when the molar mass of the
polymer is above a certain threshold (high molecular weight polymers) and was
found to agree with experimental values only in highly diluted polymeric solution or
with polymer of low M,,. The change in behaviour happening at higher molecular
weight can be explained by the concept of chain entanglement, as the chains grow
longer, they will entangle as a consequence of their uncrossability given their
covalently bonded backbones. The entanglement can act as a physical cross-
linker, thus, higher energy is necessary for its unravelling, enhancing the stress of

the material.®®

1.2.2The crystalline state

Depending on the chemical structure and physical factors such as molecular
weight and branching, polymers can form crystalline, i.e. ordered, domains when
they are cooled below their T.. Crystallisation happens if the entropy penalty
associated with an increase of order in the system is offset by the reduction in
enthalpy (H), leading to a negative Gibbs free energy (G) value.*® The degree of
crystallinity and the size of the crystals have a profound effect on the
thermomechanical properties of the material, hence controlling this phase is
paramount in modulating the thermomechanical properties of polymers. Since

crystallisation is a thermodynamic process, it is possible to control it by changing
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the rate at which the polymers are being cooled. Upon rapid cooling, the
crystallisation process is controlled by kinetics, and in certain cases, it is possible
to prevent the polymers from crystallising altogether. On the other hand,
crystallisation can be induced by annealing, where the polymer is heated at a
temperature between its T; and T,.%” % Different factors play a role in polymer
crystallisation behaviour. For example, symmetric polymers, such as
homopolymers, tend to crystallise easier than co-polymers, as the sequence of
crystallisable units can be interrupted by co-monomer units unable to crystallise.*®
Another factor influencing the formation of crystalline domain is the tacticity of the
polymer, meaning the orientation of side groups along the main chain. Generally,
isotactic and syndiotactic polymers will crystallise, while atactic polymers will
not.* However, this is not always true: Coates and co-workers reported a series of
synthetic polyhydroxyalkanoates (PHAs) of tacticity-independent crystallinity. In
fact, the syndiotactic, isotactic, and atactic polymers all displayed high melting
points and similar crystal structures (Figure 5). Since covalent bonds control the
spatial arrangement of a chain in space, while secondary interactions (e.g.
hydrogen bonding, van der Walls forces...) control the orientation of different
segments towards each other, drawing structure-properties relationships
encompassing all different kinds of polymer structures represent a very challenging

task.
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Figure 5. Stacked DSC thermograms (left) and stacked powder X-ray diffraction patterns (right) of atactic,
syndiotactic, and isotactic PHAs all showing formation of crystalline domains. Reprinted (adapted) with
permission from J. Am. Chem. Soc. 2023, 145, 48, 25983-25988. Copyright 2023 American Chemical Society.

The morphology of the crystals obtained depends on the conditions under which
the polymer was crystallised. Common morphologies are bidimensional lamellae
that can extend into spherulites when growing in the third dimension.*' Notably,
because of their size, numerous conformations available, and chain entanglement,
polymers almost never form a perfect crystal, they instead display crystalline
regions presenting defects, the amorphous phase. Nonetheless, it is possible to
estimate a degree of crystallinity (x.) for each polymer by comparing them with a
completely crystalline analogous, when present. This is calculated by comparing
their respective enthalpy of melting (AH.), accordingly to equation 5, where AH,, is
the value obtained experimentally, AH. is the experimental enthalpy of
crystallisation, and AH.° is the value associated with a perfectly crystalline

polymer.*?

Equation 5. Evaluation of the degree of crystallinity by comparison of the enthalpies of melting and
crystallisation.

_ AH,, —AH,

X
¢ AH?
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This value is of technological importance as it dictates humerous properties
such as melting temperature and mechanical behaviour.** % A common example
would be polyethylene (PE), where linear high-density polyethylene (HDPE) and
branched low-density polyethylene (LDPE) display different degrees of crystallinity,
X. 2 90% and x. = 50/60%, respectively.*® The melting temperature of the crystals
limits the practical use of polymeric materials, as they do not retain mechanical
stability at temperatures above Tr,. Generally, factors controlling the T affect the T,
in the same way, as both are primarily influenced by main-chain stiffness and
branching. T, can be further controlled by the presence of polar groups such as the
amide group, as exemplified by the different T, of nylon 6.6 (T, = 265-280 °C) and
nylon 7.7 (Tm = 196-214 °C). While in homopolymers it is virtually impossible to
control these two variables independently, co-polymers emerge as a possibility to

better control these parameters.*¢ 4

1.2.3 Measurement of thermal properties

The most common technique used to characterise crystallinity and thermal
properties (Ts & Tm) of polymers is differential scanning calorimetry (DSC). Going
above T, means changing the heat capacity of the polymer. During this pseudo-
second order transition, measured in a heat -flux DSC, the enthalpy does not
change and can be detected by an endothermic shift of the baseline. This is
because the heat capacity of the polymer increases as it changes from the glassy
to the rubbery state.?® The value of Ty is usually taken as the onset temperature of

this event. Crystallinity is observed by detection of a first-order transition (melting)
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displayed as an endothermic peak during the heating cycle and as an exotherm
(crystallisation) upon cooling. Crystallisation can also happen upon heating,
usually attemperatures between Tgand T,,.. The change of enthalpy (AH) associated
with the phase transition is given by the ratio between the area of the peak (usually

expressed in W K [J K s™]) and the heating/cooling rate (Figure 5).
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Figure 6. Typical DSC run of a semi-crystalline polymer. Heating run (solid line), cooling run
(dashed line), glass transition temperature (Tg), crystallisation events (T; & T.c), melting temperature
(Trm)-

Another important parameter is the thermal stability of polymers and can be
obtained by thermal gravimetric analysis (TGA) i.e. at what temperature the mass of

the polymer starts decreasing indicating thermal degradation.

16



Chapter 1 —Introduction

1.2.4 Measurement of mechanical properties

The mechanical properties of polymers are assessed by their response to a
variety of mechanical stresses (0) such as shear, compression, elongation, and
bending. In response to an applied force, atoms change their position known as
strain (), and at low values, € is proportional to stress, expressed by Hooke’s law.
Hooke’s law allows the measurement of the material resistance against uniaxial
extension or compression, known as Young’s modulus (E). This value is obtained by
the ratio between stress and strain (Equation 6). However, polymeric materials obey
Hooke’s law only at low strain because of a phenomenon named yielding. The yield
point of a material corresponds to the onset of permanent plastic deformation, and

the material is not able to return to its original shape after the stress is removed.

Equation 6. Formula describing the calculation of Young’s modulus.

&
E=—
o

Generally, mechanical performances are studied by tensile testing. This allows
evaluation of properties such as stiffness, strength, elasticity, and toughness
(Figure 6A). Different polymers will display different stress vs. strain curves when
tested by uniaxial tensile testing. Usually, amorphous polymers tend to have low
Young’s moduli and show flexibility (high stretchability) but low strength when
compared to their semi-crystalline counterparts. Semi-crystalline polymers can be
considered similar to composite materials where the mechanical properties
depend on the combined modulus of the amorphous and crystalline region. When

the crystalline domain becomes predominant, polymers gain in strength but
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generally, their flexibility decreases leading to brittle materials (Figure 6B).*%%° The
temperature atwhich the polymer is tested, i.e. above or below Ty, and the presence

of non-covalent interactions can also play a role in determining the stress vs. strain

profile.
Deformation
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Figure 7. Exemplary stress vs. strain curve with the deducible properties (left). Stress vs. strain curves of
different polymers (right).

Another way to assess mechanical properties is through Dynamic Mechanical
Analysis (DMA), where a polymer is subjected to an oscillating force at constant
temperature (isothermal) or across a certain range (dynamic). Most materials will
display a viscoelastic response (Complex modulus, G) that is separated into the
elastic component (Storage modulus, G’) and viscous component (Loss modulus,
G”). The ratio between G’ and G’ is the dampening factor (tan 8) and it represents
the tangent of the phase angle between the application of the stress and the
response of the material and can also be used to identify the T4 (Figure 7). The closer
this angle is to 90 degrees the greater the viscous behaviour of the material.
Generally, linear polymers will begin to flow at certain temperatures, which is

highlighted by a great drop in the storage modulus after a plateau region. Common
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thermosets do not display this behaviour in light of their crosslinked nature.
However, certain crosslinked polymers referred to as covalent adaptable networks

(CANSs) can flow because of the presence of dynamic bonds.%°
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Figure 8. Schematic representing typical DMA thermograms with storage modulus and tan 8 plotted against
temperature. Tg highlighted.

1.3 Polymerisation techniques: step growth

polymerisation

According to how monomers are linked during the polymerisation process, two
main classes of polymerisation reaction can be found, step-growth polymerisation;
if the polymer grows from the stepwise reaction of any two species in the reaction
mixture, and chain growth polymerisation; when the polymer chain forms after the
reaction of the monomer with a reactive end-group.®' This mechanistic difference is
evident when the degree of polymerisation is plotted against functional group
conversion (Figure 8). In step-growth polymerisation, a high degree of

polymerisation can be reached only at very high conversion, even if monomers are
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consumed at a very early stage. Inversely, in chain-growth polymerisation a high
degree of polymerisation can be reached at low monomer conversion, as a great
number of monomers rapidly react on the reactive-end of a growing chain until
termination. Thus, as polymerisation proceeds, the number of polymer chains

increases.

Step-growth
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Figure 9. Cartoon exemplifying the mechanistic difference between step-growth and chain-growth
polymerisation (left) and typical plot of degree of polymerisation vs. functional group conversion of the two types
of polymerisations (right).

1.3.1Step-growth synthesis of linear polymers and
networks

Polymerisation reactions producing polymers in a step-growth fashion can be
broadly classified into polycondensation, where the formation of a link is
associated with the elimination of a small molecule (e.g. water, methanol...), or
polyaddition, where two monomers react together without the elimination of other
molecules. A typical example of polycondensation would be the production of
polyesters via condensation reaction between diols and difunctional carboxylic

acids, with one molecule of water being eliminated for each ester bond being
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formed, while the synthesis of polyurethanes reacting diols with diisocyanatesis an
example of polyaddition reaction. Step-growth polymerisations, both
polycondensation and polyaddition, are described according to the Carothers
theory or the statistical theory. In both cases, the principle of equal reactivity of
functional groups is assumed. This principle, first proposed and demonstrated by
Flory®?, states that the reactivity of the active chain-end(s) of a growing chain is
equivalent to the one of the monomer, making it independent from the degree of
polymerisation. Considering a polymerisation of two generic monomers A and B
containing 2 functionalities each, according to the Carothers theory, the number-
average degree of polymerisation (x,) can be calculated using the extended
Carothers equation (Equation 7), where r represents the reactant ratio, i.e. the ratio
of the numbers of the two different types of functional groups present initially, and
p is the extent of reaction at time t, which is obtained dividing number of functional

groups that have reacted with the number of functional groups present initially.

Equation 7. Extended Carothers’ equation.

_ 1+r
1+7r-—2rp

xn
From this equation, it is possible to observe that a drastic reduction in x, happens
whenever ris less than a unity. Hence, monomers used for step-growth should have
high purity to access polymerisation reactions with high selectivity. However, if high
conversion can be reached, slight stoichiometric imbalances can be used to place

an upper limit on the attainable x, thus controlling the molecular weight of the

resulting polymer. On the other hand, the statistical theory, or Flory-Schulz
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distribution, allows prediction of the degree of polymerisation distributions, either
by weight- or mole-fraction distribution, at different p values.®>®* A complication of
step-growth polymerisation processes is represented by ring formation from the
intramolecular reaction between two extremities of a growing chain, leading to high
dispersity and low molecular weight.* The probability of these structures forming is
highly dependent on ring size; the formation of small rings (£ 4-membered rings) is
energetically unfavoured as a consequence of the high strain, while larger rings (=
12-membered rings) may not form because the probability of two chain-ends to
meet decrease as their distance increase. Since cyclisation is a unimolecular
process, while polymerisation is a bimolecular process, the latter can be favoured
by increasing monomer concentrations. In fact, many step-growth polymerisations
are conducted in bulk.>* When the step-growth is conducted with at least one
monomer with more than 2 functionalities, a network can be obtained with different
properties thanits linear counterpart. While the synthesis of linear polymer s linked
to the formation of viscous solutions, the formation of polymer networks is
recognised by a gelation event. The gel point is the point at which the first network
molecule is formed, and the solution goes from viscous to solid gel with no
tendency to flow. Commonly used polymer networks produced in a step-growth
manner are epoxy resins that find application as coatings or in composites, or
polyurethanes often in the form of foams. As for the linear polymers, Carothers
theory and statistical theory can be used to predict the gel points, but only if the
principle of equal reactivity is perfectly respected. Generally, these theories yield

lower gelation points values when compared to the experimental ones, as the
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formation of loops or other structural defects can affect and the reaction should

proceed to higher conversion to compensate for the loss of functional groups.®

1.4 Click polymerisation: nucleophilic X-Yne

addition

The introduction of the concept of click chemistry by Sharpless and co-workers®®
revolutionised the way chemistry is conducted in many fields, from drug discovery
to material science. Ultimately, this has been acknowledged with the attribution of
the 2022 Nobel Prize in chemistry to Sharpless, Bertozzi, and Meldal for their efforts
in the development of this field, and biorthogonal chemistry. The key feature of click
chemistry is the focus on building new properties rather than structures, coupled
with efforts to leverage reactions that do not require hard-to-obtain skills or
equipment. To be classified as “click” process, a chemical reaction must be
modular, stereospecific, possess a wide scope, high yielding, and in case
byproducts are generated they should be harmless and able to be removed by non-
chromatographic methods. Thus far, many reactions falling under the “click”
umbrella have been reported, such as nucleophilic ring opening processes
(epoxides, aziridines, episulfonium ions...), “non-aldol” carbonyl chemistry
(production of ureas, thioureas, amides...), cycloaddition reactions of unsaturated
species (1,3-dipolar cycloaddition, Diels-Alder reaction, azide-alkyne
cycloaddition...), and additions to carbon-carbon multiple bonds (epoxidation,

sulfenyl halide addition, Michael additions...).%®
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The use of highly efficient click reactions in polymer synthesis plays an important
role in achieving more sustainable polymeric materials, as it maximises atom
economy, reduces chemical hazards, and lowers energy consumption.®” Whereas
traditional step-growth processes succeed in inserting heteroatoms in the polymer
backbone, which is desired as they can increase the degradability of the materials,
they generally require harsh conditions, such as high temperature or vacuum, for
prolonged periods of time. As such, many efforts have been devoted into exploring
alternatives that would enable obtaining high molar mass polymers in high yield

under milder conditions.%®

Among the plethora of reactions reported, nucleophilic Michael addition to
activated alkynes represents an interesting platform for polymer synthesis. These
reactions, belonging to the class of heteronucleophilic 1,4-conjugated addition,
combine the efficiency of typical click reaction with the possibility of introducing
heteroatoms into the polymer backbone.®® While thiols are the most used
considering their enhanced nucleophilicity, they are usually expensive and not
abundant in natural products but can be accessed through chemical
transformations. On the other hand, amines and alcohols are generally cheaperand
more abundant and can also be found in natural compounds. The drawback
associated with the use of hydroxyl groups is the diminished nucleophilic character
that leads to reduced efficiency. Propiolates represent the most used Michael
acceptor because of their simple accessibility and highly tuneable structures

together with ynones, propiolamides, propiolnitrile and ethynylsulfones.
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Figure 10. 1,4-Michael addition to an activated alkyne (top box), structures of commonly used Michael
acceptors (box bottom left) and Michale donors (box bottom right)

1.4.1 Thiol-yne polymerisation

Similarly to the thiol-ene addition, the addition of a sulfur atom to an alkyne can
happen following a radical or a nucleophilic mechanism. The radical-mediated
thiol-yne reaction has been pioneered by Bowman and co-workers for the
production of polymeric networks.® The reaction mechanism was analogous to the
radical thiol-ene reaction, where the propagation of a thiyl radical with an alkyne or
a vinyl group is followed by chain transfer of the radical to another thiol (Scheme
1).5" Despite this method being optimal to obtain high crosslinking density
materials, this process lacks in control over the attainable product. In fact, the
secondary addition to the vinyl moiety possesses a higher rate than the initial one,®?
hence it cannot be used to produce linear polymers. Moreover, as a consequence
of the possible migration of the formed radical, up to six possible products can

form, thus disqualifying this reaction from meeting the click criteria (Scheme 1).52
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Scheme 1. Sequential addition and hydrogen abstraction steps of a primary alkyne and vinyl sulfide during
a radical thiol-yne polymerisation (top). Different products are formed from radical thiol-yne addition (bottom).

The nucleophilic thiol-Michael reaction, on the other hand, offers greater control
over the double addition product because of the preferential attack of the
nucleophile to the alkyne, even in the presence of a vinyl sulfide and excess of
thiols.®* However, electron-deficient alkynes must be employed for this reaction to
be high-yield and effective; in fact, the increased electron-withdrawing character of
the functional group leads to higher yields.®® Several catalysts have been probed to
promote this reaction; these include stoichiometric sodium,® inorganic-based

reagents such as BF:®” or NaH,®® and neutral alumina.®® However, these did not
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prove as effective as organo-catalysts such as amines and phosphines.”®”® The
reaction seems to proceed via two main pathways, depending on the
nucleophilicity of the catalyst. Sufficiently strong bases, without notorious
nucleophilic character, can deprotonate the thiol to form a nucleophilic thiolate,
but the catalyst can also attack the electron deficient alkyne to form an allene

enolate that is responsible for the deprotonation of the thiol (Scheme 2).
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Scheme 2. Base catalysed thiol-yne Michael addition where the base deprotonate the thiol to form a
reactive thiolate (top) or where the base attacks the alkyne to form an allene enolate responsible for the
deprotonation of the thiol (bottom).

As can be seenin the mechanism, cis or the trans isomers can be formed during
the reaction, after isomerisation of the allene intermediate. Interestingly, it was
found that the catalyst and solvent choice can induce the formation of one of them.
As an example, the reaction between dodecane-1-thiol and ethyl propiolate
catalysed by triethylamine (Et;N) yielded almost quantitatively the trans product
(97%), however, switching the catalyst to stronger bases, such as 1,8-

diazabicyclo(5.4.0)undec-7-ene (DBU) or 1,5,7-triazabicyclo 4.4.0 dec-5-ene (TBD),
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the cis isomer was obtained as the major product in both reactions (80% and 90%,
respectively). When the reaction was performed in non-polar or moderately polar
solvents such as benzene or chloroform, the E-adduct was isolated predominantly
(trans>97%), while the Z-isomer was the major product (cis>66%) when the reaction
was performed in more polar solvents such as acetonitrile and DMSO.” The
electron density of the Michael acceptor is also responsible for the preferential
formation of a stereoisomer. Shiu et al. reacted a protected cysteine with several
activated alkynes and observed that the E/Z stereoselectivity was correlated to the
electron density of the acceptor: propiolamide gave the highest Z content, followed

by propiolate and then aryl ynone.®®

In light of these findings, the nucleophilic thiol-yne reaction has been used in
polymer synthesis to produce a broad range of materials such as conjugated
polymers synthesised from aromatic thiols and ynones’4, linear polyesters obtained
from aromatic dithiol and aromatic dipropiolates’ and linear polyamides (Scheme
3).”® Moreover, the possibility of controlling the alkene isomerism was used to
modulate the crystallinity of the polymer, implying that it is possible to obtain a
material with different thermomechanical properties without changing the
composition of the polymer.”” Finally, the resulting double bond of the single
addition can be used as a handle for post-synthetic functionalisation, for example
through vulcanisation. Durmaz and co-workers reported an interesting approach
where different dithiols were reacted with an activated internal alkyne to produce
polythioethers, the polymer obtained could be effectively depolymerised after the

addition of monofunctional thiol and TBD.”® This reaction can also be used to
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functionalise polymeric materials as a consequence of its high efficiency, as
demonstrated by Patton and co-workers to attach groups of different polarity to

bottlebrush polymers generated via surface-initiated photopolymerisation.”
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Scheme 3. Polymers synthesised via organobase catalysed nucleophilic thiol-yne addition. Conjugated
polyketone’ (top), aromatic polyester’® (middle), aliphatic polyamide®® (bottom).

Alongside linear polymers, the nucleophilic thia-Michael addition to activated
alkyne has also been used to produce crosslinked materials. Given the tolerance of
this reaction to moisture, mechanically strong hydrogels with tuneable pore size
based on multiarms PEG-thiols or PEG-propiolates have been reported.®'83
Likewise, backbone stereoisomerism resulting from the addition reaction was
demonstrated to modulate the mechanical performances of the gels.® Lastly, thiol-

functionalised alginates were introduced in gels showing the potential of this
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reaction to create value-added product from naturally available starting materials.®*
More recently, the dynamic nature of the second thiol-addition has been exploited
in hydrogels® and thermosets® to produce dynamic materials (Figure 10). These
materials were able to flow under stress (shear-tinning behaviour) or at high
temperatures. These works showed that the exchange reactions could be tuned by
varying the electronic profile of the alkyne, thus allowing the synthesis of materials

with different stress-relaxation profiles.
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Figure 11. The dynamic nature of the second addition enables the synthesis of dynamic materials with
tuneable exchange rates according to the electronic of the activated alkyne.

1.4.2Phenol-yne polymerisation

Despite being one of the most used functional groups in organic chemistry, the
diminished acidity and nucleophilicity of the hydroxyl group when compared to
thiols make this moiety less prone to react in Michael additions, and consequently,

less explored. Nevertheless, with the appropriate catalyst and suitable conditions,
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hydroxyl- or phenol-yne reactions can undergo click reactions. As expected,
primary alcohols were the most reactive, whereas when secondary or tertiary
alcohols are used the reaction rarely goes to completion.® Like the thiol-yne
reaction, the hydroxyl-yne addition largely favours the formation of E adducts, and
the influence of solvent polarity seems reduced, as observed by Inanaga et al. when
benzyl alcohol and methyl propiolate were used in the reaction.®” The authors found
that when the reaction was catalysed by triphenylphosphine, the quantity of E-
product recovered was between 75 and 83%, despite great differences in solvent
polarity. Moreover, when the reaction was catalysed by tributylphosphine, absolute
stereoselectivity for the E isomer was observed, but 70% of Z isomers could be
isolated when the reaction was performed using propiolamide as a substrate.®®
Notably, the authors observed that the hydroxyl-yne addition was dynamic when

conducted with phenols, in highly polar solvents.

In regards to its application in polymer chemistry, this conjugate addition has
been pioneered by Endo and co-workers, who explored phosphine-catalysed
reactions to produce a wide range of ynones from bifunctional acetylenes,
obtaining a library of polymers of modest molecular weight (up to 20 kDa) with
almost exclusively E content.®%° Recently, Tang and co-workers reported organic
bases such as 4-dimethylamino pyridine (DMAP) and 1,4-diazabicyclo[2.2.
2]octane (DABCO) can be used to catalyse the hydroxyl-yne reaction to produce
stereoregular (E) polyesters and polyketones with high molecular weight (up to 35
kDa) and thermal stability (>259 °C).%"- %2 In light of their modularity and selectivity,

thiol- and hydroxyl-yne polymerisation have been used to produce sequence-
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defined macromolecules for information storage by Song et al.?® Lastly, the same
group expanded their work into the development of cross-linked polymer networks
possessing shape-memory properties by reacting bifunctional propiolates

(aliphatic and aromatic) with hydroxyl-terminated four-arms macromers.%

1.5 Stereochemistry in polymers

Natural sources offer a great diversity of functionalities and stereochemistry
such as amino acids, known to possess divergent physico-chemical properties,
that are already used in polymer synthesis and can be obtained through sustainable
pathways.®**"The influence of stereochemistry over the effect of small molecules -
such as drugs - or larger and more complex biological systems is well-known. For
example, L-B-blockers showed greater potency in blocking B-adrenoceptors than
their dextrorotary-isomer,%® and the enantiopure S-omeprazole provided greater
therapeutic benefit for gastroesophageal reflux disease (GERD) treatment as
compared to the racemic mixture.®® Another example is DNA, for the double helix to
be formed correctly the stereochemistry of the deoxyribose moieties in the
backbone should be respected. In natural polymeric materials, differences in
stereochemistry lead to differences in the mechanical properties as shown in
naturalrubber (cis-polyisoprene) and gutta-percha (trans-polyisoprene) (Figure 12).
Gutta-percha is hard and brittle while natural rubber is amorphous, soft, and
flexible with a T, almost three times greater than gutta-percha. This difference in

thermal properties can be explained as cis configuration allows for better packing
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of the polymer chains when the material is stretched, thus imparting greater

S

trans-1,4-polyisoprene cis-1,4-polyisoprene

elasticity.’®

Figure 12. Chemical structure of gutta percha (left) and natural rubber (right).

Despite the promising findings on the influence of stereochemistry on material
properties, this topic is still not fully explored. Moreover, as increased efforts are
devoted into building polymers out of renewably sourced monomers, which are
often rich in stereocenters, it is likely that modulation of polymers’ properties via
stereochemistry will become more attractive in the future. Currently, new material
properties are obtained by leveraging different chemical groups or substituents in
the polymer chains, however, the control over the spatial arrangement of atoms can
also be crucial to tune the material’s performance. In fact, by controlling the
stereochemistry of polymer chains, how polymer chains are packed and ordered
can be modulated, leading to polymers with different degrees of crystallinity, and
thus different thermomechanical properties. Accessing different
thermomechanical properties without significant changes in composition could
prove useful in simplifying waste treatment once a material is discarded.
Nowadays, different stereocontrolled polymers are already being used such as
polypropylene (PP), where its physical properties are deeply dependent on the
orientation (tacticity) of the pendant methyl groups along the main polymer chain,

allowing the crystallinity to be adjusted. Therefore, isotactic PP is a hard
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thermoplastic, possessing a T, of 160 °C, while atactic PP is rubbery and
amorphous with poor mechanical properties.'® By synthesising PP containing both
amorphous and crystalline segments in different ratios it is possible to tune its

properties.’®?

isotactic syndiotactic atactic

Figure 13. Chemical structure of polypropylene molecules of different tacticity associated with decreasing
level of crystallinity (from left to right).

Among all bio-sourced molecules, lactic acid is arguably the most widely used in
polymer chemistry, and it serves as a hallmark example of a bio-sourced low-cost
monomer feedstock.'®'% Lactic acid possesses a chiral carbon atom, hence
lactide, the cyclic diester of lactic acid, possesses two stereocenters and three

diastereomers: meso-lactide, L-lactide, and D-lactide (Figure 14).
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Figure 14. Chemical structure of lactide diasteroisomers and tacticity of diads and triads of PLA molecules.

When the isomers are polymerised, several macromolecules, with different

microstructures can be obtained depending on how the stereocenters are
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distributed in the polymer backbone (e.g. isotactic and heterotactic PLAs). Thereby,
polymers with different physicochemical and thermomechanical properties can be
obtained. Examples are heterotactic PLA which is usually amorphous with a T of
~30 °C,% semi-crystalline enantiopure isotactic PLA (PLLA) with a T, of =55 °C and
a T, of =175 °C."% Notably, a mixture of equivalent quantities of PLLA and PDLA
possess a similar T, when compared to PLLA only, but a much greater T,, of =230
°C.'% Similarly to PLAs, polyhydroxybutyrate (PHB) can also present different
thermal properties according to its microstructure with a decrease in the T, value

when the isotactic fraction in polymers was diminished.®®

The influence of cis-trans stereocisomerism on polymer properties can be
translated from natural polymers to synthetic ones. Alkene-containing polymers
with tuneable cis/trans ratios — hence different mechanical properties - were
obtained from the thiol-yne step-growth polymerization of propane-1,3-diyl
dipropriolate with bis(3-mercaptopropyl) succinate and/or with 1,6-hexane
dithiol.'"°The authors found that increased cis-alkene led to content higher Young’s
modulis, decreased strain at break, and slower degradation rates (Figure 14A).
Furthermore, this concept has been used to modulate properties of different
polymers’ classes. For example, stress and strain at break of poly(ester-
urethane)s' was found to diminish with increased cis-content (Figure 14B), while
the Young’s modulus was found to increase with increasing cis-content in
polyamides (Figure 14C).%° As the variation in properties does not follow a unique

trend with varying cis/trans content, e.g. materials get always stronger with
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increased trans content, it means that functionality of the polymers also play a

major role in the influence of stereoisomerism on thermomechanical properties.
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Figure 15. A) Polymers degradation rates dependent on cis content and composition. Adapted from ref. 66
reproduced under a Creative Commons Attribution 4.0 International License. B) Stress vs. strain curves of
polymers having different backbone cis/trans isomerism showing that the trans polymer (T100) is stronger than
the cis polymer (Cio0). Reprinted (adapted) with permission from Macromolecules 2020, 53, 1, 174-181.
Copyright 2020 American Chemical Society. C) Young’s modulus and Tg values found for different cis contentin
polyamides. Adapted from ref. 35 reproduced under a Creative Commons Attribution 4.0 International License.

Polymers containing ring-based moieties also feature cis/trans isomerism as a
consequence of the relative orientation of substituents to the plane of the ring. It
has been reported that by varying the content of trans-cyclohexanedimethylene
units in poly(ethylene-co-1,4-cyclohexanedimethylene 2,5-furandicarboxylate)
from 25 to 98%, polyesters with higher crystallinity could be produced.'?> Wang et

al. also investigated cyclohexane moieties in polymer backbones, where the
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relative content of cis-1,4-cyclohexylene in poly(butylene 1,4-
cyclohexanedicarboxylate) significantly altered the thermomechanical properties
with higher cis content polymers being less crystalline and weaker, yet more
ductile.’ In 2017, Kieber and co-workers reported the synthesis of a new class of
polyurethanes obtained by reacting 2,5-bishydroxymethylfuran with two
diisocyanate functionalised stereoisomers, isosorbide bis(3-
isocyanatopropanoate) and isomannide bis(3-isocyanatopropanoate).’* Polymers
with different content of isomannide against isosorbide presented different chain
entanglements molecular weight and, consequently, differences in mechanical
properties such as density and viscosity. In particular, the authors pointed out that
isomannide-containing polyurethanes presented a higher degree of entanglement
when compared to isosorbide-based polyurethanes of similar molecular weight.
Similarwork has been reported by Stubbs et al.”® The authors reported sugar-based
polyurethanes developed through nucleophilic thiol-ene addition with
thermomechanical properties and degradation rates highly dependent on the
crystallinity, which was dictated by the different isoidide:isomannide ratio in the

polymer’s backbones (Figure 16).
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Figure 16. Different isoidide/isomannide ratios dictate polymers mechanical properties and degradation
rate. Adapted from ref. 114 under license CC-BY-NC-ND 4.0.

While stereochemical enhancement of linear polymer properties is being widely

investigated, this phenomenon has been less exploited in crosslinked materials.

Macdougall et al. demonstrated that hydrogels’ properties developed via thiol-yne

polymerisation could be modulated in light of the controllable cis/trans ratio,®

while Khalfa et al. showed that cis/trans isomerism can be used to modulate

thermomechanical properties and degradation rates in photocurable networks for

additive manufacturing, showing that trans-rich oligomers used to produce the

resin display molecular weight-independent crystallinity, while the cis-rich

prepolymers were crystalline only above a certain threshold (Figure 16).""®
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Figure 17. A) Increasing cis content was found to decrease compressive strength in hydrogels developed via
thiol-yne polymerisation. Adapted from ref. 39 under the terms of Creative Commons CC BY license. B) DSC
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thermograms showingthe difference in crystallinity due to different cis/trans ratio in different 3D printable resins
of different molecular weight. Adapted from ref. 72 under CC-BY-NC-ND 4.0.

1.6 Conclusions

In summary, nucleophilic Michael addition to activated alkyne is suggested to be

a valuable tool to build sustainable and functional materials for the following

reasons:

1.

Nucleophilic heteroatoms such as sulfur, nitrogen, and oxygen (among
others) are widely abundant in natural and synthetic compounds, meaning
that many different scaffolds can be introduced into polymers. Moreover,
activated alkynes can also be easily installed through a variety of methods -
acid-catalysed esterification,’” Steglich esterification,’® Weinreb-Nahm
amide pathway''® to name a few- further adding to the scope of this reaction.
The selectivity of this reaction makes it compatible with several functional
groups. Moreover, the high efficiency and yields, paired with simple operation
conditions, make it a widely applicable tool in developing materials without
the need to control different parameters such as oxygen or moisture.
Focusing on inserting heteroatoms instead of building exclusively carbon-
carbon bonds will help to synthesise polymeric materials with better reactive
handles, that can be used for post-synthetic reactions such as
functionalisation or end-of-life treatment, like chemical recycling.'2% 12

The tuneable stereochemistry of the single-addition product is a powerful

tool to modulate the thermomechanical properties of polymers. The
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synthesis of materials with different properties containing the same
microstructure can be useful to prevent the overcrowding of the waste
stream with polymers of different chemical natures hindering their

separation and treatment.'?

Inspired by the conceptual framework of the use of nucleophilic “X”-yne
polymerisation (X = S, O), this work explored this reaction to build functional
polymeric materials. The nucleophilic thiol-yne reaction was used to create
linear (Chapter 2) and network (Chapter 3) polymers possessing
thermomechanical properties comparable with commercially available
materials. The reaction was proved to be compatible with the presence of
dynamic disulfide bonds, thus allowing degradability and reprocessability. The
phenol-yne polymerisation was used to develop biobased materials out of L-
tyrosine diketopiperazines (DKP) (Chapter 4). DKP-based monomers have
historically been difficult to polymerise resulting in low molecular weight
polymers, therefore, their potential as functional materials were never explored.
By employing this “click” approach, different materials with tuneable properties
could be synthesised and their thermomechanical behaviour evaluated,
revealing the potential of this class of compounds to yield a novel generation of
biobased building blocks. Lastly, as the influence of stereochemistry on
polymers’ properties has been established, the phenol-yne reaction was used to
harness axial chirality to modulate these properties. While this investigation did
notyield the desired outcome, it provides insight into the facile inclusion of 1,1'-

bi-2-naphthol (BINOL) into polymers drawing some essential structure-property
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Overview:

The aim of this chapter was to explore the use of the nucleophilic thiol-yne
addition reaction to build thermoplastic polymeric materials that could compete
with commonly used olefines. Moreover, the compatibility of this reaction with
dynamic disulfide bonds was investigated, establishing it as suitable for installing
this kind of bond into polymers. Thanks to this, these polymers showed enhanced
degradability, the extent of which could be regulated according to the monomer

feeding ratio. This parameter was also found to modify the thermomechanical
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properties of the polymers, allowing for precise structure-properties relationships

evaluation.
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Synthesis of disulfide containing
thermoplastics via nucleophilic thiol-
yne polymerisation

Daniele Giannantonio?, Alexis Perrot®®, Arianna Brandolese?, Andrew P.

Dove?®

aSchool of Chemistry, University of Birmingham, Edgbaston, Birmingham, B15 2TT
(UK)

bLCMT, ENSICAEN, 6 bd Maréchal Juin, 14050 Caen, France.

Abstract: The introduction of dynamic covalent bonds in polymeric material
endows them with novel properties, including self-healing and enhanced
degradability. Despite the wide range of polymerisation protocols available to
introduce dynamic disulfide bonds in linear polymers, these techniques do not
provide a sufficiently versatile method to modulate the mechanical properties of the
materials. In this study, nucleophilic thiol-yne polymerisation was employed to
synthesise polymers with a controllable amount of disulfide bonds in the backbone.
The crystallinity, and therefore the thermomechanical properties of these polymers,
can be tuned through the variation of different parameters such as disulfide bond
content, polymer backbone conformational features (i.e. E/Z isomerism), and
monomer combinations. Lastly, polymer degradability was confirmed by leveraging

on the reversible disulfide bonds in the presence of chemical stimuli.
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Introduction

The introduction of dynamic bonds into polymeric materials has emerged as a
viable strategy to impart novel properties such as self-healing or triggered
degradability." 2 Still, the trade-off between the inclusion of dynamic bonds and
polymer thermomechanical properties has been scarcely investigated. Among the
different dynamic bonds available, disulfide bonds have received significant
attention because of their widespread presence in biological systems and known
dynamic behaviour.®*With a dissociation energy of around 60 kcal mol™”, lower than
that of the aliphatic C-C bond of 80-90 kcal mol”, disulfide bonds provide a good
balance between dynamicity and robustness.*® Different strategies have been used
to introduce this reversible bond into polymers, spanning from radical
polymerisations, e.g. atom transfer radical polymerisation (ATRP) and reversible
addition-fragmentation chain transfer (RAFT)”®, to non-radical processes,
including ring-opening polymerisation (ROP), oxidation polymerisation, and
polycondensation or polyaddition to produce polyesters and polyurethanes,

respectively.’24

Having precise knowledge of structure-property relationships is crucial when it
comes to the rational design of polymeric materials. While many reported methods
succeed in yielding materials covering a wide range of thermomechanical
properties, their application often requires strict monomer design that would hinder
larger-scale applicability. Moreover, these systems often lack the modularity

necessary to precisely evaluate the impact of varying the disulfide bonds content
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on the thermomechanical properties of the polymers. Step growth polymerisation
reactions, widely used for the synthesis of industrially relevant polymers, represent
an exception to this, as a result of the easy accessibility to structurally diverse
bifunctional monomers. Despite their versatility, the high conversion needed to
yield high molecular weight polymers through polycondensation is generally
achieved only with prolonged reaction times, vacuum distillation of side products,
and high temperatures that can ultimately lead to reagents decomposition and loss
of volatile compounds which translate into stoichiometric imbalance. Polyaddition
approaches can be conducted under milder conditions but are generally confined
to the synthesis of polyurethanes meaning that they require toxic and moisture-

sensitive isocyanates.??’

Recently, we demonstrated that organobase-catalysed nucleophilic-thiol-yne
“click” reaction serves as a straightforward tool to obtain materials with tuneable
properties under mild conditions.?® Leveraging on the control over the crystalline
phase of the polymers achieved by the controllable stereochemistry of the addition
product, material features such as toughness and degradability can be
modulated.?*?" Herein, thanks to the wide monomer scope compatible with this
reaction, polyesters with adjustable amounts of disulfide bonds in the backbone
were prepared. Moreover, because of the controllable crystalline phase, a broad
range of thermomechanical properties could be accessed from a limited pool of
monomers. Notably, some of these materials display mechanical properties
comparable to common polyolefins such as high-density (HDPE) and low-density

polyethylene (LDPE).
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Figure 1. Previously reported polymerisation methods used to develop polymers possessing
internal disulfide bonds vs. approach explored in this work.
Results and discussion

Synthesis of disulfide bond containing polymers

In order to access different polymers with controlled architecture and disulfide

bond content, different dipropiolate monomers were synthesised and polymerised
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with 1,6-hexanedithiol via nucleophilic thiol-yne step growth polymerisation

(Scheme 1).

All these monomers could be easily obtained via Fisher esterification adapting
precedent reported procedures using commercially available diols as starting
materials. The structures were confirmed via proton ("H) and carbon ("*C) nuclear
magnetic resonance (NMR) spectroscopy and mass spectroscopy (HR-MS) (See

experimental data, Figure S1-S8).
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Scheme 1. General nucleophilic thiol-yne polymerisation between monomer M1, 1,6-HDT and MX (top).
Structures of non-disulfide monomers MX used in this study (bottom).

Since nucleophilic thiol-yne polymerisation requires the formation of thiolates
anions, which are known to exchange in the presence of disulfide bonds leading to
possible defects in the polymer structure, it was crucial to find a solvent/catalyst
combination that would minimise this scrambling process. Given the solubility of
the monomers, polymerisation between M1 and 1,6-hexanedithiol (1,6-HDT) was
investigated in chloroform (CHCL;) and dimethylformamide (DMF), using either
triethylamine (EtsN) and 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) as bases.

Previous work done in the group identified solvent polarity and strength of the base
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as crucial in controlling the stereochemistry of the addition product of the
nucleophilic thiol-yne reaction.®*-%2 Notably, these factors also greatly affect thiol-
disulfide exchange. CHCl; and Et;N were selected as the suitable solvent/base
combination given the monodisperse GPC trace and "H NMR spectrum, showing
fewer and better-resolved signals. The latter suggests that side reactions are less
favourable with a weaker base in the least polar environment (Figure S9-S10). To
further confirm these results, a small molecule study reacting 2 equivalents of 1-
hexanethiol (1-HT) with 1 equivalent of M1 (Figure 2A) was performed. Successful
thiol-yne reaction was confirmed by 'H NMR spectroscopy that showed
disappearance of the signals relative to the thiol proton (triplet, d = 1.33 ppm) and
the terminal alkyne proton (singlet, & = 2.92 ppm), combined with the appearance
of doublets at 5.74 ppm and 7.73 ppm assigned to the formation of the vinyl moiety
(Figure 2B and Figure S12). The characteristic vinyl proton signals were used to
confirm the preferential formation of trans linkages (85%). Heteronuclear Single
Quantum Coherence (HSQC) NMR spectroscopy was also used to confirm the
structure of the addition product (Figure S13). Furthermore, FT-IR spectroscopic
analysis on the crude revealed the absence of S-H stretching frequencies in the
typical region between 2584-2598 cm™, confirming the absence of unreacted thiols
(Figure S11).23 Finally, mass spectroscopy (MS) analysis proved the presence of the
addition product, thus indicating that the exchange reaction does not hinder the

polymerisation reaction.
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Figure 2. (A) Thiol-yne addition reaction between 2 equivalents of 1-HT and 1 equivalent of M1. (B)
"H NMR spectra (400 MHz, 300 K, CDCl;) of reactants (1-HT, M1) and reaction mixture before and
after catalyst addition. Yellow boxes and light blue dashed line added to help visualise the change.

After having identified Et;N and CHCl; as suitable base and solvent combination,
a series of polymers having different disulfide bond content was synthesised.
Differentiated polymer structures were obtained by varying the feeding ratio of
monomer M1 and 1,6-hexanedipropiolate (M2) keeping a 1:1 equivalent ratio
between thiols and alkynes (Figure 3A). Polymers with an M1 content ranging from
100% (PolyM1400), in terms of total dipropiolate monomer fed into the reaction, to
0% (PolyM2.00) were recovered in moderate to high yield (Table 1). Analysis via 'H
and C NMR spectroscopy (Figure S14-S27) revealed all the polymers to have high
trans linkage content (>80%), as determined by the characteristic vinyl proton
resonances indicative of thiol-yne addition detected in the '"H NMR spectra. The

different disulfide bond content was confirmed to vary with the feed ratio of M1, as
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supported by the increased intensity of the disulfide methylene proton signal (2.9
ppm) in the "H NMR spectrum (Figure 3B). Furthermore, '*C NMR spectroscopy
shows the characteristic disulfide bond *C signal at > 35 ppm only in polymers
containing M1, thus confirming the presence of the disulfide bond in the backbone
of the polymers (Figure S28).2* GPC analysis was used to characterise M, and D,
revealing high molecular weight and relatively narrow dispersity, especially for step

growth polymerisation (Figure 3C, Table 1).

(A) o P o o
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Figure 3. (A) Synthesis of polymers having different disulfide bond content via nucleophilic thiol-
yne polymerisation. (B) "H NMR (400 MHz, 300 K, CDCls) spectroscopy of polymers synthesised
varying the M1/M2ratio going from 0 equivalents (bottom) of M1 to 1 equivalent (top) expressed to
the equivalent of thiol. The intensity of the signal at 4.4 ppm, 4.1 ppm and 2.95 ppm follows the
monomers feeding ratio. (C) GPC (CHCl;, 0.5 % Et;N, against polystyrene standards) traces of
polymers having different degrees of M1 in the backbone.
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Table 1. Table summarising yield, M,, and Py for polymers obtained by changing the M1/M2 ratio.

Name Yield (%)? My (kg-mol™)® DyP
PolyM2,¢ 85 102.9 3.6
PolyM1,0M24, 84 95.9 2.9
PolyM12:sM2;5 82 43.8 2.8
POlyM150M25o 84 76 2.5
POlyM 1 75M225 67 60.2 1.7
POlyM190M21o 73 56.9 2.7
PolyM1400 76 64.1 2.8

?lsolated yield after drying. ®Value obtained via GPC in chloroform (0.5% EtsN), comparison with polystyrene
standard (M, = 162-3,187,000 g~ mol™).

Influence of disulfide bond content on thermomechanical properties

The thermal properties of polymers were assessed via thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC). The degradation
temperature was taken as the temperature associated with a mass loss of 5%
(Tas%), and all polymers displayed thermal stability under N, with degradation
temperature above 300 °C (Table 2, Figure S29). Increasing the amount of disulfide
bonds led to a decrease of the T, 5 Of the polymers, from 346 to 300 °C, coherently
with the weaker energy associated with it when compared to C - C bonds.®* DSC
analysis showed that the crystallinity of these polymers decreases with increasing
equivalents of M1 (Figure S30-S36). Polymers having an M1 content of 25% or below
displayed melting transitions, associated with an endothermic peak on the DSC
trace, happening between 88 and 99 °C. Enthalpy of melting (AH:°) values
calculated for polyM2140, polyM1:10M24, and polyM1,5sM2;5 were respectively -37.9
J.g, -41.7 J-.g7, and -38.4 J.g". Exothermic peaks indicating cold crystallisation
upon heating are present at temperatures increasing from 4 °C to 18 °C with
increasing content of M1.%®* These data suggest that M2 is responsible for the

crystallisation of the polymer and its ordering is hindered by increasing the amount
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of M1. Given the structural similarity between M1 and M2, it is understood that the
presence of bulkier sulfur atoms suffices to disrupt the alignment of polymer
chains.® Polymers having an M1 content of 50% or above did not display any
melting peak and resulted in being amorphous (Figure 4A). Glass transition

temperature (Tg) increased slightly with increasing M1 content (from —20 to -16 °C).

These changes in crystallinity are reflected in the mechanical properties, tested
via uniaxial tensile testing after heating compression moulding of the polymers into
free-standing films. "H NMR spectroscopy and GPC analysis were conducted on the
heat-pressed polymers demonstrating little to no change after the moulding
process, hinting at the stability of the internal alkene bonds (Figure S37-S40).
Polymers having an M1 content of 75% or above in regards to the total alkyne
content resulted to be too soft to be reliably tested by this process (Figure S45,
Table 2). These materials showed tuneable mechanical properties with Young’s
modulus values ranging from 173 to 45 MPa when the amount of disulfide bond was
increased (Figure 3A). Notably, ultimate tensile strength and strain at break values
were comparable to the ones of HDPE and LDPE.*”-*¥ The increase in both toughness
and strain with increasing disulfide bond content could be explained by the
disulfide bond acting as energy dissipators in light of their lower bond strength. The
same phenomenon was also observed in polyesters synthesised by
polycondensation and epoxy thermosets.’”® 3° The lower strain at break and
toughness observed for polyM1,:M2;5 can be explained by its lower molecular
weight when compared to the other polymers. Similar behaviour was also observed

when lower M,, polyM2:0 and polyM1,,M25 were synthesised calculating the
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stoichiometric imbalance using the extended Carothers’ equation (Figure S48-
S51).4° Shorter chains lead to higher Young’s modulus due to increased easiness of
crystallisation but this is often accompanied by a decrease in the maximum strain
as chain entanglement is reduced.*' The lack of significant difference in terms of
crystalline behaviour observed in polymers of different M,, further suggests that the

varying sulfur content is responsible for the modulation of the thermomechanical

properties.
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Figure 4. (A) DSC thermograms (second heating scan, -30 °C to 130 °C, 10 K/min) of polymers
having different amount of disulfide bonds in the backbone. Ty marked with a vertical dash. (B)
Exemplary stress vs. strain curves obtained by uniaxial tensile test (10 mm/min, 22 °C).
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Table 2. Thermomechanical characterisation of polymers having different amounts of disulfide
bonds in the backbone.

Stres Strai

. Young’s s at nat Toughnes
Te T T Tawe g g

Name o modulus break break s (Un)
C °C °C °C
rer el rel T gmear @ @ pm
[MPa] [%]
PolyM2,, 99.7 173.3 35.6 560.7 133.5+
: 204 982 4 8488 53 x16 =191 95
PolyM1,, 95.0 128.7 = 36.3 733.1 167.9+
M2, 21.0 107 5 335.1 21.4 +55 £72.8 37.8
PolyM1; 107.4 25.2 585.7 100.5 %
M2, 22.0 17.9 88.9 307.3 10.7 £0.5 £3.4 4.3
1099.
POt -189 na. na. 3089 45518 3’18‘88 6+ 1963‘251
e 157.9 )
Po::';dhf’ -17.9 n.a. n.a. 303.8 n.a. n.a. n.a. n.a.
25
POH;M“ -16.7 n.a. n.a. 306.5 n.a. n.a. n.a. n.a.
10
PoMle 160 n.a.  na. 3005 n.a. n.a. n.a. n.a.

0

#Value determined by the inflection pointin the second heating cycle of DSC (N, atmosphere, -80
°C to 130 °C, 10 K/min). °Calculated taking the maximum of the exothermic peak in the second
heating cycle of DSC. ""Calculated taking the minimum of the endothermic peak in the second
heating cycle of DSC. °Taken as the temperature associated with a 5% mass loss in the
thermogravimetric analysis (TGA) (25 °C to 600 °C, 10 K/min, N, atmosphere).

Modulation of thermomechanical properties and degradability

Further understanding of the influence of cis/trans ratio on the
thermomechanical properties was investigated by synthesising a high cis content
polyM1,,M24o (M, =11 kg mol™", Bv=4.9) by conducting the polymerisation in a more
polar environment i.e., dimethylsulfoxide (DMSO).3® % The slightly lower M, and
higher Pv obtained under with this reaction conditions, can be explained by the
higher rate of disulfide metathesis happening in a more polar environment, in
analogy to what was observed during reaction condition screening (Figure S9-S10)

and with previously reported data.*>**The cis content of this polymer was evaluated
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by the vinyl proton resonance to be around 67% (Figure S52). TGA analysis revealed
a similar degradation temperature (335 °C for the high trans polymer and 312 °C for
the high cis) but differences in crystallinity were observed via DSC (Figure 4C). The
high cis-content polymer was completely amorphous, as shown by the absence of
a melting peak in the DSC trace. The Ty of this material was higher than the one of
the corresponding high trans polymer, —13.9 °C against -21.01 °C. This difference
in crystallinity was reflected in the high cis polymer displaying reduced
stretchability and strength when tested via tensile testing (Figure 4b, Figure S53-
S54). Modulation of crystallinity was also achieved by switching M2 for two other
monomers, a diethylene glycol derivative (M3) and a p-xylylene glycol dipropiolate
(M4) (Figure 4A). These monomers were designed to evaluate the impact of
introducing another heteroatom (presence of oxygen in M3) while maintaining
similar monomer length and flexibility, and to assess the impact of reduced
monomer flexibility while introducing non-covalent interactions. The polymer
structures and molecular weight distributions were elucidated via 'H NMR
spectroscopy and GPC (Figure S56-S57, Table S1). TGA revealed comparable
degradation temperatures (between 327 and 335 °C), while DSC analysis confirmed
the reduced crystalline phase, stressing the importance of monomer choice when
designing polymeric materials. Tgss of these polymers were found to increase
switching from M2 to M3 and M4 (Figure 5A). This increase can be explained by
decreased free volume between polymer chains caused by increased non-covalent
interactions between chains and decreased flexibility, as the same trend is

observed for polyethyelene, poly(ethylene oxide), and poly(p-xylylene).***¢ Both
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polyM1,0,M3g and polyM1,,M4e were considerably softer when compared to

polymers having the same amount of M1 in the backbone but synthesised using M2,

highlighting the importance of the crystalline phase in obtaining strong materials

(Figure 5B). Notably, polymers synthesised using M4 showed enhanced elongation

at break and toughness, possibly in light of the additional rt-t stacking (Figure S61-

S62).%
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Figure 5. (A) DSC thermograms (second heating scan, —30 °C to 130 °C, 10 K/min) of different
polymers synthesised keeping M1 content at 0.1 equivalent to the equivalent of thiol used. (B)
Exemplary stress vs. strain curves obtained by uniaxial tensile test (10 mm/min, 22 °C).
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Table 3. Thermomechanical characterisation of different polymers synthesised keeping M1 content
at 0.1 equivalent to equivalent of thiol used.

, Stres  Strai
T.b Young’s St nat
Name T [occ Tm”  Tas®  modulu break break 1oughness
[°C] ] [°C] [°C] s (E) (©) ) (Ur) [J-m7]
MPal  MPa] %]
PolyM11o
, 10. 1246+ 363+ 7331 167.9%
M2e0_high -21.0 .~ 981 3351 165 55 =x728  37.8
trans
PolyM1,,
_ 3.7+ 123.1
M2_high -13.2 na. na 3120 na 02 x161 28%05
CIS
POWMTe 164 na  na 3337 n.a. n.a. n.a. n.a.
M3s0
1145,
PoWMl 38 na na 3279 36:08 08 4:  204%7.1
Mde 08 1397

#Value determined by the inflection pointin the second heating cycle of DSC (N, atmosphere, -80
°C to 130 °C, 10 K/min). ? Calculated taking the maximum of the exothermic peak in the second
heating cycle of DSC. ""Calculated taking the minimum of the endothermic peak in the second
heating cycle of DSC. °Taken as the temperature associated with a 5% mass loss in the
thermogravimetric analysis (TGA) (25 °C to 600 °C, 10 K/min, N, atmosphere).

Lastly, to show that degradation can be achieved under mild conditions in a
controlled manner, reduction mediated by dithiothreitol (DTT), a common disulfide
bond-reducing agent, was performed.®® Degradation of polyM1,M2,5 and
polyM1,sM2,5 was followed via GPC, and the reaction stopped after 24 hours. This
analysis revealed fragments obtained from the degradation of polyM1.,5sM2;sto have
a M, around 9 kg/mol, roughly a quarter of the initial M,, suggesting that the
inclusion of the different monomers happens statistically according to the feed
ratio, and not in a random fashion. Degradation of polyM1,5:M2,5 yielded smaller
fragments of M,, around 2 kg/mol, which is coherent with the presence of shorter
non-degradable moieties in the main chain due to the higher amount of degradable

monomer in the backbone. Notably, since the amount of disulfide bonds in the
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backbone depends on the monomer feed ratio, which also influences the
mechanical properties, there is a trade-off between material strength and the

extent of degradability.

(A)

(B)

NN — NNV

= degradable monomer
= = non-degradable monomer

1.04

0.84

0.6+

0.4+

Normalised dw/dlogM

0.2+

0.0 4

— Pristine PolyM1,,M2,5
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Figure 6. (A) Cartoon exemplifying the influence of increasing degradable monomer contentin the
polymer backbone on the degradation process: fewer degradable units (left) lead to longer and less
disperse polymer chains after degradation when compared to more degradable units (right). GPC
(CHCls, against polystyrene standard) traces of PolySSys (B) and PolySS;s (C) before and after
degradation via DTT mediated reduction (reaction time = 24 h).

Conclusions

The compatibility of nucleophilic thiol-yne step growth polymerisation with
aliphatic disulfide bonds was demonstrated by synthesising a library of degradable
polymers under mild conditions. When compared to previously reported methods,
this reaction allows for greater control over the crystalline phase of the resulting
polymers, meaning that a wide range of thermomechanical properties can be
accessed from a small pool of monomers and intelligent design. Notably, some of

these polymers displayed thermomechanical properties comparable to HDPE and

62



Chapter 2 — Synthesis of disulfide containing thermoplastics via nucleophilic
thiol-yne polymerisation

LDPE. Future studies will focus around the modulation of the dynamic behaviour of
the disulfide bond by variation of the surrounding environment (i.e. aromatic vs.
aliphatic disulfides, variation in the length of the aliphatic chains, the introduction
of side groups) and establishment of a circular life cycle for these materials.
Furthermore, it is envisioned that this reaction to be compatible with a wider range

of dynamic units, meaning it can be a powerful tool in designing responsive

polymers.
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Experimental methods

All compounds, unless otherwise indicated were purchased from commercial
sources and used as received. The following chemicals were vacuum distilled prior
to use and stored in Young’s tapped ampoules under N.: 1,6-hexanedithiol (Sigma-
Aldrich, =2 97%), propiolic acid (Sigma-Aldrich = 97%). Heating was applied through

a stirring plate equipped with an oil bath.

NMR Spectroscopic Analysis. All NMR spectroscopy experiments were
performed at 300 K on a Bruker DPX-400 NMR instrument equipped with a BBFO
smart probe operating at 400 MHz for H (100.57 MHz for "*C). '"H NMR spectra are
referenced to solvent residual proton (8 = 7.26 for CDCl;) and "*C NMR spectra are
referenced to the solvent signal (6 = 77.16 for CDCLl;). The resonance multiplicities

are described as s (singlet), d (doublet), t (triplet), g (quartet) or m (multiplet).

Mass Spectrometry. High Resolution Electrospray lonization Mass
Spectrometry was performed in the School of Chemistry at the University of
Birmingham on a Waters Xevo G2-XS QTof Quadrupole Time-of-Flight mass

spectrometer.

Fourier-transform Infrared Spectroscopy (FTIR): All FTIR spectroscopic
analyses were performed on an Agilent Technologies Cary 630 FTIR spectrometer
at a resolution of 4 cm™. 16 Scans from 600 to 4000 cm™ were performed and the

spectra were corrected for background absorbance.

Size Exclusion Chromatography (SEC). SEC measurements were performed in

CHCl; on an Agilent 1260 Infinity Il Multi-Detector SEC System fitted with R,
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ultraviolet (UV, A = 309 nm), and viscometer detectors. The polymers were eluted
through an Agilent guard column (PLGel 5 pM, 50 x 7.5 mm) and two Agilent mixed-
C columns (PLGel 5 uM, 300 x 7.5 mm) using CHCL; (buffered with 0.5% Et;N) as the
mobile phase (flow rate = 1 mL-min™, 40 °C). Number average molecular weights
(M,), weight average molecular weights (M,,) and dispersities (Pv = M\/M,) were
determined using Agilent GPC software (vA.02.01) against a 10-point calibration
curve (Mp = 162-3,187,000 g-mol') based on poly(styrene) standards (Easivial

PSM/H, Agilent).

Differential Scanning Calorimetry (DSC). The thermal characteristics of the
polymers were determined using differential scanning calorimetry (STARe system
DSC3, Mettler Toledo) from —80 to 120 °C at a heating rate of 10 °C-min™" for three
heating/cooling cycles unless otherwise specified. The glass transition temperature
(Tg) was determined from the inflection point in the second heating cycle of DSC.
Total enthalpy of melting (AHn) was calculated from the integration and
normalization of all endothermic peaks present using the STARe software. The
melting temperature was determined from the minimum value of the endothermic

peak using the STARe software.

Thermogravimetric Analysis (TGA). TGA thermograms were obtained using a
Q550 Thermogravimetric Analyzer (TA instruments). Thermograms were recorded
under an N, atmosphere at a heating rate of 10 °C-min, from 10 to 600 °C, with an

average sample weight of ca. 5 mg. Aluminium pans were used for all samples.
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Decomposition temperatures were reported as the 5% weight loss temperature

(Ta5%)-

Tensile testing. Samples were prepared into thin polymer films using 3 Specac
Atlas™ Manual Hydraulic Press 15T fitted with Specac heated plates. The polymer
was added into a 40 x 50 x 0.50 mm stainless steel mold and placed into pre-heated
press at 120 °C. The sample was heated for 10 min (with no pressure) before
degassing 5 x (500 kg pressure/release). Next, 2000 kg pressure was applied, and
the sample was held at 120 °C for 5 min before cooling to ~ 25 °C under the same
pressure. Film samples were visually inspected for deformation and bubbles.
Finally, dumbbell shaped samples were cut using custom ASTM Die D-638 Type 5.
Uniaxial tensile testing was performed using a Testometric M350-5CT universal
mechanical testing instrument fitted with a load cell of 10 kN. Each specimen was
clamped into the tensile holders and subjected to an elongation rate of 10 mm-min-
" until failure with an applied pretension of 0.1 N. All tensile tests were repeated 3
times (unless otherwise stated), and an average of the data was taken to find the
ultimate tensile stress and strain. Data was analysed using winTest™ Analysis
software (v.5.0.34) and OriginPro® software. Young modulus was calculated by
taking the slope of the tensile curve at 1% strain. Toughness was calculated as the

area under the curve up to break.
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Synthetic procedures

Disulfide dipropiolate (M1): Monomer M1 was prepared by adapting a

o
/L S /\/o% procedure reported by Huppe et al.’ Bis(2-
= (0] s
=

© hydroxyethyl) disulfide (5.3 g, 34.5 mmol), propiolic

acid (9.7 g, 137.8 mmol) and para-toluenesulfonic acid monohydrated (p-TsOH)
(0.66 g, 3.45 mmol) were solubilised in toluene (150 mL) under stirring in a two-neck
round bottom flask (250 mL) equipped with a Dean-Stark apparatus and degassed
with N, gas for 10 minutes. The temperature of the mixture was increased until reflux
occurred (ca. 130 °C) and the reaction was left running overnight (ca. 16 h). The
reaction mixture was then allowed to cool down at room temperature and excess of
propiolic acid was neutralised via the addition of NaHCOj3,q, sat. solution under
vigorous stirring. The mixture was then transferred to a separatory funnel and
washed with NaHCOg3(,q, sat. solution (3x30 mL). The organic layer was dried over
MgSOQO,, filtered, and concentrated under reduced pressure to obtain a dark viscous
fluid. The product was purified via column chromatography performed following the
procedure described by Still et al.? using a mixture of ethyl acetate and hexane (1:3
v/v) as the mobile phase. The product was isolated as a slightly yellow liquid that
solidified upon standing. The solid product was recrystallised from ethyl
acetate/hexane to obtain colourless crystals (4.11 g, 46% yield) with

characterisation data in agreement with previously reported results.’

"H NMR (400 MHz, Chloroform-d) 3 4.46 (t, J = 6.6 Hz, 4H), 2.98 (t, J = 6.6 Hz, 4H),

2.92 (s, 2H). *C NMR (101 MHz, Chloroform-d) 6 152.48, 75.54, 74.45, 64.04, 36.86.
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HRMS (TOF-MS-EI*) (m/z): [M]* calculated for CioH1004S,, 259.0049; found,

259.0047.

Hexane dipropiolate (M2): 1,6-Hexanediol (5.0 g, 42.31 mmol), propiolic acid
o]

x ) . .
\\g/o\/\/\/\o)l\% (7.81 mL, 126.93 mmol) and p-toluenesulfonic acid
monohydrate (4.02 g, 21.15 mmol) were stirred in
toluene (90 mL) in a 250 mL RBF equipped with a Dean-Stark apparatus. The
temperature of the mixture was raised until reflux occurred and the reaction was
left running for 17 h. The solvent was removed via a rotary evaporator and column
chromatography (Hex:EtOAc 2:1) was performed on the crude reaction mixture. The
productwas further purified via recrystallisation (hexane) to yield white crystals (7.5

g, 80%) with spectroscopic data in agreement with previously published results.?

'H NMR (400 MHz, Chloroform-d) 6 4.20 (t, /= 6.6 Hz, 4H), 2.87 (s, 2H), 1.69 (q, / =
6.5 Hz, 4H), 1.47 - 1.38 (m, 4H). "*C NMR (101 MHz, Chloroform-d) § 152.9, 74.9,
74.8,66.3, 28.3, 25.6. HRMS (TOF-MS-EI*) (m/z): [M+Na]" calculated for C12H14,04Na,

245.0790: found, 245.0788.

Diethylene glycol dipropiolate (M3): Propiolic acid (8.26 g, 117.9 mmol),
it 7 diethyl glycol (5 g, 47.1 1) d p-TsOH
iethylene glyco , 47.1 mmol), and p-Ts

O~ &

/ © N
(0.45 g, 2,4 mmol) were solubilised in toluene
(200 mL) in a 500 mL round bottom flask equipped with a Dean-Stark apparatus
under constant stirring. The temperature of the mixture was increased until reflux
occured, and the reaction was left overnight (ca. 16 h). The reaction mixture was

allowed to cool down to room temperature and concentrate under reduced

71



Chapter 2 — Synthesis of disulfide containing thermoplastics via nucleophilic
thiol-yne polymerisation

pressure to obtain an orange oil that was distilled using a Kugelrohr set up to obtain
a slightly yellow liquid that solidifies upon standing. Solid was recrystallised from
hexane to obtain product 3 as white crystals (4.13 g, 42% yield) with spectroscopic

data in agreement with previously published results.*

"H NMR (400 MHz, Chloroform-d) 8 4.45-4.25 (m, 4H), 3.79-3.70 (m, 4H), 2.90 (s,
2H). *C NMR (101 MHz, Chloroform-d) 6 152.9, 74.7, 66.3, 28.3, 25.5. HRMS (TOF-

MS-EI*) (m/z): [M+Na]" calculated for C1,H10OsNa, 233.0426; found, 233.0429.

1,4-benzyl dipropiolate (M4): Propiolic acid (1.27 g, 18.1 mmol), 1,4 — benzene

dimethanol (1.0 g, 7.24 mmol), and p-TsOH (0.138

\\ O\/@/\o)\\\
\( g, 0.72 mmol) were solubilised in toluene (200 mL)

(0]
in a 500 mL round bottom flask equipped with a Dean-Stark apparatus under

constant stirring. The temperature of the mixture was increased until reflux occured
and the reaction is left going overnight (ca. 16 h). The reaction mixture was
concentrated under reduced pressure and the product was purified via column
chromatography (Hex:EtOAc 3:1) and obtained as a white solid (0.411 g, 23%) with

spectroscopic data in agreement with previously published results.®

"H NMR (400 MHz, Chloroform-d) & 7.40 (s, 4H), 5.22 (s, 4H), 2.90 (s, 2H). °C NMR
(101 MHz, Chloroform-d) 5 152.6, 135.3, 128.9, 75.4, 74.6, 67.5. HRMS (TOF-MS-EI*)

(m/z): [M+Na]* calculated for C14H1,0sNa, 265.0447; found, 265.0482.
General procedure for polymer synthesis of high trans polymer

1,6-hexanedithiol (1 equivalent) was weighted in a 20 mL scintillation vial.

Monomer M1 (x equivalent) and the desired non-disulfide containing monomer (M2
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or M3 or M4) (1-x equivalent) were weighed in different vials according to the desired
degree of monomer M1 in the final polymer. Monomers were then transferred to the
vial containing the dithiol. The final concentration of the thiol was kept at 0.5 M.
Reaction mixture was cooled down in an ice bath for 10 minutes before the addition
of 1% mol of catalyst. The reaction was allowed to warm up to room temperature
and left stirring for 14-16 h. Polymers were isolated via precipitation in diethyl ether
followed by filtration or decantation, then dried in a vacuum oven held at room-

temperature.

PolyM14: Recovered as a transparent soft solid (0.75 g, 76%). GPC analysis

(CHCls, 0.5% EtsN) M, = 22.9 kg * mol™”, By=2.8.

"H NMR (400 MHz, Chloroform-d) %trans = 82; 6 7.71 (d, J = 15.2 Hz, trans 2H),
7.12(d,J=10.2Hz, cis), 5.86 (d, /= 10.1 Hz, cis), 5.74 (d, J=15.1 Hz, trans 2H), 4.38
(t,/=6.4Hz, 4H), 2.95 (t, /= 6.6 Hz, 4H), 2.80 (t, /= 7.3 Hz, 4H), 1.84 - 1.63 (m, 4H),
1.45 (dt, J = 7.6, 3.7 Hz, 4H). *C NMR (101 MHz, Chloroform-d) & 166.4, 165.10,

151.4,147.9,113.2,112.,62.2,62.2, 37.6, 36.1, 32.0, 30.2, 28.5, 28.4, 28.0.

PolyM15,M2,,: Recovered as a transparent soft solid (0.65 g, 73%). GPC analysis

(CHCLs, 0.5% Et:N) M, = 21.1 kg x mol", By =2.7.

"H NMR (400 MHz, Chloroform-d) %trans = 83; 5 7.80-7.53 (m, overlap M1 & M2
trans 2H), 7.12 (d, /= 10.2 Hz, overlap M1 & M2 cis), 5.86 (d, /= 10.2 Hz, overlap M1
& M2 cis), 5.74 (d, J=15.1 Hz, overlap M1 & M2 trans 2H), 4.38 (t, /= 6.5 Hz, M1 4H),
4.11(t,/=6.7 Hz, M2), 2.95 (t, /= 6.6 Hz, 4H), 2.80 (t, /= 7.3 Hz, 4H), 1.87 - 1.65 (m,

4H), 1.45 (td, J = 5.7, 4.1, 2.1 Hz, 4H). *C NMR (101 MHz, Chloroform-d) 5 166.4,
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165.5, 165.1, 151.4, 147.9, 146.9, 113.9, 113.2, 112.6, 64.3, 62.2, 62.2, 37.6, 36.1,

32.0, 30.2, 28.8, 28.5, 28.5, 28.0, 25.8.

PolyM1,sM2,5: Recovered as a transparent soft solid (0.58 g, 67%). GPC analysis

(CHCLs, 0.5% EtsN) M, = 37.6 kg x mol™", By=1.7.

"H NMR (400 MHz, Chloroform-d) %trans = 84; 6 7.92 — 7.46 (m, , overlap M1 &
M2 trans 2H), 7.12 (d, J=10.2 Hz, cis M2), 7.06 (d, /= 10.2 Hz, cis M1), 5.85 (dd, J =
10.1, 7.4 Hz, overlap M1 & M2 cis), 5.74 (dd, /= 15.1, 2.6 Hz, overlap M1 & M2 trans
2H), 4.39 (t, /= 6.5 Hz, M1 4H), 4.12 (t, /= 6.7 Hz, M2 1 H), 2.96 (td, / = 6.6, 4.4 Hz,
M1 4H), 2.80 (td, J = 7.3, 2.2 Hz, 4H), 1.69 (q, /= 7.0 Hz, 8H), 1.50 - 1.33 (m, 8H). *C
NMR (101 MHz, Chloroform-d) § 165.5,165.1, 147.9, 146.9,113.9, 113.2,64.4,62.2,

37.6, 32.0, 31.9, 28.8, 28.5, 28.4, 28.1, 25.8.

PolyM15,M2;5: Recovered as a white fibrous solid (0.83 g, 84%). GPC analysis

(CHCls, 0.5% EtsN) M, = 30.4 kg x mol™, By =2.5.

"H NMR (400 MHz, Chloroform-d) %trans =84; 5 7.71(d,/=15.2 Hz, trans M1 2H),
7.67 (d, J=15.2 Hz, trans M2 2H), 7.12 (d, /= 10.2 Hz, cis M1), 7.06 (d, J = 10.2 Hz,
cis M2),5.86 (d,/=10.1 Hz, cis M1),5.84 (d, /J=10.3 Hz, cis M2), 5.74 (d, /= 15.1 Hz,
trans M1 2H), 5.73(d, J=15.1 Hz, trans M2 2H), 4.38 (t, /= 6.4 Hz, 4H),4.12 (t,/=6.7
Hz, 4H), 2.95 (t, /= 6.6 Hz, 4H), 2.80 (td, /= 7.3, 2.2 Hz, 8H), 1.68 (dt, /= 10.8, 7.2 Hz,
12H), 1.45 (p, /= 3.6 Hz, 8H), 1.40 (g, /= 3.6 Hz, 4H). *C NMR (101 MHz, Chloroform-
d) 5 165.6,165.1,147.9,146.9,113.9, 113.2, 64.4,62.2, 37.6, 31.9, 30.2, 28.8, 28.5,

28.4,28.1, 25.8.
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PolyM1,sM2;s: Recovered as a white fibrous solid (0.87 g, 82%). GPC analysis

(CHCLs, 0.5% Et;N) M, = 15.7 kg x mol", D= 2.8.

'H NMR (400 MHz, Chloroform-d) %trans = 84; 6 7.71 (d, J = 15.2 Hz, trans M1),
7.67 (d, J=15.1 Hz, trans M2 2H), 7.12 (d, J = 10.2 Hz, cis M1), 7.06 (d, /= 10.2 Hz,
cis M2), 5.86 (d, /=10.1 cis M1), 5.84 (d, / = 10.1 Hz, cis M2), 5.74 (d, /] = 15.0 Hz,
trans M1),5.73(d, J=15. trans M2, 2H), 4.39 (t, J=6.5 Hz, M1), 4.12 (t, /=6.7 Hz, M2
4H), 2.95 (t, / = 6.6 Hz, M1), 2.80 (dd, / = 8.4, 6.3 Hz, 4H), 1.76 — 1.62 (m, 8H), 1.45
(dq, J = 6.6, 3.2 Hz, 8H), 1.42 — 1.34 (m, 4H). *C NMR (101 MHz, Chloroform-d) &
165.6, 165.1, 147.9, 146.9, 113.9, 113.2, 64.4, 62.2, 37.6, 31.9, 30.2, 28.8, 28.5,

28.4,25.8.

PolyM1,,M2,,: Recovered as a white fibrous solid (0.65 g, 84%). GPC analysis

(CHCls, 0.5% EtsN) M, = 33.1 kg * mol™, By =2.8.

"H NMR (400 MHz, Chloroform-d) %trans = 85; 8 7.71 (d, J = 15.2 Hz, trans M1),
7.67 (d, J=15.2 Hz, trans M2 2H), 7.12 (d, /= 10.2 Hz, cis M1), 7.06 (d, J = 10.2 Hz,
cis M2),5.86 (d, /=10.1 Hz, cis M1),5.84 (d, J=10.2 Hz, cis M2),5.74 (d, J=15.1 Hz,
trans M1), 5.73 (d, J=15.2 Hz, trans M2, 2H), 4.38 (t, /= 6.5 Hz, M1), 4.12 (t, /= 6.7
Hz, M2 4H), 2.95 (t,/=6.6 Hz, M1), 2.77 (dt, /= 16.4, 7.3 Hz, 4H), 1.76 - 1.62 (m, 8H),
1.45 (p, J=3.7 Hz, 4H), 1.40 (h, J = 3.6 Hz, 4H). *C NMR (101 MHz, Chloroform-d) &
166.9, 165.6, 150.3, 146.9, 113.9, 113.3, 64.3, 36.1, 31.9, 30.2, 28.8, 28.5, 28.4,

28.1, 25.8.

PolyM2,40: Recovered as awhite fibrous solid (0.88 g, 85%). GPC analysis (CHCls,

0.5% EtsN) M, = 28.6 kg x mol”, Dy = 3.6.
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"H NMR (400 MHz, Chloroform-d) %trans = 85; 6 7.67 (d, J = 15.2 Hz, trans 2H),
7.06 (d, J=10.2 Hz, cis), 5.84 (d, J=10.1 Hz, cis), 5.73 (d, /= 15.1 Hz, trans 2H), 4.12
(t, /=6.6 Hz, 4H), 2.80 (t, /= 7.3 Hz, 4H), 1.97 - 1.59 (m, 8H), 1.45 (ddd, /= 7.3, 4.7,
2.1 Hz, 4H), 1.43 -1.33 (m, 4H). *C NMR (101 MHz, Chloroform-d) 5 165.6, 146.9,

113.9, 64.4, 31.9, 28.8, 28.5, 28.4, 25.8.

PolyM1.,,M3q0: Recovered as a transparent, tacky, soft solid (0.96 g, 84%). SEC

analysis (CHCls, 0.5% Et;sN) M, = 73.9 kg x mol’, Hv=1.8.

"H NMR (400 MHz, Chloroform-d) %trans = 87; & 7.70 (d, J = 15.1 Hz, trans 2H
M1+M83), 7.10 (d, J=10.2 Hz, cis M1+M3), 5.89 (d, /= 10.1 Hz, cis M1+M3), 5.77 (d, J
=15.2 Hz, trans 2H, M1+M3), 4.38 (t, /= 6.5 Hz, M1), 4.47 - 4.11 (m, 4H, M3), 3.88 -
3.45(m, 4H, M3), 2.95 (t, /= 6.6 Hz, M1), 2.80 (t, /= 7.3 Hz, 4H), 2.00 - 1.63 (m, 4H),
1.45 (s, 4H). *C NMR (101 MHz, Chloroform-d) & 165.4, 147.6, 113.4, 112.8, 69.3,

63.4, 31.9, 30.2, 28.4.

PolyM1,,M44,: Recovered as a white solid (0.55 g, 84%). SEC analysis (CHCLs,

0.5% EtsN) M, =18.0 kg x mol™, By=2.3.

"H NMR (400 MHz, Chloroform-d) %trans = 83; 8 7.72 (d, / = 15.1 Hz, trans 2H,
M1+m4), 7.36 (s, 4H), 7.10 (d, J = 10.3 Hz, cis, M1+M4), 5.88 (d, J/ = 10.2 Hz, cis,
M1+M4),5.81-5.72 (m, trans 2H, M1+M4),5.17 (d, /=6.7 Hz, 4H), 4.38 (t, /= 6.5 Hz,
M1), 2.95 (t, /= 6.5 Hz, M1), 2.77 (q, / = 8.3, 7.8 Hz, 4H), 1.68 (dq, /= 11.0, 6.8 Hz,
4H), 1.43 (p,J=3.5Hz, 4H)."*C NMR (101 MHz, Chloroform-d)  165.2, 147.7, 136.4,

128.6, 113.4, 65.9, 31.9, 28.4.

Procedure for synthesis of high cis polymer
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1,6-Hexanedithiol (1 equivalent) was weighted in a 20 mL scintillation vial.
Monomer M1 (x equivalent) and monomer M2 (1-x equivalent) were weighed in
different vials according to the desired degree of monomer 1 in the final polymer.
Monomers were then transferred to the vial containing the dithiol using DMSO. The
final concentration of the thiol was kept at 0.5 M. 1% mol of catalyst was added to
the reaction mixture that was left stirring for 14-16 h. The polymer was isolated via
precipitation in diethyl ether followed by decantation and filtration, then dried in a

vacuum oven held at room temperature.

Cis-PolyM1,,M2,,: Recovered as a colorless, transparent, soft, tacky solid. SEC

analysis (CHCls, 0.5% EtsN) M, =11.5 kg x mol™, By=4.9.

H NMR (400 MHz, Chloroform-d) %cis = 64; 5 7.71-7.60 (m, trans, M1+M2), 7.06
(ddd, J = 10.3, 3.0, 1.6 Hz, cis, M1+M2), 5.84 (dd, J = 10.1, 1.0 Hz, M1+M2), 5.73 (dd,
J=15.1,1.8 Hz, trans, M1+M2), 4.34 (td, J = 7.0, 6.2, 3.2 Hz, M1), 4.17 = 4.07 (m, 4H,
M2), 3.01 (t, J = 7.0 Hz, M1), 2.78 (dtd, J = 16.4, 7.4, 2.2 Hz, 4H M1), 1.70 - 1.64 (m,

4H), 1.50 - 1.36 (m, 4H).

Small molecule study to assess the impact of disulfide bond exchange
o)
\/\/\Sw\)Lo/\/&s/\/OWS\/\/\/
o]

1-Hexanethiol was
weighed into a 20 mL scintillation vial. Monomer M1 was added (0.5 equivalent to
thiol) and diluted with chloroform to reach a final concentration of thiol of 0.5 M.
After cooling for ten minutes in an ice bath, 1% mol of catalyst (EtsN) was added to
the reaction mixture. The reaction was leftwarm up to room temperature and stirred

overnight. Starting material consumption was evaluated by "H NMR spectroscopy.
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The disappearance of the alkyne proton signal (2.9 ppm) was used to determine the
end of the reaction. The solution was concentrated under reduced pressure and the
crude product obtained as a colorless fluid was analysed via '"H NMR, *C NMR, FT-

IT, and MS.

'"H NMR (400 MHz, Chloroform-d) %trans =85 6 7.73(d,J=15.1 Hz, 2H), 7.14 (d, J =
10.2 Hz, 2H), 5.85 (d, /=10.2 Hz, 2H), 5.74 (d, /= 15.1 Hz, 2H), 4.44 - 4.29 (m, 4H),
2.95(t, J=6.6 Hz, 4H), 2.84 - 2.72 (m, 4H), 1.68 (tt, /= 7.5, 6.2 Hz, 4H), 1.47 - 1.33
(m, 8H), 1.38-1.10 (m, 6H), 1.00 - 0.74 (m, 1H). 3C NMR (101 MHz, Chloroform-d)

0 165.0, 148.1, 112.9, 62.1, 37.5, 32.0, 31.3, 28.5, 22.5, 13.9.

HRMS (TOF-MS-EI* ) (m/z): [M+H]" calculated for Cz,H3304Ss, 495.1731; found,

495.1736.

Degradation study

The polymer was weighed out in a 20 mL scintillation vial and solubilised with
CHCl; to a final concentration of 1 mg/mL. DTT (10 eq. relative to disulfide content)
was added to the solution. The reaction was left stirring at room temperature and

monitored via SEC (CHCl; 0.5% EtsN) until constant My was reached.

NMR spectroscopy of synthesised monomers
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Figure S1. "H NMR (400 MHz, 300 K, CDCls) of monomer M1.
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Figure S2. '3C NMR (100.57 MHz, 300 K, CDCls) of monomer M1.
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Figure S4. 'C NMR (100.57 MHz, 300 K, CDCls) of monomer M2.
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Figure S5. "H NMR (400 MHz, 300 K, CDCls) of monomer M3
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Figure S6. '*C NMR (100.57 MHz, 300 K, CDCls) of monomer M3
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Figure S7. "H NMR (400 MHz, 300 K, CDCls) of monomer M4
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Figure S8. '*C NMR (100.57 MHz, 300 K, CDCls) of monomer M4
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'H NMR spectra of solvent/catalyst screening
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Figure S9. (A) Thiol-yne polymerization between monomer M1 and 1,6-hexanedithiol under different
combinations of solvent/catalyst, with a catalyst loading of 1 mol%. (B) Stacked '"H NMR (400 MHz, 300 K, CDCls)
of copolymers. Residual diethyl ether (Et.O) peaks from the precipitation solvent assigned. The CHCls/EtsN
combination was selected as it gave origin to fewer signals suggesting a more controlled reaction.
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GPC traces of solvent/catalyst screening
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Figure S10. GPC (CHCLs) traces of copolymers from different solvent/catalyst combinations.

84



Chapter 2 — Synthesis of disulfide containing thermoplastics via nucleophilic

thiol-yne polymerisation

Characterisation data of small molecules study
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Figure S11. FT-IR spectra of crude reaction mixture after solvent removal of small molecule study.
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Figure S12. (A) structure of addition product (B) "H NMR (400 MHz, 300 K, CDCls), (B) '*C NMR (100.57 MHz,

300 K, CDCls) of the crude reaction mixture after drying of small molecule study. Solvent and residual water
peaks are marked with an asterisk.
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Figure S13. HSQC NMR (300 K, CDCls) of the crude reaction mixture after removal of the solvent of small
molecule study. Solvent and residual water peaks are marked with an asterisk.
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'H NMR & *C NMR of trans polymers with varying amount of monomer M2

1 o 3 5 4
MO/\/\/\/OWS\/\/\/\S%—
m
2 4 (o] 6 7
3
1trans 2trans 6
*
a7
*
1 2cis
cis “ L
b L S s e =
1.73 0.30 0.30 1.75 4.00 4.04 8.06 3.95 3.37
T T T T T T T T T T T T T T T T T T
3.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0

Figure S118. "H NMR (400 MHz, 300 K, CDCls) of polyM2100. Solvent and residual water peaks are marked
with an asterisk.
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Figure S119. '*C NMR (100.57 MHz, 300 K, CDCls) of polyM2100. Solvent peak marked with an asterisk.
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Figure $120. "H NMR (400 MHz, 300 K, CDCls) of polyM110M2g0. Solvent and residual water peak marked with

an asterisk.
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Figure S121. '3C NMR (100.57 MHz, 300 K, CDCls) of polyM110M2g0. Solvent peaks marked with an asterisk.

90



Chapter 2 — Synthesis of disulfide containing thermoplastics via nucleophilic
thiol-yne polymerisation

1 © 3 6 6 9 11

MO/\/S\S/\/OWS\/\/\/\S]JO&F\WO\/\/V\OJ\%S/\/\/\/S+

2 4 0 5 7 " o 8 9 10 "

8
2tran5+
10trans 5
11trans
7
H,O
9
6
3
4
1trans
1. 10t:is
‘ Cis
My 2ais m Llftzo J I Et,0
L L
s s s e n o
8‘.0 7‘, 5 7I‘ 0 6I .5 6‘,0 SIAS 5'.0 4‘, 5 410 3‘.5 3‘.0 2‘.5 2‘.() 1‘.5 1’.0 OI. 5 ﬂI.D

ppm

Figure S122. "H NMR (400 MHz, 300 K, CDCls) of polyM125M27s. Residual solvent peaks assigned or marked
with an asterisk.
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Figure S123. '*C NMR (100.57 MHz, 300 K, CDCls) of polyM125M27s. Solvent peaks marked with an asterisk.
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Figure S20. "H NMR (400 MHz, 300 K, CDCls) of polyM150M2s0. Residual solvent peak assigned.
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Figure S21. *C NMR (100.57 MHz, 300 K, CDCls) of polyM150M2s0. Solvent peak marked with an asterisk.
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Figure S22. "H NMR (400 MHz, 300 K, CDCls) of polyM175M22s. Residual solvent assigned.
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Figure S23. '3C NMR (100.57 MHz, 300 K, CDCls) of polyM175M22s. Solvent peak marked with an asterisk.
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Figure S24. "H NMR (400 MHz, 300 K, CDCls) of polyM1s0M210. Residual solvent peak marked.
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Figure S25. *C NMR (100.57 MHz, 300 K, CDCls) of polyM1sM210. Solvent peaks are marked with an
asterisk.
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Figure S26. 'H NMR (400 MHz, 300 K, CDCls) of polyM1100. Solvent peak are marked with an asterisk.
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Figure S27. '*C NMR (100.57 MHz, 300 K, CDCls) of polyM1100. Solvent peaks marked with an asterisk.
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Figure $28. stacked "*C NMR (400 MHz, 300 K, CDCls) of copolymer obtained reacting 1,6-hexanedithiol and

different ratios of monomer 1 and 2 respectively. Characteristic S-S C signal (ppm>35) intensity increases with
increasing monomer M1 content.
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Thermal characterisation of trans polymer of different monomer M1 content

100 PolyM2,,,
g - PolyM1,,M2g,
PolyM1,5M2,4
< 80 + PolyM15,M25,
Py PolyM1,:M2,,
(7))
© PolyM1, 4,
=
O 404+
x
20 +
0

| ! I ! I B ! ' | ! I
100 200 300 400 500 600
Temperature [°C]

Figure $29. TGA thermograms resulted from heating at 10 °C /min up to 600 °C under a N2 atmosphere. 5%
relative mass loss is highlighted with a dashed line.
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Figure S30. DSC thermograms of PolyM21¢o tested between =80 °C and 130 °C at 10 °C min™".
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Figure S31. DSC thermograms of PolyM110M2g tested between —80 °C and 130 °C at 10 °C min™
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Figure S32. DSC thermograms of PolyM125sM27s tested between —80 °C and 130 °C at 10 °C min™.

103



Chapter 2 — Synthesis of disulfide containing thermoplastics via nucleophilic
thiol-yne polymerisation

PolyM15,M2;,

| 7 A

—— 15t heating
15t cooling
— 2" heating
2" cooling
3" heating
3" cooling

Heat Flow [mW]

Endo
‘_

T |
-100 -50 0 50 100
Temperature [°C]

Figure S33. DSC thermograms of PolyM15,M2s, tested between —80 °C and 130 °C at 10 °C min™.
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Figure S34. DSC thermograms of PolyM175M2s5 tested between —80 °C and 130 °C at 10 °C min™.
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Figure $35. DSC thermograms of PolyM110M2g, tested between -80 °C and 130 °C at 10 °C min™.
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Figure $36. DSC thermograms of PolyM 110 tested between -80 °C and 130 °C at 10 °C min.
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Influence of compression moulding on polymer structure and My
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Figure S37. (A) 'H NMR (400 MHz, 300 K, CDCls)and (B) GPC (CHCls, 0.5% EtsN) of polyM2100 before (top)
and after (bottom) the moulding process.
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Figure S38. (A) "H NMR (400 MHz, 300 K, CDCls) and (B) GPC (CHCls, 0.5% EtsN) of polyM110M2g before (top)
and after (bottom) the moulding process.
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Figure S39. (A) "H NMR (400 MHz, 300 K, CDCls) and (B) GPC (CHCls, 0.5% EtsN) of polyM12sM275 before (top)
and after (bottom) the moulding process.
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Figure S40. (A) '"H NMR (400 MHz, 300 K, CDCls) and (B) GPC (CHCls, 0.5% EtsN) of polyM150M2s0 before (top)
and after (bottom) the moulding process.
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Mechanical characterisation of trans polymers of different monomer M1

content
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Figure S41. Stress-strain curves (10 mm/min, 22 °C) of polyM21co.
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Figure S42. Stress-strain curves (10 mm/min, 22 °C) of polyM11:M2go.
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Figure S43. Stress-strain curves (10 mm/min, 22 °C) of polyM125sM27s.
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Figure S44. Stress-strain curves (10 mm/min, 22 °C) of polyM15,M2so.
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Figure S45. Stress-strain curves (10 mm/min, 22 °C) of polyM175M22s and polyM190M2+0. PolyM1100was breaking

upon handling.
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Figure S46. Stress-strain curves (10 mm/min, 22 °C) of LDPE.
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Figure S47. Stress-strain curves (10 mm/min, 22 °C) of HDPE.
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Evaluation of the influence of My on thermomechanical properties
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Figure S48. (A) '"H NMR (400 MHz, 300 K, CDCls) of PolyM2100 (top) and PolyM110M2¢ (bottom) of different
molecular weight. (B) SEC (CHCls, 0.5% EtsN) traces of polymers. Numerical values reported. (C) Extended
Carother’s equation: r is the stoichiometric ratio of reagents; p is the conversion which is assumed to be 100%.
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Figure S49. Stress vs strain curves tested at 10 mm min™, 22 °C of PolyM2100and polyM110M2¢ of different Mw.
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Figure S50. DSC thermograms of 2" heating cycle tested at 10 °C min™" of PolyM2100 and polyM110M2g of
different Mw. Numerical values reported in table S1.
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Figure S51. TGA thermograms resulted from heating at 10 °C /min up to 600 °C under a N2 atmosphere of
PolyM2100 and polyM110M2¢o of different Mw.
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Synthesis and characterisation of cis-polyM1::M2g,
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Figure S52. (A) EtsN-catalyzed thiol-yne polyaddition between M1, M2 and 1,6-hexanedithiol in DMSO. (B)
"H NMR (400 MHz, 300 K, CDCLs) of high-cis content polymer. Solvent peak and residual water are marked with
an asterisk.
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Figure S53. GPC (CHCls, 0.5% EtsN) trace of cis-polyM110M29. Numerical value is reported in Table S1.
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Thermomechanical characterisation of cis-PolyM1,,M2,
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Figure S54. Stress-strain curves tested at 10 mm min™, 22 °C of cis-PolyM110M2so.

120



Chapter 2 — Synthesis of disulfide containing thermoplastics via nucleophilic
thiol-yne polymerisation

1%t heating
1%t cooling
2" heating
2" cooling
3" heating
3™ cooling

Heat Flow [mW]

Endo
+—

T T T T T T T T
-100 -50 0 50 100 150

Temperature [°C]

Figure S55. DSC thermograms between —80 and 130 °C at 10 °C min™' of cis-PolyM11,M2g.
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Figure S56. TGA thermograms resulted from heating at 10 °C /min up to 600 °C under a N2 atmosphere of cis-
PolyM110M2go. Dashed line at 95% relative mass.
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Synthesis and characterisation of polymers of different architecture with a

fixed content of monomer M1
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Figure S57. (A) EtsN-catalyzed thiol-yne polyaddition between M1, M3 and 1,6-hexanedithiol. (B) '"H NMR
(400 MHz, 300 K, CDCls) of resulting polymer. Solvent and water peaks marked with an asterisk.
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Figure S58. SEC (CHCls, 0.5% EtsN) trace of polyM110M3s0. Numerical values reported in table S1
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Figure S59. (A) EtsN-catalyzed thiol-yne polyaddition between M1, M4 and 1,6-hexanedithiol. (B) '"H NMR
(400 MHz, 300 K, CDCls) of resulting polymer. Solvent and water peaks marked with an asterisk.
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Figure S60. SEC (CHCls, 0.5% EtsN) trace of polyM110M4g. Numerical values reported in table S1.
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Thermomechanical properties of polymers of different architectures with

fixed content of monomer M1
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Figure S61. DSC thermograms of PolyM110M3go tested between —80 °C and 130 °C at 10 °C min™.
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Figure S62. DSC thermograms of PolyM110M4g, tested between -80 °C and 130 °C at 10 °C min™.
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Figure S63. PolyM110M3g0 and PolyM1o0M490 TGA thermograms resulted from heating at 10 °C /min up to 600
°C under a N2 atmosphere. Dashed line at 95% relative mass.

127



Chapter 2 — Synthesis of disulfide containing thermoplastics via nucleophilic
thiol-yne polymerisation

PolyM1,,M3,,

1.0 4

0.8

0.6

Stress [MPa]

0.4 1

0.2

T T T T T
200 300 400 500
Strain [%]

T T
0 100

Figure S64. Stress-strain curves tested at 10 mm min™', 22 °C of PolyM110M3eo.
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Figure S65. Stress-strain curves tested at 10 mm min™', 22 °C of PolyM110M4g0.
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Table S1. Table summarising Mw and thermomechanical properties of polymers.
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Overview:

Building on the findings of chapter 2, the aim of this chapter was to apply the
nucleophilic thiol-yne reaction to the synthesis of crosslinked polymers. Given the
established compatibility of this reaction with aliphatic disulfide bonds, this
chemistry was leveraged to impart properties such as degradability and
reprocessability to conventionally non-degradable and non-reprocessable
materials. Moreover, the tuneable cis/trans isomerism was used to modulate the

properties of the material, along with composition and monomers ratio.
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Abstract: The permanent chemical structure that makes thermosets strong and
stretchable materials also hinders their reprocessability and causes their
accumulation in the environment. To overcome this limitation, dynamic covalent
bonds have been introduced into their backbone allowing macroscopic flow.
However, when the dynamic bond is the network-forming bond, a significant trade-
off between the robustness of the material and the dynamic behaviour can be
encountered. In this study, nucleophilic thiol-yne click polymerisation was used to
synthesise different materials possessing tuneable amounts of reversible disulfide
bonds, thus accessing diverse thermomechanical properties. Furthermore, by
leveraging different catalyst systems, the cis/trans conformer ratio on the backbone
could be modulated suggesting an additional degree of control over the
thermomechanical properties. Finally, the presence of dynamic bonds was used as

a handle to promote the degradation and material reprocessing.
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Introduction

Thermosets are covalently cross-linked materials that find applications in many
industries, such as construction’, transportation?, and aerospace?®, as a result of
their outstanding strength, extensibility, and solvent resistance. Their crosslinked
nature, responsible for their useful properties, is also responsible for their
intractability and limited reprocessability, contributing to environmental concerns.*
Even when heated at very high temperatures these materials are not able to flow,
meaning that they do not melt like thermoplastic do; hence, the development of
reprocessable thermosets constitutes a major goal in polymer science.® Recently,
the introduction of dynamic covalent bonds into thermosets established a new
class of materials named covalent adaptable networks (CANs).® These dynamic
bonds can break and reform on sufficiently short timescales, meaning that polymer
chains can undergo molecular rearrangement, thus allowing macroscopic flowin a
thermoplastic-like fashion. Parameters such as the nature of the dynamic bonds of
choice (i.e. associative or dissociative) and the strategy deployed to form the
network (step-growth vs. chain-growth polymerisation) influence the final

architecture and bond distribution (Figure 1).”8
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Figure 1. From left to right: CAN obtained from crosslinking of pre-polymers, CAN obtained from reversible
reaction between multifunctional (>2 functionalities) monomers, CAN obtained from multifunctional
monomers possessing dynamic bonds in the backbone.

In light of their efficiency and simplicity, several thiol-based reactions have been
used for the synthesis or functionalisation of polymeric materials.® Among these,
the use of thiol-ene Michael addition, radical or nucleophilic, arguably represents
the most common approach given its simplicity and functional group tolerance.’® "
Because of the reversibility of the thia-Michael adduct, several CANs built on this
reaction have been reported.’>'* When compared to the thiol-ene addition, the
thiol-yne reaction has attracted less attention in polymer chemistry. Like its -ene
counterpart, this reaction can proceed through a nucleophilic- or radical-based
mechanism with photo-mediated radical processes being the most explored.™2°
Only recently Du Prez and co-workers showed that nucleophilic thiol-yne addition
to activated alkynes can be used to obtain CANs with tuneable relaxation rates
depending on the electronic of the alkyne of choice.?' While this work shows that
network formation can be achieved through the use of a reversible reaction, only
dissociative bonds can be introduced with this approach thus limiting its scope.

Moreover, since monofunctional alkynes are being used, the thiol-yne addition
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reaction is responsible for the formation of pre-polymers, and only a subsequent

thiol-ene addition forms the crosslinked structure.

Monomers possessing dynamic bonds in their backbones are the key to a more
versatile approach to incorporating dynamic bonds in thermosets. If the presence
of dynamic bond is independent from the polymerisation method, a greater range
of reversible moieties can be introduced.? Moreover, in the case of nucleophilic
thiol-yne polymerisation, by employing a bifunctional alkyne the network can be
directly cast by reaction with a multifunctional thiol (wiht more than two functional
groups) thus preserving the cis/trans stereochemistry resulting from the addition
reaction and bypassing the prepolymer synthesis step. Backbone cis/trans
isomerism has been previously used to tailor thermomechanical performances in
linear polymers?*25, hydrogels?®, and 3D printable resin?’, but this concept has not

been applied to CANs yet.

Following this approach, a bifunctional propiolate possessing an internal
dynamic disulfide bond (C,SS) was successfully introduced in this study into
crosslinked materials by reaction with a three-arm thiol. The thermomechanical
properties of the resulting network were found to change according to the amount
of disulfide bond introduced, monomer ratio, and cis/trans content. Finally, the
presence of dynamic disulfide bonds rendered the thermoset materials degradable

and reprocessable.
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Results and discussion

Synthesis of the networks

To access networks via nucleophilic thiol-yne polymerisation, two different
clickable monomers possessing activated terminal alkynes (C.SS and C¢) were
synthesised via Fisher esterification of commercially available diols with propiolic
acid (Chapter 2-Supporting Information). These monomers were then reacted with
a three-arm thiol (trimethylolpropane tris(3-mercaptopropionate) — 3-AT) in
different ratios in the presence of an organocatalyst (triethylamine (EtsN) or 1,8-
diazabicyclo[5.4.0]Jundec-7-ene (DBU)) in chloroform (CHCL;). The mixtures were
poured into Teflon beakers and freestanding films were recovered after slow
evaporation of the solvent (Figure 2). Residual solvent was removed by heating at 50

°C under vacuum until constant weight was reached.
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Figure 2. Schematic representing the network formation via solvent casting (top) and monomers and
catalysts used in this work (bottom).

The versatility entailed by the nucleophilic thiol-yne reaction allows the
generation of diverse networks from a limited pool of monomers by simple tuning of
the reaction conditions. Networks NetC,SS, Net(C.SS-Cs), and NetCe with diverse
disulfide content were synthesised by varying the ratio between monomers C,SS
and Cs (100% C.SS, 1:1: C,SS:Cs, 100% Cs, respectively) while keeping the
stoichiometric ratio between alkyne and thiol groups constant at 1:1. Net(3-AT)1s-
(C.SS), was accessed by reacting monomer C,SS with 3-AT in equimolar amounts,
to have a thiol:alkyne ratio of 1.5:1. Lastly, cis-rich networks NetC,SS and NetCsg
(100% C.SS and 100% Cs, respectively) were accessed by employing DBU as the

catalyst of the reaction.?* 28 Consumption of the alkyne bonds following thiol-yne
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addition was confirmed by Fourier-transform infrared (FTIR) spectroscopy on the
free-standing films, showcasing the disappearance of the key stretching bands at
2100 cm™ (Figure 3B-C). The formation of networks was further confirmed by
performing swelling experiments at room temperature in CHCL;. All of the networks
displayed high gel content (>80%) and a swelling ratio above 250% confirming
nucleophilic thiol-yne polymerisation as an excellent tool for the synthesis of

crosslinked materials (Table 1).
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Figure 3. A) Nucleophilic thiol-yne reaction between monomers C2SS (red), Ce (blue), 3-AT (black) in
presence of EtsN (favoured formation of E adduct) or DBU (favoured formation of Z adduct). B) Pictures of
networks NetC:SS, Net(C2SS-Cs), NetCs having different disulfide bond content. FTIR spectra showing the
disappearance of the alkyne stretching bands in the networks. C) Pictures of network having different
crosslinking density (Net(3-AT1.5-C2SS1) and high cis content (Cis-NetC2SS and Cis-NetCs). FTIR spectra showing
the disappearance of the alkyne stretching bands in the networks.
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Table 1. Summary of swelling ratio and gel content for the networks synthesised in this work

Name Swelling ratio? [%] Gel fraction [%]
Trans-NetC.SS 358+90 91.3+0.7
Trans-Net(C.SS-Cs) 335149 91.610.6
Trans-NetCg 46643 92.3%1

Trans-Net((3-AT1.5-

285+41 83.6+0.4

C.SS,)
Cis-NetC,SS 247+17 91.6+0.9
Cis-NetCs 50619 90.4+3.7

aDetermined via gravimetry in CHCls (Equation S1)

The influence of disulfide bonds content, crosslinking density, and cis

content on mechanical properties

Dynamic mechanical analysis (DMA) was performed to evaluate the temperature
dependences of storage modulus (E’) and loss factor (tan delta) of the different
networks. The broad and bimodaltan & curves displayed by the 1:1 thiol:alkyne ratio
networks suggest a non-homogeneous structure, however, all materials showed
excellent dimensional stability in the temperature range tested (-80 °C -130 °C) as
no drop in modulus was recorded (Figure 4A). Notably, trans-NetC,SS did not
display any loss in modulus even at temperatures as high as 180 °C (Figure S1). The
molecular weight between crosslinks (Mc) calculated using the elastic modulus in
the rubbery region obtained from the DMA curves (Equation S3) supported this
conclusion, revealing higher values for networks displaying bimodal tan é curves,

which could hint at the presence of defects in the network structure (Table 2).2° %
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Notably, all materials displayed rubbery behaviour above their glass transition
temperature (Ty) as the tan & dropped to 0, as expected with these crosslinked

polymers.

When compared to trans-NetC,SS, trans-Net(3-AT,s-C2SS,) displayed a
monomodal and narrower tan & curve, suggesting that a 1.5:1 ratio between thiols
and alkyne leads to a more homogeneous network. This was also supported by the
decreased molecular weight between crosslinking and lower swelling ratio. M. did
not seem to influence the limit of the viscoelastic region (LVE) and yield point
significantly, as shown by amplitude sweeps performed on the high-trans networks
(Figure 4C). Frequency sweeps seemed to confirm the reduced influence of
different degrees of crosslinks on shear stress as trans-NetC,SS and trans-
Net(C.SS-Cs) displayed higher storage modulus than trans-NetCe and trans-Net(3-
AT,5-C,SS,), despite the lower Mc of the latter (Figure 4D). These contradicting
results may be explained by the fact that significant differences in composition are
also found between these networks and M. evaluation was performed assuming the
Poisson’s ratio (v) to be 0.5 and the density of the material 1 g/mL. Moreover, as
different monomer C,SS and Cg ratios were explored, the composition may also be
responsible for the different mechanical properties, with networks having higher

C,SS content presenting lower E’ values when analysed via DMA.

Cis-rich networks synthesised using DBU as catalyst showed different properties
when compared to their trans-rich analogous. While cis-NetC,SS displayed a

slightly higher rubbery storage modulus (E’wbbery) than trans-NetC,SS, cis-NetCs
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possessed a lower E’phey Value when compared to trans-NetCe. Taken together,

these results suggest that different degrees of cis/trans isomerisation can alter the

modulus of thermosets, but this effect is mediated by composition as well.
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Figure 4. A) DMA (-80 — 130 °C, 5°C/min, 1 Hz, 1 um) curves of the networks synthesised via nucleophilic thiol-
yne polymerisation. B) Correlation between M. and storage modulus calculated at Tg + 50 °C. C) Amplitude sweeps
(25 °C, 0.1 to 500% strain, 1 rad/s). of networks. D) Frequency sweeps (25 °C, strain amplitude 5 %) of networks.
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Table 2. Summary of glass transition temperatures (Tg), storage modulus at the rubbery plateau
(E’vubbery), and molecular weight between crosslinks (Mc) as determined by DMA.

Name T2 [°C] E’ rubbery® [MPa] M. [g x mol™]
Trans-NetC.SS 7.25 239.7 34.5
Trans-NetCs 13.2 1314.2 6.39
Trans-Net(C.SS-Cs) 4.33 506.5 16.1
Trans-Net(3-AT,5-C.SS,) 4.8 1186.4 6.9
Cis-NetC,SS 13.25 302.4 27.7
Cis-NetCs; 10.5 720.3 11.6

aDetermined as the peak of the Tan & curve. "Taken as the value associated with Tg+ 50 °C.

To further investigate the mechanical performances of the different networks,
uniaxial tensile test was performed on dogbones cut from the cast films (Figure 5A,
S2-S7). Albeit the lower M., trans-NetC,SS was found to possess a similar Young’s
modulus (E) and elongation at break (€) to trans-NetCg, even though the latter was
slightly stronger. This could be due to the latter being richer in stronger carbon-
carbon bonds.3" 32 Surprisingly, trans-Net(C,SS-Cs) outperformed both networks
under every aspect suggesting that there must be a “goldilocks” zone when this
monomer ratio (1:1 C,SS:Cs) is used, and chemical composition can significantly
alter mechanical performances (Figure 5B-D). When compared to trans-NetC.SS,
trans-Net(3-AT,5-C,SS,) displayed higher Young’s modulus (E=3.4+ 0.7 MPavs. E
=0.73 £ 0.17 MPa) and stress at break (o0 =1.3 £ 0.6 MPa vs. 0 = 0.63 * 0.06 MPa),
but lower elongation (¢ = 51.2 £+ 25,4 % vs. € = 94.8 £ 22.2 %). These results are
coherent with the higher crosslinking density associated with trans-Net(3-AT;s-

C.SS1), whichis also corroborated by its lower swelling ratio (Table 1) (Figure 5B-D).
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Cis-rich networks were different from their high-trans counterparts, further
suggesting that stereochemistry can alter the mechanical properties of thermosets.
Cis-NetC,SS displayed higher Young’s modulus than cis-NetCs, but no significant
differences were observed in stress and strain at break. When compared to trans-
NetC,SS, cis-NetC,SS displayed significantly higher Young’s modulus and stress at
break, while cis-NetCs showed higher elongation and stress at break compared to
trans-NetCs (Figure 5B-D). These results seem to suggest that increasing cis-
content leads to tougher thermosets (Table 3). This may be explained by
mechanically induced cis-to-trans isomerisation, which was probed by Radiom and
co-workers.?® The authors found out that when cis-rich norborene polymers were
stretched via atomic force microscopy (AFM), an increase in extension was
measured because of the isomerisation of the shorter cis linkages into the longer
trans conformation, which resulted in relaxation of the force. From a material point
of view this event could lead to energy dissipation, thus allowing the material to
withstand greater stress. Notably, trans-Net(C,SS-Cq), cis-NetC,SS, and cis-NetCs,
displayed ultimate tensile strength and elongation comparable to the likes of
styrene butadiene rubber (SBR) and ethylene propylene diene monomer (EPDM),

two commonly used elastomers.?
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Figure 5. A) Exemplary stress vs. strain curves obtained from uniaxial tensile testing (10 mm/min, 22 °C) of
different networks synthesised in this work. B) Averaged Young’s modulus values [MPa] of different networks. C)
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<0.05; ** =P <0.01; *** = P<0.001.
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Table 3. Mechanical properties determined by uniaxial tensile testing (22 °C, 10 mm/min) of the networks

synthesised in this work.

o at break Toughness®
Entry E? [MPa] € at break [%]
[MPa] [J x m3]
0.73+
Trans-NetC.SS 0.63+£0.06 94.8+22.2 0.34+£0.12
0.17
Trans-NetCs 0.77+0.4 1.35+£0.39 72.5+21.9 0.59+0.28
2.03 ¢
Trans-Net(C,SS-Cs) 2.56+£0.15 155.4+12.6 2.2+0.3
0.11
Trans-Net(3-AT, s-
3.4+£0.7 1.3+£0.6 51.2+254 0.39£0.31
C.SS.)
Cis-NetC,SS 25104 3.7£1.9 235.7£101.7 4.9+3.7
0.93
Cis-NetC; 5.7+25 471.7+£121.9 10.7+£5.3
0.56

PDetermined as the slope of the curve at 1% strain. ® Determined as the area below the stress vs.

strain curve.

The influence of disulfide bonds content, crosslinking density, and cis/trans

ratio on thermal properties.

The thermal stability of the networks was investigated via thermogravimetric

analysis (TGA) (Figure 6A, S8). The degradation temperature (Tq5%) was recorded as

the temperature associated with a 5% mass loss. The difference in disulfide bond

content was found to be the main source of variation among samples, as expected

by the lower energy associated with it when compared to the carbon-carbon

bond.?'-32 Networks trans-NetCs and cis-NetCe displayed a Tq4s% of 337 °C and 315
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°C, respectively, which is 151 °C and 145 °C higher than the values recorded for
trans-NetC,SS and cis-NetC,SS. Trans-Net(3-AT:5-C,SS,) displayed T45% analogous
to trans-NetC,SS, which is not surprising given the same chemical composition.
Trans-Net(C,SS-Cs) T4,50. Was in-between the ones of trans-NetC,SS and trans-
NetCe at 297 °C. Notably, high trans-content networks displayed better stability
than their high cis counterparts, which agrees with the higher stability associated

with trans linkages (Table 4).

An important parameter in material science is the glass transition temperature,
as the properties of materials change drastically above or below T, Differential
scanning calorimetry (DSC) revealed all the networks to be amorphous as no
melting transitions were detected (Figure 6B, S9-S14). While the higher degree of
crosslinkingis generally associated with an increase in glass transition temperature
(Tg), trans-NetCes underwent transition at the same temperature as trans-NetC,SS
(=7.4°C). However, when both monomers were used to synthesise trans-Net(C,SS-
Ce) its T; was recorded 3 °C lower at -10.4 °C. Ty of Trans-Net(3-AT,5-C,SS+) was
determined at -14.7 °C, roughly 7 °C lower than trans-NetC,SS, which is again a
surprising result given its higher crosslinking density. This difference could be
explained by the unreacted thiols acting as chain-ends, thus increasing the free-
volume of the network. Both high-cis networks revealed Tgs higher than their high-
trans counterparts, confirming that cis/trans isomerism can be used to modulate

the thermal properties of thermosets (Table 4).
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Figure 6. A) TGA thermogram (25 °C - 600 °C, N2) of different networks synthesised in this work. Tqs5%
decreases with increasing disulfide bond content and higher cis content. B) Zoomed in DSC thermograms (-30
°C-80 °C, N2) of second heating cycle of networks synthesised in this work. T highlighted by vertical dash.

Table 4. Summary of thermal properties of the networks synthesised in this work.

Entry T2 [°C] T4, 5%° [°C]
Trans-NetC.SS -7.4 186.2
Trans-NetCs -7.4 337.8
Trans-Net(C.SS-Cs) -10.4 300.5
Trans-Net(3-AT,5-C.SS,) -14.4 192.2
Cis-NetC.SS -3.2 171.8
Cis-NetCs¢ 13 316.3

@ Determined as the inflexion point of the second heating cycle of the DSC thermograms. ® Determined as
the temperature associated with a 5% mass loss.

Degradability and reprocessability

The presence of dynamic disulfide bonds was leveraged to degrade the networks
in a simple reductive fashion.® Trans-NetC,SS and cis-NetC,SS were successfully
degraded after treatment with an equimolar amount of DL-dithiothreitol (DTT) in

regard to the disulfide bond content in 60 hours at room temperature in
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dimethylformamide (DMF) (Figure 7A). The disulfide bond content was estimated
based on the initial feeding of monomer C,SS (Equation S4). Control experiments
performed by treating trans-NetCs under the same conditions (DTT in DMF) and
trans-NetC,SS without DTT did not show any sign of degradation, confirming that
degradation is induced by cleavage of the disulfide bonds (Figure S15). Gel
permeation chromatography (GPC) revealed the formation of low molecular weight
peaks only for the samples undergoing degradation. The reduced species could be
isolated via solvent extraction and '"H NMR spectroscopy was used to confirm the
different cis/trans ratio of the networks by evaluation of the intensity of the
resonance peaks in the vinyl region (6 = 5.79 ppm, J = 15.2 Hz, trans conformation;
0 =5.89 ppm, J=10.1 Hz, cis conformation) (Figure 7C, S16-S17). The cis content
was found to be 26% for trans-NetC2SS and 50% for cis-NetC2SS. However, it is
worth noting that temperature promotes cis/trans isomerisation®®, meaning that a
more accurate evaluation of the influence of annealing on cis-content is required,
highlighting the need for further studies into the impact of cis/trans isomerism on
thermosets’ thermomechanical properties. Finally, high-resolution mass
spectroscopy (TOF-HRMS-ES*) revealed a molecular peak at 789 g x mol™ for both
samples, which matches the molecular weight of macromonomers resulting from
cleavage of the disulfide bond (Figure S18-S19). Lastly, the presence of free thiols
resulting from the reduction of disulfides allows the hypothesis of the possibility of

establishing a closed-loop recycling life cycle for these materials.?’
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Figure 7. A) Schematic representation of DTT degradation of networks synthesised using monomer C.SS,
and formation of the fully reduced species. B) GPC (DMF, 5 mM NH4BF4, comparison against PMMA standard)
of oligomeric species resulting from networks degradation. C) Zoomed in section of the vinyl region (between
5.60 and 6.15 ppm) of the '"H NMR spectrum (400 MHz, 300 K, CDCls) of the products obtained from the
degradation of the networks.

Finally, reprocessing of these crosslinked materials was demonstrated by heat
compression moulding. Albeit no loss in modulus was detected during the thermal
sweeps performed via DMA, a significant decrease in stress could be observed for
trans-NetC,SS when stress-relaxation experiments at higher strain (10 umvs. 1 um)
were performed at 150 °C for 20 minutes. This loss in modulus was attributed to the
dynamic dissociative nature of the disulfide bonds, as trans-NetCes modulus

remained constant throughout the experiments (Figure 8A). Trans-NetC,SS
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fragments could be moulded into a free-standing film by heat compression
moulding at 150 °C for 20 minutes at a pressure of 3000 kg. Surprisingly, the same
was possible for trans-NetCs, albeit the reprocessed films were somehow less
structurally stable (Figure 8B). This result was attributed to the dynamic nature of
the thiol-yne addition,®* meaning that the presence of disulfide bonds can be used
to enhance the reprocessability of an already dynamic network. Notably, both
networks did not display the same homogeneity as the virgin ones, suggesting that
the network structure was not perfectly reformed, possibly in light of thermal
degradation of the catalysts or the network itself,*® hence more studies into the
reprocessing conditions are needed. For instance, grinding the network prior to
moulding may facilitate heat transfer through the sample and lead to more

homogeneous materials.

2
=

0.8

0.6

0.4

Normalised force [N]

0.2 H

Trans-NetC,SS

00 Trans-NetCg

T T T T T
0 200 400 600 800 1000 1200
Time [s]

Figure 8. A) Stress relaxation experiments (150 °C, 10 ym, 20 min) performed on trans-NetC2SS and trans-
NetCs displaying a fast loss in modulus for trans-NetC»SS. B) Fragments of trans-NetC2SS and trans-NetCs (top)
that were reprocessed into free-standing films (bottom) after heat compression moulding at 150 °C for 20
minutes, at a pressure of 3000 kg.
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Conclusions

The nucleophilic thiol-yne reaction was used to synthesise a library of
crosslinked materials with controllable thermomechanical properties from a
limited pool of monomers composed of bifunctional propiolates and a trifunctional
thiol. Notably, this method allows for the simple introduction of dynamic disulfide
bonds that endowed the material with degradability without a considerable loss in
performances. While the ratio between thiols and propiolates is crucialin obtaining
more homogeneous networks, this method nonetheless allowed for the synthesis
of robust materials. Finally, the effect of cis/trans isomerism on the
thermomechanical properties has been evaluated revealing that increasing cis
content can significantly improve the toughness of the network. Future work will
focus on optimisation of the recycling and reprocessing conditions to achieve a
circular life cycle and exploit of different alkynes and thiols monomer structures to

further modulate the thermomechanical properties.
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Experimental methods

All compounds, unless otherwise indicated were purchased from commercial
sources and used as received. The following chemicals were vacuum distilled prior
to use and stored in Young’s tapped ampoules under Nj: propiolic acid (Sigma-
Aldrich = 97%). Heating was applied through a stirring plate equipped with an oil
bath. We acknowledge the molar mass between crosslinks calculator from the
Konkolewicz group and Hubbard provided by the Macromolecular Alliance for

Community Resources and Outreach. NMR spectr

NMR Spectroscopic Analysis: See Chapter 2 - Supporting information,

experimental methods.

Mass Spectrometry: See Chapter 2 — Supporting information, experimental

methods.

Fourier-transform Infrared Spectroscopy (FTIR): See Chapter 2 — Supporting

information, experimental methods.

Size Exclusion Chromatography (SEC). SEC measurements were performed on
an Agilent 1260 Infinity Il Multi-Detector GPC/SEC System fitted with RI and
ultraviolet (UV) detectors (A =309 nm) and PLGel 3 um (50 x 7.5 mm) guard column
and two PLGel 5 um (300 x 7.5 mm) mixed-C columns with DMF containing 5 mM
NH.BF, as the eluent (flow rate 1 mL/min, 50 °C). A 12-point calibration curve
(M, =550-2,210,000 gxmol™') based on poly(methyl methacrylate) standards
(PMMA, Easivial PM, Agilent) was applied for the determination of molecular

weights.
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Differential Scanning Calorimetry (DSC): See Chapter 2 - Supporting

information, experimental methods.

Thermogravimetric Analysis (TGA): See Chapter 2 — Supporting information,

experimental methods.

Dynamic Mechanical Analysis (DMA): Dynamic mechanical thermal analysis
(DMTA) data were obtained using a Mettler Toledo DMA 1 star system and analysed
using the software package STARe V13.00a Thermal sweeps were conducted using
films (L x W x thickness = 15 mm x 6 mm x 0.5 mm) cooled to -80 °C and held
isothermally for ca. 5 minutes. Storage and loss moduli, as well as the loss factor
(ratio of E” and E’, tan &) were probed as the temperature was swept from -80 to
180 °C, 5 °C-min™, displacement of 1 um, frequency of 1 Hz. Stress-relaxation

experiment was performed with a displacement of 10 um at 150 °C for 20 minutes.

Rheology: The flow characteristics of the polymers were studied using Anton
Paar MCR302 rheometer with Peltier controlled heating. All tests were performed
using parallel plates on disk-shape samples of 8 mm in diameter. For frequency
sweep measurement, the frequency was varied from 100 Hz to 0.01 Hz at 25 °C, with
a strain amplitude of 5%. For strain sweep measurements, strain was varied

between 0.1% to 500% with a frequency of 1 rad/s.

Tensile testing. See Chapter 2 -Supporting information, experimental methods.

Reprocessing. Networks flakes were reprocessed with a 3 Specac Atlas™
Manual Hydraulic Press 15T fitted with Specac heated plates. The pieces were

added into a stainless steel mold and placed into pre-heated press at 150 °C. The
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sample was heated for 20 min (3000 kg pressure) before degassing 3 x (3000 kg
pressure/release). The samples were then left to cool under pressure until

temperature reached 25 °C.

Swell testing and gel fraction: Networks were taken and cutinto disks (6.7 x 0.5
mm) and weighed before being submerged in chloroform (CHCL;) and allowed to
swell until equilibrium swelling was reached after 30 hours. The initial mass (W) and
swelling mass (W/;) was used to calculate the swelling ratio (%) as shown in equation
S1, where Wsis given by subtracting Wito the sample mass measured rapidly after
being removed from the solvent. The swollen networks were resubmerged in new
CHCL; and finally dried after filtration to get the dry mass (W4). This was used to

calculate the gel fraction (%) as shown in equation S2.
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Equation S1'

s

w
Swelling ratio (%) = W, x 100

Equation S2'

Gel fraction (%) =

Equation S3':2

M, =3

M. = molecular weight between
crosslinks
R = universal gas constant

E 1ubbery = Storage modulus

Equation S4

(MWSS

Xxm
MW, ss) C,SS

i

w
4 100

l

PRT

4
rubbery

p = density of the material (assumed to
be 1 g/cm?3)
T =temperature (Tg+ 50 °C)

x 100

%Wtsshona =

% Wtssbona Weight percentage of sulfur

atoms involved in a disulfide bond

MWss = molecular weight (g mol™) of
monomer C,SS
Metwork = total mass of the resulting

network

total Myetwork

MWss = molecular weight (g mol™) of
two sulfur atoms involved in the
formation of a disulfide bond

Mc2ss = mass of monomer C,SS used to

synthesise the network
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Synthetic procedures

Disulfide dipropiolate (C.SS): Refer to monomer M1 synthetic procedure and

spectroscopic data reported in chapter 2.
o}

/
/

o

Hexane dipropiolate (C¢): Refer to monomer M2 synthetic procedure and

spectroscopic data reported in chapter 2.

" 0

S O\/\/\/\

\( OJ\%

0o

General synthesis of network: Dipropiolate monomers in the desired ratio were
solubilised in CHCl; in the presence of trimethylolpropane tris(3-
mercaptopropionate) (3-AT) to achieve a final thiol:alkyne ratio of 1:1 or 1.5:1,
keeping the concentration of thiol at 0.3 M. The mixture was cooled for 10 minutes
in an ice bath. The catalyst (DBU or EtsN) was then added to the mixture that was
subsequently poured into a Teflon beaker covered with tin foil. The solvent was left
evaporating inside a fumehood until free standing films could be recovered.

Networks were then dried in a vacuum oven at 50 °C until a constant weight was

reached.

Degradation experiment: Disks used to perform gel-sol analysis were placed in
DMF with a final concentration of 20 mg/mL in a 7 mL vial. GPC analysis was
performed to evaluate the presence of oligomers after addition of the solvent and
after a 24 h period revealing absence of degradation. Dithiothreitol (DTT) (1 equiv. to

disulfide equivalent) was added to the vials that were stirred on an orbital shaker at
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250 rpm untilthe networks were not visible anymore (ca. 60 h). Aliquots (50 pyL) were
taken throughout the experiment to monitor the degradation via SEC analysis. The
oligomers were isolated by diluting the reaction mixture with LiCl,,. 10% w/w and

extracted with dichloromethane (DCM).
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Thermomechanical characterisation
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Figure S1. A) DMA thermal sweep (-50-180 °C, 1 Hz, 1 pm) of trans-NetC-SS.

164



Chapter 3—Access to degradable and reprocessable thermosets with tuneable

thermomechanical properties via nucleophilic thiol-yne polymerisation

3.0

2.5 1

2.0 1

1.5 4

Stress [MPa]

1.0

0.5 1

0.0

trans-NetC,SS

slo ' 160 '
Strain [%]

—
120

—
140

—
160

180

Figure S2. Stress vs. strain curves obtained from uniaxial tensile testing (22 °C, 10 mm/min) of trans-NetC,SS.
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Figure S3. Stress vs. strain curves obtained from uniaxial tensile testing (22 °C, 10 mm/min) of trans-Net(C,SS-
Ce).
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Figure S4. Stress vs. strain curves obtained from uniaxial tensile testing (22 °C, 10 mm/min) of trans-NetCs.
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Figure S5. Stress vs. strain curves obtained from uniaxial tensile testing (22 °C, 10 mm/min) of trans-Net(3-
AT15-C,SS1).

168



Chapter 3—Access to degradable and reprocessable thermosets with tuneable
thermomechanical properties via nucleophilic thiol-yne polymerisation

cis-NetC,

8 -
@ 61
o
=
2]
2]
S 44
n

2 4

0 i T T T T T T T T T T T

0 100 200 300 400 500 600

Strain [%]

Figure S6. Stress vs. strain curves obtained from uniaxial tensile testing (22 °C, 10 mm/min) of cis-NetCe.
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Figure S7. Stress vs. strain curves obtained from uniaxial tensile testing (22 °C, 10 mm/min) of cis-NetC,SS.
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Figure S8. TGA thermogram (25 - 600 °C, N,) of different networks synthesised in this work.
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Figure S§9. DSC thermogram (-50 — 100 °C, N2) of trans-NetC2SS.
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Figure $10. DSC thermogram (-50 — 100 °C, N2) of trans-Net(C2SS-Cs).
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Figure S11. DSC thermogram (-50 — 100 °C, N2) of trans-NetCs.
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Figure S12. DSC thermogram (-50 — 100 °C, N2) of trans-Net(3-AT1.5-C2SS1).
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Figure S13. DSC thermogram (-50 — 100 °C, N2) of cis-NetCe.
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Figure S14. DSC thermogram (-50 — 100 °C, N2) of cis-NetC-SS.
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Degradation study

NetC,SS Cis-NetC,SS NetC,SS NetCq
+DTT +DTT +DTT

NetC,SS

Figure S15. Networks in DMF (20 mg/mL) before (top) and after (bottom) DTT induced degradation.
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Figure S16. '"H NMR spectrum (400 MHz, 300 K, CDCls) of the degradation product obtained from cis-
NetC:SS. Solvent peak marked with an asterisk.
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Figure S17. "H NMR spectrum (400 MHz, 300 K, CDCls) of the degradation product obtained from trans-
NetC2SS. Solvent peak marked with an asterisk.

179



Chapter 3—Access to degradable and reprocessable thermosets with tuneable
thermomechanical properties via nucleophilic thiol-yne polymerisation

acn/dcm University of Birmingham, School of Chemistry DXG

Waters Xevo-G2-XS (ii) 27-Jun-2024
AXD-DXG-MTENF-ESi-Pos-1 182 (4.172) Sm (SG, 10x2.00) 1: TOF MS ES+
100+ 780.125 2.68e5

Trans-M + H*

o o
o
Hs\/\oJ\/ms/\)J\OD(/
o)
s—/_<o
P 811.108 —
# o—<_

7~ 0
Hs
Trans-Macromer (Trans-M)
MW = 788 g/mol
851,104
12111
muee || Trans-M + Na*
633.102
111.020
573.005 “
g .L,l " |lll th[“l bl 1 s
200 400 €00 8O0 1000 1200 1400 1800 1s00 2000 2200
Figure S18. Mass spectrum (ES+) of degraded trans-NetC.SS with plausible structure reported.
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Figure S19. Mass spectrum (ES+) of degraded cis-NetC.SS with plausible structure reported.
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Overview:

As great interest is placed into replacing commodity polymers with bio-sourced
alternatives, the evaluation of different naturally sourced monomers is crucial to
finding materials able to compete with the existing alternatives. This chapter aimed
to leverage diketopiperazine, afforded from the cyclisation of amino acids, to build
novel bio-based polymers displaying tuneable themomechanical properties

depending on the co-monomer of choice.
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Abstract: Amino acids have received considerable attention in the production of
sustainable stereo-defined polymers, but their thermomechanical properties are
usually modest and fail to compete with existing petroleum-based polymers.
However, cyclizing amino acids to form diketopiperazine (DKP) moieties can
potentially afford polymers with comparatively robust thermomechanical
properties, but difficulties in their polymerisation has hindered investigation into
these materials. By leveraging a greener organobase-catalysed phenol-yne
polymerisation, the obtainment of tyrosine-DKP-based polymers of high weight-
average molecular weight is demonstrated. Moreover, by variation of the co-
monomer, a wide range of thermomechanical properties can be accessed,

suggesting the versatility of the system.
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Introduction

Current commodity polymeric materials possess many desirable characteristics
such as low cost, versatility, chemical resistance, and high strength-to-weight,
which makes them widely distributed in all aspects of modern society with an ever-
increasing production rate.” 2 However, since the majority of plastics come from
crude oil, their production relies on a finite resource and results in a high amount of
greenhouse gases (GHGs) emitted into the atmosphere.® In order to decrease their
environmental footprint, several efforts have been devoted to building more
sustainable polymers leveraging on renewably sourced monomers.*°® Among the
different possibilities, amino acids represent an abundant and diversified
sustainable feedstock that can endow polymers with particular chemical
properties.® 7 Unfortunately, these materials often lack the thermomechanical
properties to compete with common olefines, hampering their use as a plastic

replacement.?

A strategy to modulate the thermomechanical properties of polymers is the
introduction of cyclic structures in their backbone, because of the reduced degree
of freedom associated with them.® By condensation of two amino acids, six-
membered diketopiperazine (DKP) cyclodipeptides with stereocenters at the alpha-
carbon of the carbonyl group can be obtained (Figure 1A). Given their advantageous
characteristics such as accessibility and structural complexity, DKPs have received

significant attention in drug discovery.”® Moreover, in light of their extensive
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hydrogen bonding, they have been widely investigated as gelators (Figure 1B)."

These features make them a promising scaffold for material synthesis. >3
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Figure 1. A) Stereoisomerism of DKP ring. B) Hydrogen bonding interaction between two DKP molecules.

The potential of including DKPs in polymers has been already recognised, and
these materials have been proven to degrade into non-toxic component and to form
supramolecular structures.™ '® However, their inclusion in polymers have been
historically challenging because of difficulties associated with their treatment,
mostly their lack of solubility. In fact, the preparation of polymers of high molar
mass has rarely been reported, which limits investigation into their properties.

Approaches deployed to synthesise these polymers include acyclic diene
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metathesis (ADMET),'® 7 polycondensation reactions to produce polyesters and
polyamide, 822 and polyadditions to produce polyurethanes.?25 Unfortunately,
these methods require lengthy synthetic protocols that use toxic reagents and
harsh conditions reactions, such as triphosgene and metal catalysis, or prolonged

time under vacuum at high temperatures.

Inspired by recent reports of the Tang group on hydroxyl/phenol-yne “click”
polymerisation,® 2’ and the abundance of hydroxyl/phenol groups in natural
products, it was decided to apply these concepts to the polymerisation of DKPs to
produce polymeric materials of high M,, in a more sustainable and safe fashion.
Nucleophilic addition to activated alkyne can be a particularly useful toolin polymer
synthesis because of the controllable stereochemistry of the addition product (E/Z
isomerism) and its influence over thermomechanical properties, alongside the
possibility of using the resulting double bond as a handle for post-synthetic

functionalisation.?®?°

Herein, the greener phenol-yne “click” polymerisation of cyclo(L-Tyr-L-Tyr)
(TyrDKP) is reported as an efficient way to build high molecular weight DKP-based
polymers (up to M, = 89 kg/mol) under mild conditions.®* By straightforward
functionalisation of different biobased diols, polymers with a high share (> 80 %
w/w) of renewably sourced content could be obtained. Most importantly,
thermomechanical properties were found to be highly tuneable according to the co-

monomer of choice, leading to a wide range of attainable glass transition
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temperatures (7.5 < Tgs < 114 °C), mechanical behaviours, and high thermal

stability (up to 367 °C).

Results and discussion

Polymer synthesis and characterisation

The amino acid-derived monomer has been prepared in a one-step protocol via
simple refluxing of L-Tyrosine in ethylene glycol under an inert atmosphere,
affording the TyrDKP monomer in moderate yield (63%). The syn-DKP molecule was
selected for this study because of the simple synthesis conditions and accessibility
of the natural amino acid precursor. Suitable dialkynes for phenol-yne
polymerisation were synthesised by Fisher esterification between propiolic acid
and biobased diols such as 1,6-hexanediol, tetraethyleneglycol, and Pripol 2033™,
to generate 1,6-hexanedipropiolate (HDP), tetraethyleneglycol dipropiolate
(TEGDP) and Pripol™ dipropiolate (Prip-DP), respectively (Figure S1-S8). Given the
poor solubility of TyrDKP in common organic non-polar solvents, dimethyl
formamide (DMF) and dimethylsulfoxide (DMSO) were tested to conduct the
polymerisation reaction. The latter was eventually selected considering its greater
capacity to solubilise the monomer and diminished toxicity.®’ The polymerisation
was performed by solubilising the monomers in the stated solvent (0.3 M) at 50 °C,
followed by the addition of 1,4-diazabicyclo[2.2.2]octane (DABCO, 0.01
equivalents) pre-solubilised in DMSO as the catalyst (Figure 2A). Reactions were
monitored using FT-IR spectroscopy to confirm the consumption of the terminal

alkynes after three hours (Figure 2B). The polymers were recovered by precipitation
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into a 1:1 v:v solution of acetone and hexane in good to excellent yields (75-99%)
(Table 1). The structure of poly(TyrDKP-HDP) and poly(TyrDKP-TEGDP) was
elucidated via '"H NMR spectroscopy (Figure S12-S14), showing the predominant
formation of trans linkages. This was determined by comparing the relative intensity
of the signals of the E adduct (/= 12.1 Hz) with the intensity of the signals associated
with the Z product (J = 6.9 Hz), estimating the cis content to be ca. 8%. The cis/trans
ratio was found to be the same for poly(TyrDKP-HDP) and poly(TyrDKP-TEGDP),
suggesting the selectivity of DABCO catalysed phenol-yne polymerisation towards
the formation of E adducts (Figure 2C). Further product variability has been
achieved through the preparation of poly(TyrDKP-PripDP) that turned out to be
insoluble in the common solvents, hampering its full characterisation. In fact, the
polymer was soluble only in boiling DMSO, even in the presence of trifluoroacetic
acid (TFA) 20 % v/v. Notably, crosslinking events were excluded because of the lack

of swelling even after prolonged exposure to solvents.

Notably, attempts to polymerise a L-serine-based diketopiperazine (Ser-DKP)
only led to quantitative recovery of unreacted starting materials using both DABCO
or 4-dimethylaminopyridine (DMAP) as the catalyst.?” This reduced reactivity was
attributed to the diminished acidity of hydroxyl proton when compared to a phenolic
one, along with the fact that Ser-DKP hydroxyl group are folded above the ring

because of their hydrogen bonding.3?
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Figure 2. A) Nucleophilic phenol-yne polymerisation between TyrDKP and different dipropiolates
comonomer used in this work. B) Structure of the different dipropiolates used in this work with corresponding
FT-IR spectra showing the disappearance of the alkyne peaks after polymerisation. Signals highlighted by
dashed boxes. C) Stacked 'H NMR spectra (400 MHz, 295 K, ds-DMSO) of TyrDKP polymers zoomed in between
4.8 and 7.9 ppm to highlight vinyl proton signal used to evaluate E/Z content in the polymers. The vinyl region of
the polymer is displayed in the two possible conformations; the full repeating unit structure is omitted.
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Table 1. Summary of yield, Mw, Dm, Mn, of TyrDKP-based polymers.

Yield M.2(kgx ML(kgx M. (kg x

Du°
(%) mol”) mol”) mol”)
Poly(TyrDKP-
99 12.707 16 52.8 3.3
HDP)
Poly(TyrDKP-
75 17.828 20 86 4.3
TEGDP)
Poly(TyrDKP-
83 n.a.c n.a.° n.a.° n.a.°
PripDP)

aDetermined via "H NMR spectroscopy. "Determined via GPC (DMF, 5 mM NH4BFs, PMMA standard). ®Values
could not be determined as a result of the lack of solubility.

The presence TyrDKP end-groups in both poly(TyrDKP-HDP) and poly(TyrDKP-
TEGDP) was suggested by '"H NMR spectroscopy revealing signals relative to the
TyrDKP aromatic rings at a slightly lower field when compared to the unreacted
monomer (Spoymers = 6.91 (d, /= 8.5 Hz), 6.63 (d, J = 8.5 Hz); O1ymokp 6.90 (d, /= 8.6 Hz),
6.61 (d, J = 8.5 Hz)) (Figure 3A). Several rounds of precipitation did not cause the
disappearance of the signals, confirming that they do not correspond to residual
unreacted TyrDKP (Figure S16). Evaluation of molecular weight via end group
analysis (Equation S1) revealed poly(TyrDKP-TEGDP) to possess a M, of 17,828 kg x
mol™ while M, of poly(TyrDKP-HDP) was slightly lower at 12,707 kg x mol'. To gain
insight into the dispersity of the polymers, measurement by size exclusion
chromatography (SEC) in DMF was performed (Figure 3B). This analysis revealed
both polymers to possess a monomodal distribution with relatively narrow

dispersity (Dwu) values, especially for step-growth polymerisation (Table 1).33
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Figure 3. A) Stacked 'H NMR (400 MHz, 300 K, ds-DMSO) of the aromatic region of TyrDKP and TyrDKP
polymers between displaying aromatic resonances of TyrDKP end group in the polymer used to calculate M, via
end group analysis. Dashed lines are used to highlight the shift when compared to TyrDKP aromatic peaks (top).
Aromatic peaks relative to the repeating TyrDKP repeating units highlighted in yellow. B) GPC (DMF, 5 mM
NH4BF4, comparison against PMMA standard) traces of TyrDKP polymers.
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Thermal properties of Tyr-DKP polymers

The thermal stability of the polymers was evaluated via thermogravimetric
analysis (TGA). All polymers showed excellent thermal stability with degradation
temperature (Tqs%) associated with a 5% mass loss recorded at 356 °C for
poly(TyrDKP-HDP) and poly(TyrDKP-TEGDP) and 367 °C for poly(TyrDKP-PripDP).
The mass loss profile was also different: at 500 °C poly(TyrDKP-PripDP) displayed a
far greater reduction in mass, with just under 10% of the initial mass preserved,
while poly(TyrDKP-HDP) and poly(TyrDKP-TEGDP) retained the 37 and 32%,

respectively (Figure 4A).

Differential scanning calorimetry (DSC) revealed an endothermic peakindicating
melting transition (T) at 222 °C for poly(TyrDKP-HD) and 178 °C for poly(TyrDKP-
TEG) in the first heating cycle but the following cycles did not display such
transition, suggesting that these polymers are not recrystallising under the
conditions screened but they are semicrystalline after synthesis (Figure S17-S18).
Poly(TyrDKP-PripDP) displayed an endothermic peak at T, = 182 °C in both the first
and second heating cycles meaning that this polymer can crystallise from the melt
(Figure 4B) (Figure S19). This different behaviour could be attributed to the larger
gap between the glass transition temperature (Tg) and the T, of poly(TyrDKP-PripDP)
when compared to poly(TyrDKP-HDP) or poly(TyrDKP-TEGDP), meaning a greater
window for chain mobility. Ty was found to decrease coherently with an increase in
flexibility of the co-monomer, as it went from 114 °C to 78 °C when the shorter HDP

was switched for the longer and more flexible TEGPD, while poly(TyrDKP-PripDP)
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displayed the lowest value at -7.5 °C. Interestingly, the T;of all the polymers was
found to increase after subsequent heating cycles, which could be indicative of
temperature-promoted crystallisation, as increased crystallinity increases the T;

(Figure S20-S22).%
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Figure 4. A) TGA thermograms of different TyrDKP-based polymers taken between 25 °C and 600 °C. 10
K/min, N2 atmosphere. Tqs% highlighted with a dashed line. B) Second heating cycle of DSC thermograms of
different TyrDKP-based polymers between -50 °C and 200 °C. T highlighted with a vertical dash
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Mechanical properties

Mechanical properties were assessed via uniaxial tensile testing of the polymers
after heat compression moulding into dogbone specimens. Possibly in light of its
higher Tg, poly(TyrDKP-HDP) was too brittle to be removed from the mould without
fracturing. While both poly(TyrDKP-TEGDP) and poly(TyrDKP-PripDP) darkened
significantly after the moulding process (Figure S23), FT-IR and 'H NMR
spectroscopic analyses did not reveal any difference compared to the virgin
polymers (Figure 6B-C, S24), hence this change in appearance was attributed to the
degradation of residual catalyst. However, slight broadening of the resonances in
the 'H NMR spectrum was observed, which could suggest certain degree of
crosslinking happening. No significant difference in solubility was noticed. A
significant difference (P<0.005) in Young’s modulus (E) was observed between the
polymers, with poly(TyrDKP-TEGDP) displaying the highest value, which probably
reflects the fact that it was tested below T,. No significant difference was found in

terms of ultimate tensile strength, strain at break, or toughness (Table 2).
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Figure 5. A) Exemplary stress vs. strain curves (10 mm/min, 22 °C) of different DKP-based polymers. B) FT-
IR spectroscopy of Poly(TyrDKP-PripDP) before (black) and after (red) the moulding process. C) '"H NMR spectra
(400 MHz, 300 K, ds-DMSO) of Poly(TyrDKP-TEGDP) before (top) and after (bottom) the moulding process.

196



Chapter 4 — Accessing diketopiperazine-based polymers through phenol-yne
polymerisation

Table 2. Summary of thermomechanical properties of poly(TyrDKP-HDP) poly(TyrDKP-TEGDP) and
Poly(TyrDKP-PripDP).

T Tw® Ta,5%° o U
Name E?[MPa] e?[%]
(°C) (°C) (°C) [MPa] [J-m™]
Poly(TyrDKP-
114 n.a. 356 n.a. n.a. n.a. n.a.
HDP)
Poly(TyrDKP-
78 n.a. 356 142+19.1 7%£1.3 13.4+6.4 2.6%0.9
TEGDP)
Poly(TyrDKP-
-7.5 182 367 62.3+9.5 9.1+2.9 39.3%19.4  3.1%2.1
PripDP)

aDetermined as the inflection point in the trace of the second heating cycle of the DSC. ®PDetermined as the
minimum of the endothermic peak detected in the trace of the second heating cycle of the DSC. °Determined
as the temperature associated with a 5% mass loss in the TGA analysis. Values calculated from an average of
three samples. E = Young’s Modulus, o = stress at break, € = strain at break, Ur = toughness.

Conclusion

In conclusion, this study demonstrates that phenol-yne polymersation can be
used as a simple and effective method to produce TyrDKP-containing polymers,
with a high mass content (>80%) derived from biobased units. When compared to
previously reported methods, this approach offers a simpler and less energy-
intensive method to synthesise these polymers allowing to reach high M,, polymers
without the need for metal catalysis, laborious monomer functionalisation, or harsh
conditions such as high temperature or vacuum. The obtained polymers revealed
high Tqs% (>350 °C) and tuneable Tgranging from -7.5 °C to 117 °C, suggesting that
intelligent monomer design can help to obtain TyrDKP-based materials with
different thermal properties. Mechanical properties were investigated for the first

time showing that it is possible to obtain free-standing materials with tuneable
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Young’s modulus. Current work is focused on optimising reaction conditions to
modulate the E/Z content of the addition product of the phenol-yne reaction,
rational evaluation of the influence of non-covalent interaction such as DKPs
derived hydrogen bonding, and investigation into modulation of the physical
properties via cis/trans isomerism of DKPs molecules. Moreover, given the vast
chemical space afforded by amino acids, we suggest that other types of
nucleophilic-yne polymerisation could be used to generate polymers. Forexample,
cysteine and lysine based DKPs could be used to produce polymers via nucleophilic

thiol-yne and amino-yne polymerisation, respectively.
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Experimental methods

Unless otherwise stated, all chemicals and solvents used were purchased from
Sigma-Aldrich, VWR Chemicals, Apollo Scientific, or Fisher Scientific and used as
received without further purifications. Pripol™2033 was supplied by Cargill.

Propiolic acid was distilled before use.

NMR Spectroscopic Analysis. All NMR spectroscopy experiments were
performed at 300 K on a Bruker DPX-400 NMR instrument equipped with a BBFO
smart probe operating at 400 MHz for H (100.57 MHz for "*C). '"H NMR spectra are
referenced to solvent residual proton (6 = 7.26 for CDCl;, 6 = 2.5 for ds-DMSO ) and
3C NMR spectra are referenced to the solvent signal (0 = 77.16 for CDCls, d = 39.52
for de-DMSO). The resonance multiplicities are described as s (singlet), d (doublet),

t (triplet), g (quartet) or m (multiplet).

Mass Spectrometry: See Chapter 2 — Supporting information, experimental

methods.

Fourier-transform Infrared Spectroscopy (FTIR): See Chapter 2 — Supporting

information, experimental methods.

Size Exclusion Chromatography (SEC). SEC measurements were performed on
an Agilent 1260 Infinity Il Multi-Detector GPC/SEC System fitted with RI and
ultraviolet (UV) detectors (A =309 nm) and PLGel 3 um (50 x 7.5 mm) guard column
and two PLGel 5 pm (300 x 7.5 mm) mixed-C columns with DMF containing 5 mM
NH.BF, as the eluent (flow rate 1 mL/min, 50 °C). A 12-point calibration curve

(M, =550-2,210,000 gxmol™") based on poly(methyl methacrylate) standards
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(PMMA, Easivial PM, Agilent) was applied for the determination of molecular

weights.

Differential Scanning Calorimetry (DSC). The thermal characteristics of the
polymers were determined using differential scanning calorimetry (STARe system
DSC3, Mettler Toledo) from —80 to 270 °C at a heating rate of 10 °C-min™" for three
heating/cooling cycles unless otherwise specified. The glass transition temperature
(Tg) was determined from the inflection point in the second heating cycle of DSC.
Total enthalpy of melting (AH.) was calculated from integration and normalization
of all endothermic peaks present using the STARe software. The melting
temperature was determined from the minimum value of the endothermic peak

using the STARe software.

Thermogravimetric Analysis (TGA). See Chapter 2 — Supporting information,

experimental methods.

Tensile testing. Samples were prepared into thin polymer films using 3 Specac
Atlas™ Manual Hydraulic Press 15T fitted with Specac heated plates. The polymer
was added into a dogbone shaped stainless steel mould and placed into pre-heated
press at 220 °C. The sample was heated for 10 min (with no pressure) before
degassing 5 x (500 kg pressure/release). Next, 3000 kg pressure was applied, and
the sample was held at 220 °C for 5 min before cooling to ~ 180 °C (Poly(TyrDKP-
TEGDP)) or ~ 45 °C (Poly(TyrDKP-PripDP)) under the same pressure. Uniaxial tensile
testing was performed using a Testometric M350-5CT universal mechanical testing

instrument fitted with a load cell of 10 kN. Each specimen was clamped into the
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tensile holders and subjected to an elongation rate of 10 mm-min-" until failure with
an applied pretension of 0.1 N. All tensile tests were repeated 3 times (unless
otherwise stated), and an average of the data was taken to find the ultimate tensile
stress and strain. Data was analysed using winTest™ Analysis software (v.5.0.34)
and OriginPro® software. Young modulus was calculated by taking the slope of the
tensile curve at 1% strain. Toughness was calculated as the area under the curve

up to break.
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Synthetic procedures

(3S,6S)-3,6-bis(4-hydroxybenzyl)piperazine-2,5-dione (TyrDKP): L-tyrosine
0

WOH (10 g, 55 mmol) was refluxed in ethylene glycol (100
HN
HO

o mL) for 24 hunderinert atmosphere (N,). Precipitation
occurred upon cooling, the product was filtered and washed with hot acetic acid
and recovered as an off-white solid (5.7 g, 63%). Spectroscopic data are in

agreement with previously published results.’

"H NMR (400 MHz, DMSO-ds) 5 9.21 (s, 2H), 7.91 (d, J = 1.8 Hz, 2H), 6.90 (d, J = 8.5
Hz, 4H), 6.61 (d, J = 8.5 Hz, 4H), 3.32 - 3.28 (m, 2H), 2.89 (dd, J = 13.7 Hz, 3.6 Hz, 2H),
2.59 (dd, J = 13.8, 4.8 Hz, 2H) ppm. "*C NMR (101 MHz, DMSO-ds) 5 167.0, 156.1,

131.1, 125.8, 114.8, 54.82, 36.9 ppm.

3,6-bis(hydroxymethyl)piperazine-2,5-dione (SerDKP): L-Serine methyl ester

O

HO NH hydrochloride (10 g, 64 mmol) was solubilised in 150 mL of

"N I on methanol and flushed through a column packed with 50 g of
Amberlyst A21 free base, pretreated with 100 mL of NaHCO; (aq.) sat. solution, 100
mL of deionised water, and 100 mL of methanol. The solvent was removed at
reduced pressure to obtain a dense colourless fluid that was left to dimerise in a
vacuum oven at room temperature, to obtain a white solid. The solid was then
triturated with a 1:1 solution of diethyl ether and methanol, the solid material was

filtered and recrystallised from water to recover the pure product (54% vyield).

Spectroscopic data are in agreement with previously published results.?
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"H NMR (400 MHz, DMSO-ds) 3 7.99 (s, 2 H), 5.00 (t, J = 5.4, 2 H), 3.76 (dt, J = 5.3,
2.8 Hz, 2H), 3.68 (dt, J = 10.9, 5.5 Hz, 2H), 3.57 (ddd, J = 10.6, 5.0, 3.2 Hz, 2H). 3C

NMR (101 MHz, DMSO-ds) 6 165.9, 63.4, 57.2.

Hexane-1,6-diyl dipropiolate (HDP): See Chapter 2 Supplementary

o)
O~ information. Synthetic procedures — Monomer M2.
O -\\\

V4
o

((oxybis(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-diyl) dipropiolate (TEGDP):
///OLO/\/O\/\O/\/O\/\O)O\\\ Tetraethylene glycol (5 g, 25.7 mmol),
propiolic acid (4.5 g, 64.4 mmol) and p-toluenesulfonic acid monohydrate (2.45 g,
12.9 mmol) were stirred in toluene (100 mL) in a 250 mL round bottom flask
equipped with a Dean-Stark apparatus. The temperature was raised until reflux
occurred and the reaction was left running for 17 h. The reaction mixture was
concentrated under reduced pressure and the residue was diluted with ethyl
acetate (EtOAc) (50 mL), followed by washing with NaOH,4. 0.1 M (3 x 30 mL), prior
to drying over anhydrous MgSO, that was subsequently filtered off. EtOAc was
removed via a rotary evaporator to yield the product as a slightly yellow oil (6.2 g,
81% vyield) and used without further purification. Spectroscopic data was in

agreement with previously published results.?

'H NMR (400 MHz, Chloroform-d) 6 4.42 - 4.24 (m, 4H), 3.81-3.72 (m, 4H), 3.66
(s, 8H), 2.90 (s, 2H).”*C NMR (101 MHz, Chloroform-d) & 152.8, 75.2, 74.7, 70.9,
70.8, 68.7, 65.4. HRMS (TOF-MS-EI*) (m/z): [M] calculated for C14H1504,298.1058:

found, 298.1055.
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Pripol™2033 dipropiolate (PripDP): Pripol™2033 (1.1 g, 2 mmol), propiolic acid

(0.56 g, 8 mmol) and p-toluenesulfonic acid

AN
Yo

monohydrate (0.19 g, 1 mmol) were stirred in toluene

\\:

(80 mL) in a 250 mL RBF equipped with a Dean-Stark
apparatus. The temperature was raised until reflux occurred and the reaction was
left running for 17 h. The solvent was removed via a rotary evaporator to obtain an
orange fluid. The product was purified via column chromatography (Mobile phase =

10% EtOAc in hexane) and obtained as a colourless liquid (1.3 g, 99% yield).

"H NMR (400 MHz, Chloroform-d) & 4.19 (t, J = 6.7 Hz, 4H), 2.86 (s, 2H), 1.68 (t, J
= 7.2 Hz, 5H), 1.37 - 1.19 (m, 52H), 0.98 — 0.78 (m, 9H). *C NMR (101 MHz,
Chloroform-d) 5 152.9, 74.9, 74.5, 66.6, 37.5, 37.2, 33.8, 33.4, 32.9, 32.1, 30.3, 30.2,

29.9, 29.8, 29.7, 29.6, 29.5, 29.3, 28.5, 27.2, 26.8, 25.9, 23.3, 22.8, 19.9, 14.7, 14.3.

General procedure for phenol-yne polymerisation of TyrDKP

TyrDKP (1 equiv.) was weighed in a 20 mL scintillation vial. The desired
dipropiolate ester (1 equiv.) was weighed outin a secondvial and then quantitatively
transferred to the vial containing TyrDKP using DMSO, to reach a final monomer
concentration of 0.3 M. The mixture was left stirring at 50 °C until complete
solubilisation of TyrDKP. 1 mol% of DABCO was added from a freshly prepared
solution in DMSO. The reaction was left running for three hours before precipitation
in a 1:1 v/v mixture of hexane:acetone (total volume = reaction volume x 10). The
precipitated polymer was left decanting overnight before filtration. Residual solvent

was removed by leaving the polymer in a vacuum oven at 100 °C.
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Poly(TyrDKP-HD): Polymer was recovered as a slightly yellow hard solid (0.503

g, 990/0) Mn, sec=16 kg x mol’ (DM= 33), Mn,NMR =12.707 kg x mol™".

"H NMR (400 MHz, DMSO-ds) %trans = 92% & 8.11 (s, 2H), 7.79 (d, / = 12.0 Hz,
trans 2H), 7.17 (d, /= 8.6 Hz, 4H), 7.08 (d, /= 8.7 Hz, 4H), 6.91 (d, J = 8.5 Hz, TyrDKP
end group), 6.63 (d, J = 8.5 Hz, TyrDKP end group), 5.51 (d, J = 12.1 Hz, trans 2H),
5.14 (d, /= 6.9 Hz, cis), 4.05 (t, /= 6.6 Hz, 4H), 3.47 (t, /= 4.6 Hz, 4H), 3.01 (dd, J =
13.7,3.9Hz, 2H), 2.75(dd, J=13.7, 4.9 Hz, 2H), 1.58 (s, 4H), 1.32 (d, /= 6.3 Hz, 4H).
3C NMR (101 MHz, DMSO-ds) 6 167.3, 166.6, 159.5, 154.6, 133.3, 132.2, 117.9,

101.9, 64.0, 55.1, 37.5, 28.6, 25.5.

Poly(TyrDKP-TEG): Polymer was recovered as a slightly yellow hard solid (0.695

g, 75%). M. sec = 20 kg x mol™ (B = 4.3), Mo nvr = 17.828 kg x mol".

'"H NMR (400 MHz, DMSO-ds) %trans =92 3 8.11 (s, 2H), 7.81 (d, J=12.1 Hz, trans
2H), 7.19 (d, /= 8.7 Hz, 4H), 7.10 (d, / = 8.7 Hz, 4H), 6.91 (d, / = 8.5 Hz, TyrDKP end
group), 6.63 (d, J= 8.5 Hz, TyrDKP end group), 5.55 (d, J=12.1 Hz, trans 2H), 5.18 (d,
J=6.9Hz, cis), 4.21 - 4.14 (m, 4H), 3.67 - 3.58 (m, 4H), 3.50 (d, J = 6.5 Hz, 8H), 3.05
-2.99 (m, 2H), 2.76 (dd, J=13.4, 4.7 Hz, 2H). "*C NMR (101 MHz, DMSO-ds) 6 167.3,

166.6, 159.8, 154.6, 133.3, 132.2,117.9, 101.8, 70.2, 68.8, 63.5, 55.1, 37.45.

Poly(TyrDKP-PripDP): Polymer was recovered as a white powder (0.250 mg,

83%).

Equation S1.

Integral of the repeating unit  n° proton of the end group
Xp =

n° proton repeating unit Integral of the end group
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M, = x, X MY

M.° = molecular weight of the repeating unit
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NMR spectroscopy of monomers and polymers
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Figure S1. '"H NMR spectrum (400 MHz, 300 K, ds-DMSO) of TyrDKP.
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Figure S2. '*C NMR spectrum (100.57 MHz, 300 K, ds-DMSO0,) of TyrDKP.
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Figure S3. HSQC NMR spectrum (300 K, de-DMSO) of TyrDKP.
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Figure S4. "H NMR spectrum (400 MHz, 300 K, CDCls) of tetraethylene glycol dipropiolate (TEGDP).
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Figure S5. '*C NMR spectrum (100.57 MHz, 300 K, CDCls) of tetraethyleneglycol dipropiolate (TEGDP).
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Figure S6. '"H NMR spectrum (400 MHz, 300 K, CDCLs) of Pripol™2033 dipropiolate (PripDP).
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Figure S7. Stacked *C NMR spectra (100.57 MHz, 300 K, CDCls) of Pripol™2033 dipropiolate (PripDP)
(bottom) compared with *C NMR of unfunctionalized Pripol™2033. Diagnostic peaks are highlighted with
dashed boxes.
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Figure S8. FTIR spectra of unfunctionalised Pripol 2033™ (top, red) and functionalised PripDP (bottom,
green). Appearance of carbonyl (~1700 cm™) and alkyne (~2100 cm™, ~3300 cm™) stretching paired with the
disappearance of broad -OH stretching further proof successful functionalisation.
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Figure S9. "H NMR spectrum (400 MHz, 300 K, ds-DMSQ) of SerDKP.
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Figure S10. '3C NMR spectrum (100.57 MHz, 300 K, ds-DMSO,) of SerDKP.
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Figure S11. HSQC NMR spectrum (300 K, de-DMSO) of SerDKP.
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Figure $12. "H NMR spectrum (400 MHz, 300 K, ds-DMSO) of poly(TyrDKP-TEGDP). TyrDKP end group signals
marked (*) with integration values used for end group analysis reported.
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Figure S13. "C NMR spectrum (100.57 MHz, 300 K ds-DMSO) of poly(TyrDKP-TEGDP).
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Figure S14. "H NMR spectrum (400 MHz, 300 K, ds-DMSO) of poly(TyrDKP-HDP). TyrDKP end group signals
marked (*) with integration values used for end group analysis reported.
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Figure S15. *C NMR spectrum (100.57 MHz, 300 K ds-DMSO) of poly(TyrDKP-HDP).
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Pristine Poly(TyrDKP-HD)

15t ppt. “

2" ppt.

L
T f)t
- |

3" ppt.

L
4th ppt.

0.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 50 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

Figure S16. Stacked '"H NMR spectra (400 MHz, 300 K, ds-DMSO) of poly(TyrDKP-HD) after 4™ rounds of
reprecipitation. Presence of doublets between 6.5 ppm and 7.0 ppm belonging to end-group TyrDKP are
highlighted.
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Thermomechanical characterisation

Poly(TyrDKP-HDP)
3 e
E I
=
o
o
©
M)
T
1% heating

o || 1% cooling 3™ cooling
2 | |2"heating 4™ heating

4™ cooling

I T T T I

T T I T T I
-100  -50 0 50 100 150 200 250 300
Temperature [°C]

Figure S17. DSC (-80 °C - 270 °C, N2atmosphere) thermogram of Poly(TyrDKP-HDP). An increase in T after

each heating cycle can be appreciated by the increased onset of the slope change associated with the increased
heat capacity.
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Figure $18. DSC (-80 °C -270 °C, N2atmosphere) thermogram of Poly(TyrDKP-TEGDP). An increase in Tgafter
each heating cycle can be appreciated by the increased onset of the slope change associated with the increased
heat capacity.
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Figure $19. DSC (-80 °C -200 °C, N2atmosphere) thermogram of Poly(TyrDKP-PripDP). An increase in Tg after
each heating cycle can be appreciated by the increased onset of the slope change associated with the increased
heat capacity.
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Figure S20. DSC thermograms of subsequent heating cycles of poly(TyrDKP-TEGDP). T marked with a
vertical dash taken as the inflection point determined by the STARe software.
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Figure S21. DSC thermograms of subsequent heating cycles of poly(TyrDKP-HDP). T; marked with a vertical
dash taken as the inflection point determined by the STARe software.
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Figure S22. DSC thermograms of subsequent heating cycles of poly(TyrDKP-PripDP). Ty marked with a
vertical dash taken as the inflection point determined by the STARe software.
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Figure S23. Exemplary dogbones of DKP-based polymers.
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Figure S24. FTIR spectra of poly(TyrDKP-TEGDP) before (grey trace) and after (red trace) compression
moulding.
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Figure S25. Stress vs. strain curves of poly(TyrDKP-TEGDP) samples tested at 10 mm/min, 22 °C.
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Figure S26. Stress vs. strain curves of poly(TyrDKP-TEGDP) samples tested at 10 mm/min, 22 °C.
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Overview:

As the modulation of the properties of polymeric materials through
stereochemical methods has been widely established in the context of point
chirality and cis/trans isomerism, this chapter investigated whether atropisomers
could be used to obtain polymers displaying different properties depending on the
chirality of the monomer. The modular phenol-yne polymerisation reaction was
used to reach such aim, as it allows complete control over the monomer insertion

under mild conditions.
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Enantiopure and racemic BINOL-
based polymers by hydroxyl-yne
polymerisation

Daniele Giannantonio?, Alexis Perrot®®, Arianna Brandolese?, Andrew P.

Dove?®

aSchool of Chemistry, University of Birmingham, Edgbaston, Birmingham, B15 2TT
(UK)

bLCMT, ENSICAEN, 6 bd Maréchal Juin, 14050 Caen, France.

Abstract: A powerful method to control thermomechanical properties of
polymers is through main-chain stereochemistry, i.e. controlling the precise spatial
arrangement of the monomer’s configuration in the backbone. While point chirality
has been widely investigated, the use of different atropisomers to tune the bulk
properties of polymeric materials has received significantly less attention. To
investigate this phenomenon, the phenol-yne polymerisation of enantiopure and
racemic 1,1"-bi-2-naphthol (BINOL) with activated dialkyne was explored to
produce amorphous polyesters with high thermal resistance and glass transition

temperature, which were not dependent on the configuration of the monomers.
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Introduction

The specific configuration (i.e. chirality) of monomers has been exploited by
chemists to modulate the thermomechanical properties of polymeric materials.
The enantiopure poly-L-lactic acid (PLLA) and poly-D-lactic acid (PDLA) display
considerably different properties when compared to their racemic counterpart,
with the first two being highly crystalline and the latter amorphous.’ Moreover, the
formation of equimolar stereocomplexes of PLLA and PDLA was also shown to
produce materials with a melting point roughly 50 °C higher.? These differences in
tacticity, i.e. the spatial arrangement of chiral centres in macromolecules, resultin
variation of thermomechanical properties in other classes of polymers too. For
example, isotatctic polypropylene (PP) is a semicrystalline polymer while atactic PP
is amorphous.®® Nonetheless, tacticity is not exclusively responsible for the ability
of a polymer to form crystalline domains. Coates and co-workers reported a series
of cis-poly(3-hydroxy-2-methylbutyrate)s (cis-PHMBs) displaying tacticity-
independent crystallinity,® suggesting that further understanding regarding the

influence of backbone chirality on polymer properties is needed.

Generally, the differences in thermomechanical properties observed by varying
the stereochemistry of the monomeric units are thought to arise from the different
conformations assumed by the polymer chains, leading to variation in the way
chains can pack together to create ordered crystalline domains.” Harnessing

control over the crystalline phase of a polymeric materialis crucialin controlling its
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thermomechanical properties, where a higher degree of crystallinity is generally

associated with stiffer and harder materials.?

In addition to point chirality, another form of stereoisomerism is represented by
axial chirality. This arises when two chemical groups display a non-planar
arrangement over an axis of chirality, thus not being superimposable on their mirror
image.® In many cases, this form of chirality is found in atropisomers, which are
stereoisomers because of hindered rotation about a single bond, due to steric
hindrance.’ Introduction of these motifs into polymers main-chain has been
generally exploited to produce conjugated helical polymers of different
handedness, mostly in the context of optically active materials.”” Classical
molecules used are phenylacetylenes,’? biphenyls,' and binaphthyls,’'®in light of
their accessibility. However, in contrast with point chirality, less attention has been
devoted to understanding how this source of chirality can be used to modulate the
bulk properties of polymeric materials.’® An interesting study by Cao et al.”’
describes the access to axially chiral polyesters through the ring-opening
polymerisation (ROP) of ring-strained biaryl-fused cyclic esters (Me-DBO) to
produce chemically recyclable polyesters (P(Me-DBO)s). Interestingly, the authors
found that these amorphous polymers could form semicrystalline
stereocomplexes. However, no difference between the enantiopure polymers was
observed but the authors did not investigate whether incorporating both monomers

(R and S) would lead to different materials.

231



Chapter 5 - Enantiopure and racemic BINOL-based polymers by hydroxyl-yne
polymerisation

While ROP processes effectively control polymers’ molecular weight and
dispersity, they often lack modularity and requires strict monomer design that
hinders access to diverse polymer structures in a simple manner, which is crucial
when drawing precise structure-properties relationships. To overcome these
limitations, the nucleophilic phenol-yne “click” polymerisation was selected
considering its mild reaction conditions and modularity that allows the introduction
of monomers possessing diverse chemical structures.™ ' 1,1'-Bi-2-naphthol
(BINOL) was selected as a source of chirality because of its low cost, exceptional
stability over isomerisation under a broad range of conditions, and phenolic groups
that make it a perfect candidate to act as Michael donor.?>22 The inclusion of BINOL
in polymers has been mostly exploited to produce polymeric catalysts?*?’ or for
sensing application?®2°, but investigations into the thermomechanical properties of
these polymers are lacking, especially with varying BINOL isomers. Only recently
Kelber et al. introduced enantiomerically pure and racemic BINOL in 3D printed
networks and observed that variation of the dihedral angle was possible upon
stretching.®® However, differences in properties were not observed, possibly in light

of the low level of introduction (0.2 % in weight).

Herein, we present a study into the thermomechanical properties of polyesters
containing main chain enantiopure and racemic BINOL. Polymers are synthesised
in step-growth fashion using mild phenol-yne addition with multiple dipropiolates

monomers and the effect of stereochemistry in the chain is also investigated.
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Point chirality
Tacticity dependent crystallinity

Isotactic PP Syndiotactic PP Atactic PP
T,=160°C T,=130°C T,=n.a.

Tacticity independent crystallinity

Isotactic cis-PHMB Syndiotactic cis-PHMB Atactic cis-PHMB
T,=177,186°C Tn=199,204°C Tn=174,184°C
Axial chirality

Chirality-independent — stereocomplexation-induced crystallinity

P[(S)-Me-DBO] P[(R)-Me-DBO] sc-P[Me-DBO]
T.=n.a. T.=n.a. T, =262,301°C

Chirality- and stereocomplexation-independent amorphous polymers
(This work)

o} O
O{Lo OMO/\R/\OM R= O m 1 o™
n

O v Chirality-independent amorphous polymers

v" Non-stereocomplex forming
rac-IS-IR-BINOL

Figure 1. Examples of polymers with stereochemical-rich backbone displaying tacticity-dependent
crystallinity,>® tacticity-independent crystallinity,® chirality-independent but stereocomplexation-induced
crystallinity,'”” and chirality- and stereocomplexation-independent crystallinity (this work).
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Results and discussion
Optimisation of organobase-catalysed phenol-yne polymerisation of BINOL

To fully understand how BINOL stereochemical features affect polymer
properties, both enantiopure and racemic BINOL monomers were employed and
initial efforts were addressed to selecting a suitable catalyst for the polymerisation
reaction. In addition to 1,4-diazabicyclo[2.2.2]octane (DABCO, pK, = 3.0; 8.8) and
4-dimethylaminopyridine (DMAP, pK, = 9.6) reported by Tang and co-workers,'® '°
the use of a stronger base such as 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU, pK, =
13.5) was also investigated for the phenol-yne polymerisation of rac-BINOL with
hexanedipropiolate (HDP) (Scheme 1). Reactions were performed at room
temperature (ca. 25 °C) at a monomer concentration of 0.1 M with catalyst loading
of 1 mol%, and the outcome was evaluated via size exclusion chromatography

(SEC) following precipitation in hexane after 1 h of reaction.
,{H 0 0
Base O ’ OMO/\RAOM

rac-/S-/R-BINOL

DEGDP HDP 1 DBU DMAP DABCO Et;N
1 ~,
Ly N N

O | ( /j X [ D \

I \\,/L\N ‘ P N ~ N~
[ N
[
I pK,=13.5 pK, = 9.6 pK,1=3.0 pK, = 10.76
' pK,2=8.8

Scheme 1. Organobase catalysed phenol-yne polymerisation between BINOL and different dipropiolates
with the bases screened for the polymerisation. pKa values in water reported.
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Dramatic differences were observed when different catalysts were employed. In
fact, the DABCO-catalysed reaction was the only one showing the formation of
polymeric species, as highlighted by the SEC trace (Figure S1), indicating that
nucleophilic character of the catalyst is required. Nonetheless, the obtained
weight-average molecular weight (Mw) was low (My = 8500 g/mol) and the dispersity

(Pw) modest (Pw = 4.8), hence DABCO was selected for further optimisation.

Intrigued by the lack of polymerisation withessed when using DBU or DMAP, it
was hypothesised that using bases stronger than DABCO may lead to formation of
salts that prevent BINOL from reacting further. To test this hypothesis, rac-BINOL
was exposed to two equivalents of DABCO and triethylamine (EtzN, pK; = 10.75) in
THF, and salt formation was evaluated by '"H NMR spectroscopy. EtsN was selected
considering its non-nucleophilic behaviour and being a stronger base than DABCO.
Downfield shifting of EtsN proton resonances (triplet from 0.9 to 1.12 ppm and
quadruplet from 2.41 to 3.15 ppm) evidenced formation of BINOL-Et;N salt, while
the singlet resonance associated with DABCO protons signal did not shift.
Disappearance of the phenolic proton resonance was observed in both cases
(Figure S2-S3). Notably, other peaks appeared in the "H NMR spectrum of the Et;N-
BINOL combinations, which may be attributed to the happening of side reactions
that could also help explain the lack of polymerisation. To corroborate these
results, equimolar amounts of dialkyne compared to BINOL were added to the
previously prepared solutions and polymerisation was evaluated via GPC analysis,
showing formation of polymer only in the DABCO catalysed reaction, even after 20

hours of reaction time (Figure 2A). The broad and bimodal GPC trace was
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associated with an inferior degree of control of the polymerisation due to the high
catalyst loading (2 equiv.) and relative acidy of the terminal alkyne protons, which
could cause side reactions such as homocoupling.®" % For instance, Adimurthy et
al. reported self-coupling of 1-octyne with a 71% yield when in the presence of 1
equivalent of DABCO in acetonitrile.®® Notably, '"H NMR spectroscopic analysis of
the reaction mixture revealed consumption of the alkyne only for the DABCO-
catalysed reaction, as the singlet associated with the terminal alkyne was still
visible in the EtsN-catalysed system (Figure 2B). This is consistent with the findings
reported by Santos et al.** In fact, in this study probing the dynamic nature of the
phenol-yne addition, it is described that no exchange reaction between p-
methoxyphenol and a vinyl ether compound obtained by reacting methylpropiolate

with cresol was observed in a week at 90 °C, using Et;N as catalyst.
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Figure 2. A) GPC (CHCls + 0.5% v/v EtsN, against polystyrene standards) of DABCO- (dashed line) and EtsN-
(full line) catalysed polymerisation between BINOL and HDP. B) "H NMR (ds-DMSO, 400 MHz, 22 °C) spectra of
1,6-hexane dipropiolate (top), EtsN-catalysed polymerisation (middle) and DABCO-catalysed polymerisation
(bottom). Alkyne proton signal (highlighted) absent for the DABCO-catalysed polymerisation only.

To further understand the behaviour of the DABCO-catalysed phenol-yne
polymerisation, a kinetic analysis was performed keeping a monomer

concentration of 0.1 M at 25 °C. GPC analysis showed a sharp increase in My in the
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first 45 minutes, followed by a plateau (Figure 3A), suggesting the reaction to reach

completion after a short time.

Given the high dispersity and multimodal distribution of the GPC curves (Figure
3B), the effect of the concentration of the reaction mixture was investigated
performing a series of polymerisation increasing the concentration of the
monomers, from 0.05 to 0.5 M. Interestingly, the intensity of the low-molecular-
weight region of the GPC trace decreased when increasing the concentration,
accompanied by an overall increase in the final molecular weight of the polymer
(Figure 3C). This behaviour could be explained by the formation of cyclic polymers,
as thisis a common phenomenon in step-growth polymerisation that is favoured by
high dilution.® Moreover, the conformation of BINOL and the proximity of its
reactive phenolic groups may facilitate intramolecular reactions. Investigation of
these polymers via matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-ToF MS) may be used to confirm the cyclic nature of these
polymers.® 37 Further increase of the concentration reaction to 1 M yielded a
significant improvement of the polymerisation outcome, but further improvement
could not be observed when the concentration was increased to 1.5 M, hence 1M
was selected as the optimal concentration as not all of the BINOL was solubilising

at 1.5 M (Figure S8).

The effect of temperature on the reaction outcome was investigated by
conducting reactions at 0, 25, and 50 °C at a monomer concentration of 0.1 M.

Differently from what has been previously reported, it was found that temperature
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influences greatly the attainable molecular weight, with higher values being

reached at lower temperatures (Figure 3D). This result was thought to arise from

higher chances of transesterification and/or reversibility of the phenol-yne addition

with anincrease in temperature.®
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Figure 3. A) Mwand dispersity data against reaction time of reaction conducted at a concentration of 0.1 M
at 25 °C and B) Full GPCs (CHClLs + 0.5% v/v EtaN, against polystyrene standards) of phenol-yne polymerisation
of BINOL at 25 °C with monomer concentration of 0.1 M taken at different time. C) The influence of monomer
concentration on DABCO-catalysed phenol-yne polymerisation at a temperature of 25 °C evaluated by GPC
(CHCls + 0.5% v/v EtsN, against polystyrene standards). D) The influence of temperature on the phenol yne
reaction performed at a monomer concentration of 0.1 M evaluated by GPC (CHCls + 0.5% v/v EtsN, against
polystyrene standards).

Finally, to testthe scope of this polymerisation, a reaction was performed with

a hindered diynone possessing a terminal methyl group at a monomer

concentration of 0.5 M at 25 °C (Figure 4A). Interestingly, GPC analysis indicated

239



Chapter 5 - Enantiopure and racemic BINOL-based polymers by hydroxyl-yne
polymerisation

the formation of exclusively low molecular-weight species, even after longer
reaction time (up to 67 h) or higher catalyst loading up to 1 equivalent (Figure 4B).
This result suggests that the acceptor group must be accessible as steric
hindrance can inhibit the polymerisation even in the presence of a more
activated alkyne, as the ester group of a propiolate would have a diminished
electron-withdrawing effect when compared to a carbonyl group.® This lack of
polymerisation is also supported by the diminished acidity and nucleophilic
character of phenols when compared to thiols, as the thiol-yne addition to

hindered alkynes is a highly efficient reaction.%83°
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Figure 4. A) Phenol-yne polymerisation between DABCO and activated diynone. B) GPC (CHClz + 0.5% v/v
EtsN, against polystyrene standards) of resulting products at different catalyst loading and reaction time.

Polymers synthesis and characterisation

With the optimised reaction conditions in hand, the phenol-yne polymerisation of
racemic and enantiopure BINOL and different dipropiolates was performed at a

concentration of 1 M at a temperature of 0 °C obtaining polymers of high molecular
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weightin excellentyield (99%) (Table 1, Figure S5-S6). Diethyleneglycol dipropiolate
(DEGDP) and HDP were selected considering the different tendencies to
crystallisation observed in Chapter 2. While HDP was found to crystallise easily
giving origin to semicrystalline polymers, DEGDP did not display the same
behaviour originating amorphous polymers. It was hypothesised that using these
two monomers could serve as controlled conditions to evaluate the influence of the
bulky BINOL structure on the crystallinity of the polymers. Polymer structures were
elucidated via '"H NMR spectroscopy. The presence of E and Z isomers was
quantified using the ratio between the intensity of the relevant vinyl proton signalin
the '"H NMR spectrum, as the doublet associated with a Z conformation displays a
lower coupling constant (J = 7.0 Hz) than the doublet associated with an E
conformation (J = 12.3 Hz). In agreement with previous report,’ the phenol-yne
addition seems to favour the formation of bonds in the trans conformation, but the
cis isomer was detected as well to be around 9% for polymers synthesised using
HDP as a comonomer and 12% for polymers synthesised using DEGDP (Figure 5).
Previously performed DFT calculation performed using bis(aroylacetylene)s
monomers showed that the formation of predominantly trans-linkages is favored
because of a greater Gibbs free energy gain (AG = - 2.04 kcal x mol™), after a proton

rearrangement following the formation of Z intermediates.®
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Table 1. Mw, Dw, and yield of polymers obtained reacting racemic or enantiopure BINOL with different
dialkynes.

Name My [kgxmol']? Pw? Yield®
Poly(DEG-rac-BINOL) 126 14.8 >99%
Poly(DEG-(S)-BINOL) 62 10 >99%
Poly(DEG-(R)-BINOL) 46 7.8 >99%
Poly(HD-rac-BINOL) 75 6.2 >99%

Poly(HD-(S)-BINOL) 34 3 >99%
Poly(HD-(R)-BINOL) 31 3 >99%

adetermined via GPC (CHCls, 0.5% EtsN), comparison with polystyrene standard. Pisolated yield after drying.
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Figure 5. "H NMR (CDCls, 400 MHz, 22 °C) spectra of A) Poly(HD-rac-BINOL) and B) Poly(DEG-rac-BINOL). Vinyl
signal used to evaluate E/Z ratio highlighted.

Thermomechanical characterisation of polymers and stereocomplexation

Thermal properties of polymers synthesised via phenol-yne polymerisation were
characterised by thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). All these polymers were found to be highly thermally stable, with
decomposition temperatures (Tq,5%) (recorded as temperature associated with a 5%
mass loss) above 360 °C (Figure 6A-6B). For instance, polyethylene terephthalate
(PET), a commonly used polyester displaying phenyl groups in the backbone,

displayed T4 = 400 °C.*° DSC scans revealed glass transition temperatures (Ty)
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between 84 and 89 °C regarding the polymers obtained from the hexanedipropiolate
co-monomer, while it was found to be roughly 10 °C higher in polymers synthesised
using diethylene glycol dipropiolate (Figure 6C-6D). A similar behaviour, i.e.
increase in Ty, is observed for polyethylene and poly(ethylene oxide) and can be
rationalised by increased electrostatic interactions between polymer chains in the
presence of a more electronegative and polarisable oxygen atom.*'- 4> Moreover,
DSC did not reveal any endothermic peak indicating a melting transition, suggesting
these polymers are amorphous. Wide angle X-ray scattering (WAXS) was used to
confirm the DSC results, as the absence of sharp peaks further indicates the lack

of a crystalline phase in the polymers (Figure 6E-F).

Table 2. Summary of thermal properties of polymers synthesised in this work.

Name T [°C] Tus%” [°C]
Poly(DEG-rac-BINOL) 88.9 375
Poly(DEG-(S)-BINOL) 85.5 375
Poly(DEG-(R)-BINOL) 84.3 375
Poly(HD-rac-BINOL) 95.8 378

Poly(HD-(S)-BINOL) 96.9 378
Poly(HD-(R)-BINOL) 97.9 366

aDetermined as the inflection point of the second heating cycle of the DSC analysis. "Determined as the
temperature associated with a 5% mass loss.
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Figure 6. (A-B) TGA thermograms (25 — 600 °C, 10 °C/min, N2) (a dashed line is used to highlight 5%
degradation), (C-D) Second heating cycle of DSC thermograms (—80 — 300 °C, N2) with vertical dash to highlight
the Tg, and (E-F) WAXS profiles of polymers obtained reacting racemic or enantiopure BINOL with different
dialkynes

Uniaxial tensile testing was selected to investigate the mechanical properties of
these materials; hence attempts were made to cast the polymers into dogbones

shaped objects. Unfortunately, heat-compression moulding proved unsuitable
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considering the brittleness displayed by these materials, likely in light of their high
T¢ and low level of entanglement. Solvent casting was used as alternative way to
produce polymeric films. To do so, 0.500 g of each polymer were solubilised in
dichloromethane (CH,Cl,) and then left to dry in a Teflon beaker to obtain free-
standing films. Finally, the residual solvent was removed by drying it in a vacuum
oven until constant weight. Again, attempts to cut dogbones out of the dried film
failed because of their brittleness. Notably, only poly(HD-rac-BINOL) displayed
enough toughness to withstand the cut without shattering (Figure 7A-C), which is
probably due to the higher My leading to greater entanglement.®® Eventually,
dogbones could be cut out of the solvent cast films of the DEG-BINOL polymers
before the final drying, which were then dried prior performing uniaxial tensile
testing (Figure 7D-F). High variability among the samples was observed: the
measured values displayed wide uncertainty, and no significant difference was
found amongthese samples (Figure 7G, Table 3). This variability could be attributed
to the brittleness of the materials and the formation of bubbles following the drying
process, which can be a source of error in the measurement. Further investigation
into the processing of these polymers is needed before drawing any significant
conclusions, but axial chirality does not seem to produce any influence on

thermomechanical behaviour in these polymers.
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Table 3. Summary of mechanical properties of poly(DEG-BINOL) of differentiated BINOL isomerism.

Toughness
Name E? [MPa] o® [MPa] g°[MPa]
(Ur) [)-m~]

Poly(DEG-rac-BINOL) 134.6+1225 185%+12.3 19.3+13.9 3.5+4.3

Poly(DEG-S-BINOL)  208.9t 77.9 6.8+5 6.3+3.6 0.5 +0.6

Poly(DEG-R-BINOL) 172.2+77.1 20.1+141 12976 2.3+26

@Young’s modulus. "Stress at break. °Strain at break. Standard deviation taken as uncertainty.
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Figure 7. A-C) Solvent-cast films of poly(HD-BINOL)s showing that poly(HD-rac-BINOL) was the only film
not shattering after cutting disks. D-F) Dog bones of Poly(DEG-rac-BINOL) showing the shrinkage and formation
of bubbles after solvent removal. G) uniaxial tensile testing (10 mm/min, 22 °C) of different poly(HD-BINOL)s.

As Cao et al."” reported stereocomplexation between two amorphous polymers
displaying axial chirality, we sought to investigate whether this phenomenon was
occurring. Attempts to form stereocomplexes between poly(HD-S-BINOL) and
poly(HD-R-BINOL) were performed by adapting a protocol devised by Coates and
Lu and co-workers regarding the stereocomplexation of polyesters.** Equivalent

amounts of poly(HD-R-BINOL) and poly(HD-S-BINOL) were solubilised in CH,Cl,,
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followed by coprecipitation in hexane, and evaluation of their formation via TGA and
DSC. Unfortunately, as the recovered material did not display any melting
temperature and only a slight increase in Tg(+1.2 °C when compared to Poly(HD-S-
BINOL), +2 °C when compared to Poly(HD-R-BINOL), it is concluded that
stereocomplexation is not happening between these polymers (Figure 8A-B). This
could be a result of the much more flexible conformation of these polymers when

compared to the polyesters reported by Cao et al.
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Figure 8. TGA thermograms (25 - 600 °C, 10 °C/min, N2) (A) and DSC thermograms (—80 — 300 °C, N2) (B) of
polymers obtained reacting racemic or enantiopure BINOL with hexanedipropiolate and the solid obtained from
the stereocomplexation attempt. A dashed line is used in the TGA thermograms to highlight 5% degradation. The
second heating cycle of the DSC is displayed, with vertical dash to highlight the Ts.

Conclusions

The phenol-yne polymerisation of BINOL with different dipropiolate
comonomers was established and optimised with respect to the influence of
temperature and concentration. Investigation into the effects of incorporating
BINOL molecules of opposite chirality, or a racemic mixture thereof, in the polymer

backbone revealed that axial chirality does not seem to influence the
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thermomechanical properties, differently from what is observed for other examples
of stereoisomerism. The reason for this may be that the stereochemicalinformation
is lost in the flexible co-monomer, or that BINOL is too bulky and does not allow for
crystallisation of the polymer chains to take place. In order to test these
hypotheses, BINOL could be substituted with [1,1'-binaphthalene]-2,2'-diamine
(BINAM) because the presence of hydrogen bonds donor and acceptor groups may
help to stabilise the conformation of the polymer thanks to long-range intrachain
interactions. Another option would be to increase the length of the dipropiolate
monomer  spacer, for example through polymerisation of 1,12-
dodecanedipropiolate, to balance the bulkiness of BINOL and allow the polymeric

chains to align in an ordered manner.
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Experimental methods

All compounds, unless otherwise indicated were purchased from commercial
sources and used as received. Unlesss otherwise stated. (+)-1,1'-Bi-(2-naphthol)
was recrystallised from toluene. (+)-1,1'-Bi-(2-naphthol) and (-)-1,1'bi-(2-naphthol)

were recrystallised from aqueous ethanol.*®
NMR Spectroscopic Analysis: See Chapter 2- Experimental methods
Mass Spectrometry: See Chapter 2- Experimental methods
Size Exclusion Chromatography (SEC): See Chapter 2- Experimental methods

Differential Scanning Calorimetry (DSC). The thermal characteristics of the
polymers were determined using differential scanning calorimetry (STARe system
DSC3, Mettler Toledo) from —80 to 120 °C at a heating rate of 10 °C-min™" for three
heating/cooling cycles unless otherwise specified. The glass transition temperature
(Ty) was determined from the inflection point in the second heating cycle of DSC.
Total enthalpy of melting (AH~) was calculated from integration and normalization
of all endothermic peaks present using the STARe software. The melting
temperature was determined from the minimum value of the endothermic peak

using the STARe software.

Wide angle X-ray scattering (WASX): Wide Angle X-ray Scattering (WAXS) was
performed on a Panalytical Empyrean utilising Cu radiation (Ka1 and Ka2 radiation
(L = 1.5406 A and 1.5444 A respectively)) and equipped with a Pixel Medipix 3D

detector. Powdered samples were prepared onto low background Si-wafer sample
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holders and standard “powder” 26-6 diffraction scans were carried out in the

angular range from 4° to 70° 28 at room temperature.

Thermogravimetric Analysis (TGA). See Chapter 2- Experimental methods

Tensile testing. Samples were prepared into thin polymer films by solubilising
500 mg of polymerinto 2.5 mL of dichloromethane (DCM). The solution was uptaken
with a syringe and filtered in a teflon beacher through a PTFE filter (0.22 pm x 25
mm) into a Teflon beacher. Solvent was left evaporating and dumbbell shaped
samples were cut using custom ASTM Die D-638 Type 5, before drying in a vacuum
oven untildrynessUniaxial tensile testing was performed using a Testometric M350-
5CT universal mechanical testing instrument fitted with a load cell of 10 kN. Each
specimen was clamped into the tensile holders and subjected to an elongation rate
of 10 mm-min~ until failure with an applied pretension of 0.1 N. All tensile tests were
repeated 3 times (unless otherwise stated), and an average of the data was taken to
find the ultimate tensile stress and strain. Data was analyzed using winTest™
Analysis software (v.5.0.34) and OriginPro® software. Young modulus was
calculated by taking the slope of the tensile curve at 1% strain. Toughness was

calculated as the area under the curve up to break.
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Synthetic procedures

Hexane dipropiolate (HD): See Chapter 2 Synthetic procedures regarding

o
\\\”/o\/\/\/\ J\ monomer M2 for synthesis and spectroscopic data.
SN
o)

Diethylene glycol dipropiolate (DEG): See Chapter 2 Synthetic procedures

@] O
O~ )\ regarding monomer M3 for synthesis and
A, J

spectroscopic data.
General procedure for polymer synthesis

BINOL (rac,S, or R) (1 equivalent) was weighed in a 20 mL scintillation vial.
Comonomer (HD or DEG, 1 equivalent) was weighed in different vial and
quantitatively transferred to the vial containing BINOL using the appropriate volume
of THF to reach the desired final monomer concentration (0.05 to 1.5 M according
to the experiment). The solution was cooled down in an ice bath for 10 minutes,
before addition of DABCO (1% mol) presolubilised in THF. The reaction was left
proceed for the desired period. A noticeable increase in viscosity was generally
observed after 1 hour. The solution was diluted with chloroform (CHCL) (V = Ve x
4), and the solution poured through a cotton filter into hexane (V = Vi x 10) to
precipitate the polymer. The polymer was decanted and recovered via filtration,

then dried in a room-temperature vacuum oven.

Poly(DEG-rac-BINOL): Recovered as a white fibrous solid (0.5100 g, 99%). GPC

analysis (CHCls, 0.5% Et;N, PS standard) My = 126 kg x mol’, By = 14.8
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"H NMR (400 MHz, Chloroform-d) %trans = 88; '"H NMR (400 MHz, Chloroform-d)
67.97 (d,/=8.9Hz, 2H), 7.88 (d, /= 8.2 Hz, 2H), 7.57 (d, /= 12.3 Hz, 2H trans), 7.42
(ddd, J = 8.1, 6.8, 1.2 Hz, 2H), 7.36 (d, J = 8.9 Hz, 2H), 7.29 (dt, / = 8.6, 1.6 Hz, 2H),
7.18 -7.02 (m, 2H), 6.67 (d, /= 7.0 Hz, cis), 5.25 (d, /= 12.3 Hz, 2H trans), 4.78 (d, J
=7.0Hz, cis), 4.19-4.01 (m, 4H trans), 4.04 (t, /= 4.9 Hz, cis), 3.55 (t, / = 4.9 Hz, 4H
trans), 3.41 (t, J = 4.9 Hz, cis). *C NMR (101 MHz, Chloroform-d) § 166.9, 159.9,

151.1, 133.6, 131.4,130.9, 128.4,127.5, 125.8, 121.5, 118.6, 101.7, 69.2, 63.1.

Poly(DEG-R-BINOL): Recovered as a white fibrous solid (0.4900 g, 99%). GPC

analysis (CHCl;, 0.5% Et;N, PS standard) My = 46 kg x mol”, Dy =7.8

'H NMR (400 MHz, Chloroform-d) %trans =88; 6 7.88 (d, /= 9.0 Hz, 2H), 7.80 (d, J
=8.1Hz, 2H), 7.49 (d, J=12.3 Hz, 2H trans), 7.34 (ddd, /= 8.2, 6.8, 1.2 Hz, 2H), 7.28
(d, J=8.9 Hz, 2H), 7.24-7.19 (m, 2H), 7.13-6.98 (m, 2H), 6.59 (d, / = 6.9 Hz, cis),
5.17 (d, J=12.3 Hz, 2H trans), 4.70 (d, /= 7.0 Hz, cis), 4.03 (t, /= 4.9 Hz, 4H trans),
3.96 (t,/=4.9 Hz, cis), 3.60-3.38 (m, 4H trans), 3.33 (t, /= 4.9 Hz, cis). *C NMR (101
MHz, Chloroform-d) 6 166.9, 159.9, 151.1, 133.6, 131.4, 130.9, 128.4, 127.5, 125.8,

121.5,118.,101.6, 69.2, 63.1.

Poly(DEG-S-BINOL): Recovered as a white fibrous solid (0.5100 g, 99%). GPC

analysis (CHCl;, 0.5% Et;N, PS standard) My = 62 kg x mol’, By =10

"H NMR (400 MHz, Chloroform-d) %trans = 88; & 8.04 — 7.93 (m, 2H), 7.92 - 7.75
(m, 2H), 7.57 (d, J = 12.2 Hz, 2H trans), 7.42 (ddd, J = 8.2, 6.8, 1.2 Hz, 2H), 7.36 (d, J
= 8.9 Hz, 2H), 7.31 - 7.27 (m, 2H), 7.18 = 7.05 (m, 2H), 6.67 (d, J = 7.0 Hz, cis), 5.25

(d,/=12.3Hz, 2H trans), 4.78 (d, /= 7.0 Hz, cis), 4.18 - 4.05 (m, 4H trans), 4.04 (t, J
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= 4.9 Hz, cis), 3.61 - 3.50 (m, 4H trans), 3.41 (t, J = 4.9 Hz, cis). *C NMR (101 MHz,
Chloroform-d) & 166.9, 159.9, 151.1, 133.6, 131.3, 130.3, 128.4, 127.4, 125.8,

121.5,118.6,101.7,69.1, 63.1.

Poly(HD-rac-BINOL): Recovered as a off-white crystalline solid (0.5491 g, 99%).

GPC analysis (CHCl;, 0.5% Et;N, PS standard) Mw = 75 kg x mol’, By =6.2

"H NMR (400 MHz, Chloroform-d) %trans = 92; 5 8.00 (d, J = 8.9 Hz, 2H), 7.91 (d, J
= 8.3 Hz, 2H), 7.56 (d, J = 12.3 Hz, 2H trans), 7.44 (ddd, J = 8.1, 6.8, 1.2 Hz, 2H), 7.39
(d, J = 9.0 Hz, 2H), 7.29 (ddd, J = 8.3, 6.8, 1.3 Hz, 2H), 7.16 (dd, J = 8.5, 1.2 Hz, 2H),
6.72(d,J = 7.0 Hz, cis), 5.24 (d, J = 12.2 Hz, 2H trans), 4.79 (d, J = 7.1 Hz, cis), 3.97 (t,
J=6.7 Hz, 4H), 1.51 (d, J = 6.2 Hz, 4H), 1.26 (t, J = 3.8 Hz, 4H). 3C NMR (101 MHz,
Chloroform-d) & 167.1, 159.5, 151.2, 133.6, 131.3, 130.9, 128.4, 127.4, 125.8,

125.8,121.5, 118.6, 102.1, 64.0, 28.6, 25.7.

Poly(HD-R-BINOL): Recovered as a slightly yellow crystalline solid (0.5600 g,

99%). GPC analysis (CHCls, 0.5% Et;N, PS standard) My =31 kg x mol’, Dv=3

'"H NMR (400 MHz, Chloroform-d) %trans =92; § 8.00 (dd, /= 8.9, 3.3 Hz, 2H), 7.90
(t,/=6.1Hz, 2H), 7.56 (d, /= 12.3 Hz, 2H trans), 7.44 (ddd, /= 8.2, 6.8, 1.2 Hz, 2H),
7.39 (d, /=9.0 Hz, 2H), 7.29 (ddd, / = 8.3, 6.8, 1.3 Hz, 2H), 7.16 (dd, /= 8.6, 1.2 Hz,
2H), 6.72 (d, J=7.0 Hz, cis), 5.24 (d, /= 12.3 Hz, 2H trans), 4.79 (d, J = 7.0 Hz, cis),
3.97 (t, /] = 6.6 Hz, 4H), 1.54 - 1.48 (m, 4H), 1.28 - 1.24 (m, 4H). *C NMR (101 MHz,
Chloroform-d) 6 167.1, 159.6, 151.2, 133.6, 131.3, 130.9, 128.4, 127.4, 125.8,

125.8,121.5, 118.6, 102.1, 64.0, 28.6, 25.7.
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Poly(HD-S-BINOL): Recovered as a slightly yellow crystalline solid (0.544 g,

99%). GPC analysis (CHCls, 0.5% Et;N, PS standard) My = 34 kg x mol™, Dy =3

"H NMR (400 MHz, Chloroform-d) %trans =92; 5 8.01 (d, /= 8.9 Hz, 2H), 7.92 (d, J
=8.3Hz, 2H), 7.57 (d, J=12.4 Hz, 2H trans), 7.44 (ddd, /= 8.2, 6.8, 1.2 Hz, 2H), 7.40
(d,/=8.9Hz, 2H), 7.30 (ddd, J=8.2, 6.8, 1.3 Hz, 2H), 7.21-7.14 (m, 2H), 6.73 (d, / =
7.0 Hz, cis), 5.25(d, J=12.2 Hz, 2H trans), 4.80 (d, J= 7.0 Hz, cis), 3.98 (t, /= 6.5 Hz,
trans), 3.82-3.51 (m, 4H), 1.84-1.43 (m, 4H), 1.27 (t, /] = 3.8 Hz, 4H). "*C NMR (101
MHz, Chloroform-d) 6 166.9, 159.5, 151.1, 133.5, 131.2, 130.8, 128.3, 127.3, 125.7,

125.7,121.4,118.5,101.9, 63., 28.5, 25.6.
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NMR spectroscopy and Size exclusion chromatography (SEC) data
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Figure S1. SEC of polymerisation reactions catalysed by DABCO (full line), DBU (dashed line), DMAP (dash
and dot) after 1 hour.

260



Chapter 5 - Enantiopure and racemic BINOL-based polymers by hydroxyl-yne
polymerisation

| MJU

Y

95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0
ppm

Figure S2. "H NMR spectrum (ds - DMSO, 400 MHz, 300 K) spectra of BINOL (bottom), EtsN (middle) and
combination of the two (top). Shifting of EtsN peaks suggesting salt formation is highlighted. Solvent peaks
marked. Not all EtsN participated in the formation of the salt.

BINOL + DABCO l IH i

DABCO +

BINOL
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Figure S3. 'H NMR spectrum (de - DMSO, 400 MHz, 300 K) spectra of BINOL (bottom), DABCO (middle) and
combination of the two (top). DABCO singlet did not shift suggesting that a salt is not being formed.
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Figure S4. SEC (CHCls + 0.5% v/v EtsN, against polystyrene standards) of polymers resulting from the
nucleophilic phenol-yne polymerisation of rac-BINOL and hexanedipropiolate at different monomer
concentrations.
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Figure S5. SEC (CHCls + 0.5% v/v EtsN, against polystyrene standards) of polymers resulting from the
nucleophilic phenol-yne polymerisation of enantiopures or racemic BINOL and hexane dipropiolate (HD) under
the optimised conditions.
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Figure S6. SEC (CHCls + 0.5% v/v EtsN, against polystyrene standards) of polymers resulting from the
nucleophilic phenol-yne polymerisation of enantiopures or racemic BINOL and diethylene glycol dipropiolate
(DEG) under the optimised conditions.
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Figure S7. '"H NMR spectrum (CDCls, 400 MHz, 300 K) spectra of Poly(DEG-rac-BINOL). Solvent peak marked
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Figure S8. *C NMR spectrum (CDCls, 101 MHz, 300 K) spectra of Poly(DEG-rac-BINOL). Solvent peak
marked *.
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Figure S9. 'H NMR spectrum (CDCls, 400 MHz, 300 K) spectra of Poly(DEG-R-BINOL). Solvent peak marked
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Figure $10.'*C NMR spectrum (CDCls, 101 MHz, 300 K) spectra of Poly(DEG-R-BINOL). Solvent peak marked
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Figure S11. "H NMR spectrum (CDCls, 400 MHz, 300 K) spectra of Poly(DEG-S-BINOL). Solvent peak marked

(. SN e I

1 | Ll T Ll | 1 1 | Ll
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
ppm

Figure $12. °C NMR spectrum (CDCls, 101 MHz, 300 K) spectra of Poly(DEG-S-BINOL). Solvent peak marked
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Figure S13. 'H NMR spectrum (CDCls, 400 MHz, 300 K) spectra of Poly(HD-rac-BINOL). Solvent peak marked
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Figure S14. "C NMR spectrum (CDCls, 101 MHz, 300 K) spectra of Poly(HD-rac-BINOL). Solvent peak
marked *,
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Figure S15. "H NMR spectrum (CDCls, 400 MHz, 300 K) spectra of Poly(HD-S-BINOL). Solvent peak marked
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Figure S16. '3C NMR spectrum (CDCls, 101 MHz, 300 K) spectra of Poly(HD-S-BINOL). Solvent peak marked
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Figure S17. "H NMR spectrum (CDCls, 400 MHz, 300 K) spectra of Poly(HD-R-BINOL). Solvent peak marked
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Figure S18. '3C NMR spectrum (CDCls, 101 MHz, 300 K) spectra of Poly(HD-R-BINOL). Solvent peak marked
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Figure $19. DSC thermogram (80 — 200 °C, 10 °C/min, N») of Poly(HD-rac-BINOL).
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Figure $20. DSC thermogram (-80 —200 °C, 10 °C/min, N2) of Poly(HD-S-BINOL).

272



Chapter 5 - Enantiopure and racemic BINOL-based polymers by hydroxyl-yne

polymerisation

4
Poly(HD-R-BINOL)
2
s
E - ’
3
2 07
;:3 | 1%t heating
1%t cooling
-2 4 2" heating
2" cooling
13" heating
. 3™ cooling
100 -50 0 50 100 150 200

Temperature [°C]

Figure S$21. DSC thermogra (-80 — 200 °C, 10 °C/min, N2) of Poly(HD-R-BINOL).
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Figure $22. DSC thermogram (-80 — 300 °C, 10 °C/min, N2) of Poly(DEG-rac-BINOL).
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Figure S23. DSC thermogram (-80 — 300 °C, 10 °C/min, N2) of Poly(DEG-S-BINOL).
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Figure S24. DSC thermogram (-80 - 300 °C, 10 °C/min, N2) of Poly(DEG-R-BINOL).
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Figure S25. Stress vs. strain curves (22 °C, 10 mm/min) of Poly(DEG-rac-BINOL).

277



Chapter 5 - Enantiopure and racemic BINOL-based polymers by hydroxyl-yne
polymerisation

30

Poly(DEG-R-BINOL)

25 4
20

15

Stress [MPa]

10

Strain [%]

Figure S26. Stress vs. strain curves (22 °C, 10 mm/min) of Poly(DEG-R-BINOL).
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Figure S27. Stress vs. strain curves (22 °C, 10 mm/min) of Poly(DEG-S-BINOL).
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Figure S28. DSC thermogram (80 — 200 °C, 10 °C/min, N2) of Stereo-(Poly(HD-R-BINOL)-Poly(HD-S-
BINOL)).
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This thesis aimed to investigate the nucleophilic Michael addition reaction to
activated alkynes to synthesise functional polymeric materials. While traditional
step-growth polycondensation reactions are wusually performed at high
temperatures, often paired with reduced pressure to ensure the removal of the side
products and maximise the reaction yield, leveraging “click” protocols could offer
significant advantages. Generally, the conditions required by polycondensation
reactions mean high energy consumption. Moreover, the high temperature could
lead to degradation of the starting materials and incompatibility with volatile
monomers, which translates into stoichiometric imbalance, resulting in low
molecular weight polymers. Moreover, certain functional groups such as alkene or
dynamic bonds may not be compatible with the high temperature used, thus
limiting the range of functionalities of the final polymers. When reactions proceed
under milder conditions, less energy is required, and greater substrate

compatibility is achieved.

Through chapters 2, 4, and 5, it was demonstrated that different polyesters could
be obtained at low temperatures (£ 50 °C), thus showing the nucleophilic Michael
addition to activated alkynes to be less energy-consuming when compared to
traditional polycondensation. Moreover, by using an addition-type reaction, atom
economy is maximised as no side products are developed. Of these chapters,
chapter 4 provides a significant example of the versatility of these reactions. In fact,
previously difficult-to-polymerise DKPs could be easily incorporated into different

polymers by reaction with diverse biobased activated dipropiolates, thus offering
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insight into a novel generation of biobased materials with highly tuneable

thermomechanical properties.

Another advantage granted by this polymerisation method is the exceptional
modularity. In chapter 2 it was demonstrated that the same protocol can be used to
incorporate monomers with different structures (aromatic, aliphatic, comprising
heteroatoms) hence offering a simple way to finely tune materials properties and
impart functionalities. This, paired with control over the monomer feeding ratio,
allowed for orthogonal control over the crystallinity of the polymers meaning that a
wide range of properties (from semicrystalline thermoplastic to amorphous
elastomeric) could be accessed by using only three different monomers. This
variability was further increased thanks to the controllable cis/trans isomerism
resulting from the addition reaction. In fact, by changing parameters such as
catalyst strength or solvent polarity, the conformation of the resulting alkene can
be predicted, translating into a controllable crystalline phase of the final polymer.
This means that polymers having the same composition but differing exclusively in

backbone cis/trans ratio can display considerably different properties.

These concepts were expanded in chapter 3 where they were applied to
crosslinked polymers. This work shows that nucleophilic thiol-yne reaction is
compatible with the synthesis of crosslinked materials with tuneable properties.
When the nucleophilic thiol-yne reaction is used instead of the radical alternative,
greater selectivity is obtained, and the residual double bond can be used to tune the

properties of the materials, where increased cis content seems to impart greater
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elasticity and improve the toughness. Moreover, the compatibility of this chemistry
with aliphatic disulfide bonds was demonstrated (chapters 2 and 3) thus allowing

the synthesis of degradable and reprocessable materials by monomer design.

While the impact of cis/trans isomerism was demonstrated in chapter 2 and 3,
chapter 5 shows that the modularity of this class of reactions can be leveraged to
precisely evaluate the influence of another kind of stereoisomerism, namely
atropisomerism, on the properties of polymeric materials. While no actual
difference could be exerted with the monomers used in this work, it still provides
valuable insights into the design of polymers exploiting this kind of chirality, that

could be tested in the future.

To conclude, given the growing need to develop more sustainable materials, the
use of reactions proceeding under milder conditions allowing the inclusion of
different functional groups constitutes a significant advantage, and the
nucleophilic Michael addition to activated alkynes represents a valuable tool in this
regard. The exceptional modularity paired with the controllable cis/trans isomerism
allows for precise control over the property of the material, thus offering the ability
to synthesise materials able to meet different needs from a limited pool of
monomers, which is particularly relevant given the difficulties associated with the
treatment of a highly heterogeneous waste stream. Moreover, as efforts to include
bio-derived monomers are growing, the development of reactions able to produce
materials from widely abundant functional groups such as alcohols, amines, and

thiols may be particularly useful on this matter.
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