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Abstract

Abstract

The diverse mechanical and thermal property requirements of modern society have
largely been satisfied by polymer materials in the last century. Most materials are almost
exclusively synthesized from crude oil derivatives and lack end of life degradation in
reasonable time frames, leading to environmental pollution fears. The development of
polymers to replace polyolefins will rely on sustainably derived feedstocks from nature.
However, extensive study is still required to design degradable polymers from these bio-

sourced derivatives that can mechanically compete with petrol-plastics.

Our historical focus on polyolefins revealed that control of the simplest stereo-centres
offers extensive manipulation of bulk properties. Derivatives from nature are typically rich
in stereochemistry and have unique 3D structures that can be exploited in polymer
materials. The goal of this thesis was to understand how stereochemistry within the
backbone of linear polymers can be leveraged to manipulate thermal and mechanical

properties of synthetic thermoplastics.

Initially a platform to incorporate the desired stereo-center was developed based upon the
thiol-ene “Click” reaction. Multiple types of stereoisomerism were incorporated into
polyesters and polyurethanes at varying ratios that enabled the tuning of thermal and
mechanical properties. Importantly, the presence of crystallinity within one stereocisomer
vs the other led to the largest property change, but if both were amorphous or crystalline
the manipulations were modest. These findings lay down the framework for predicting and
designing better thermoplastics. However, a future focus into stereochemistry will be

crucial to unlocking the full potential of bio-sourced derivatives.
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Chapter 1. Introduction

1.1. Structure-property relationships in polymer materials

Over the past 150 years, our understanding of polymer materials has evolved and
enabled us to predict the bulk behaviour of designed polymers. Similar to how the 3D
structure and composition of small organic molecules govern their interactions with the
environment, and hence their function; the chemistry of polymer buildings blocks also
impacts its interactions with its environment and govern its function. However, in the case
of polymer materials, their properties are governed by bulk interactions between the
chains themselves. For example, the impact of flexibility or rigidity in a bond or structure
within a polymer chain has a significant impact on thermal properties, due to increased or
restricted polymer chain mobility at the molecular level. It is therefore palpable that any
single change in the polymer structure or composition that influences bulk chain-chain
interaction will lead to an impact upon the bulk properties of a polymer. This is colloquially

referred to as the structure-property relationship.

1.1.1. Overview of structure-property relationships

Polymeric materials can be broken down into two different material-types: thermoplastics
and thermosets (Figure 1.1). This classification is used to describe the ability to reshape
and deform a material through heating (thermoplastic) or a thermally fixed shape
(thermoset). Thermoplastics are conventionally linear chains that can freely move and
flow in the polymer matrix once a sufficient temperature is reached. On the other hand,
thermosets can be described as an infinite network composed of linear polymer chains
with crosslinks between them; with the energy required to break these crosslinks typically
surpassing the thermal stability of the bulk material. Some exceptions exist, where the
crosslinks are transient at elevated temperature and the network may be remoulded into a
new shape, although this is still a developing area."” The use of thermoplastics and
thermosets is typically application-driven. Thermoplastics may be more recyclable,

however they are typically less resistant to solvent and high temperatures compared to
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networks. In terms of mechanical properties, thermoplastics are also more susceptible to
fatigue with repetitive force deforming the material as the polymer chains are significantly

more mobile than the chains in a network.

Thermoplastic Thermoset
A~ ONO~O~O~- ~- O~ O~OO-- O ONOO -
~ONONONO b, STTTO | A ONOONO - 8~ ONONOND -
’ \
“Linear” chains can move freely at elevated temperature Crosslinking enables the shape to remain fixed

Figure 1.1 lllustration of heating a thermoplastic comprised of linear chains (Left) and a

thermoset structure with crosslinking junctions between the chains (Right).

Despite the inherent differences between thermosets and thermoplastics, the molecular
and structural relationships that govern their bulk properties are more or less consistent to
one and other (Figure 1.2). The chemical functionality of the polymer (or network) chains
influence chain-chain interactions and packing, subsequently impacting the mechanical
and thermal properties. This functionality dependence can be exemplified by the amide
bond containing nylons vs the ester bond containing polyesters. Strong hydrogen bonding
character within nylons impart them with comparatively higher strength and stiffness than

the weaker dipole bonding character in polyesters.

In addition to chemical functionalities’ role in governing bulk properties: topological and
structural features also greatly influence material properties. The polymer chain length,
their size distribution (dispersity or P) and structure have a significant effect on the
interactions of polymer chains at a molecular level.?2 For example, the impact of branching
in low-density polyethylene (LDPE) produces a weaker, more flexible material than its
linear counterpart high-density polyethylene (HDPE), despite being functionally

analogous.*®
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Structural factors affecting bulk properties

Composition Chain length Microstructure Topology
ooy P00 R0
o TR0 [ | o0 o
oR oy SR PR 0 o o
Q-0 oo
FPogf R0
, , Dispersity o Py
[e) o] 8]
S GRS SN S0 o
ve . oo oo PP
- o 07 "N
H LowD HighD

Figure 1.2 Summary of structural and composition factors that can be modified in a

polymer architecture that influence bulk properties.

1.1.2 Molecular weight in polymers

Understanding the molecular weight and dispersity of a polymer is important for
thermoplastic materials. Low molecular weight polymers will typically produce a brittle
deformation whilst higher molecular weights of the same polymer may deform in a more
ductile manner. To quantify the molecular weight and dispersity, Size-exclusion
chromatography (SEC), or occasionally referred to as Gel Permeation Chromatography
(GPC), is employed. Retention times of a polymer sample are evaluated against the
retention times of known narrow dispersity standards (such as polystyrene or
poly(methylmethacrylate)) which are used to estimate molecular weight. These are some
values relevant to polymer properties that can be obtained through SEC, where N; is the
number of polymer chains with molecular mass M:

_ % M;N;
X N;

M,

Equation 1.1 Number average molecular weight equation (M,) equation, where molecular

mass of all polymer chains divided by the number of polymer chains.
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Equation 1.2 Weight average molecular weight (M.,) equation, where the average is

weighted in favour of larger molecules.

Equation 1.3 Equation for Dispersity (D) from number average and weight average

molecular weight with the narrowest distributions approaching a value of 1.

Despite the idealistic model of a linear polymer being elongated polymer chains,
thermoplastics are better described as a tangled mesh where entanglements occur at
different points in a chain. Another important parameter, particularly in materials
characterization, is the chain entanglement molecular weight (M.), or molecular weight
between entanglements. The M. can be calculated experimentally and is specific to each
polymer structure and composition. For example, the pendant phenyl groups of linear
polystyrene (PS) give it a comparatively higher backbone rigidity than a flexible alkyl chain
in HDPE. Hence, PS (M. = ~18000 g-mol ") requires a larger molecular weight than HDPE

(Me = ~1000 g-mol to form chain entanglements.®

The presence of entanglements in polymers are an important factor in governing the
mechanical and thermal properties of a material. As stress is applied to a polymer
material, the chains are extended until a chain entanglement is reached. At this point the
energy or force required to overcome or unravel the entanglement is greater than
elongating a disordered chain, therefore further elongation requires significantly more
force or energy. Hence, a linear polymer should possess a significant quantity of chain
entanglements (i.e. have a molecular weight greater than the M.) to produce a

mechanically robust polymer material.
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1.1.3 Techniques creating linear polymers

Different architectures and compositions can be achieved not only through changing the
structure of the monomers but also through changing the polymerisation technique.
Synthesis of most thermoplastics polymers can be separated into two different classes:
chain-growth and step-growth. Chain-growth is a technique where an initiating species
begins the growth of a polymer and continues to grow through a propagation mechanism
until a termination event occurs. This typically results in rapid polymer formation but
produces polydisperse materials with minimal control over the polymer architecture. A
subclass of chain-growth offers far more control by eliminating termination events and
increasing the initiation rate to produce a more uniform growth of the polymer chain. This
leads to a narrower dispersity, controlled M,, and in some cases, better control of the
backbone architecture. On the other hand, step-growth polymerisation lacks the initiation
step with all monomers able to react with each other to grow the polymer chain. As a
result, step-growth also affords a polydisperse polymer with less molecular weight control

(Figure 1.3).

Step-growth Chain-growth

Uncontrolled Controlled
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Figure 1.3 Model plots of molecular weight against conversion for step-growth and chain-
growth (controlled and uncontrolled) polymerisation techniques. Including diagrams

illustrating the formation of polymers from each technique.

Controlled chain-growth can offer the ability to grow different monomers off the polymer

chain-end to create a block co-polymer. This has been a particularly prominent technique
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in the materials field to combine multiple functionalities into the same chain. A notable
example is in the field of thermoplastic elastomers where a hard, rigid polymer block (A) is
combined with a softer, flexible block (B) to form polymer chains in various blocky
microstructures (AB, ABA, BAB efc.). While the softer block enables a plastic-like
deformation, the harder block acts as a weak crosslink that can aid the recovery of a

material after deformation.

Although controlled chain-growth would appear the superior technique, there are several
advantages for step-growth polymerisation. There is a comparatively greater monomer
scope for step-growth polymerisation, since a wider range of established organic coupling
reactions (e.g. condensation, addition, cross-coupling, radical etc.) can be exploited in
comparison to chain-growth. In turn, this also increases the scope of functionalities that
can be incorporated into a polymer backbone or side chain, offering alternative methods
to manipulate bulk properties. Nevertheless, both are extensively used to create materials
on a commercial scale, such as the step-growth for polyethylene terephthalate (PET) or

the chain-growth polymerisation of ethylene to produce PE.

1.1.4 Polymer crystallinity

Depending on composition, functionality and several structural factors, thermoplastics and
networks may be either semi-crystalline or amorphous. Unlike conventional small
molecules, semi-crystalline polymers have regions of high ordering that are crystalline but
also amorphous regions that lack ordering. This is a result of how polymers crystallise;
polymer chains are rarely extended and are typically folded or tangled. As such, short-
chain segments typically crystallise with the folding of the same chain making up a
growing crystalline lamellar. Whilst these lamellar are 2D, they grow in such a way from
the nucleation point that they typically form a 3D web of growing lamellar called
spherulites, which are commonly observed in polymer materials. However, the lamellar

and spherulites always contain some defects where chains do not fold into the same
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lamellar and dangle outside the ordering, which contributes to the amorphous regions in

the matrix.

The simplest technique to quantify the crystallinity of a polymer material is through
Differential Scanning Calorimetry (DSC). Crystallinity is qualitatively observed by the
presence of a first order transition in the endothermic direction (Tr) or lack of one for an
amorphous material. First order transitions are marked by a change in both the enthalpy
and the heat capacity of a sample during the phase transition. Another commonly
observed first order transition is a crystallisation transition (T: and Tc) which can occur in
either the heating or cooling run in the exothermic direction. However, this is not
diagnostic for crystallinity as some polymers crystallise at different speeds and may not

crystallise during the time of the DSC heating and cooling cycles.

A further feature of a DSC thermogram is the observance of the glass transition
temperature (Tg) as a pseudo second order transition in the endothermic direction upon
either heating or cooling. A second order transition is marked by a change in the heat
capacity only with no measurable enthalpy change. The Ty is a particularly important
characteristic of polymer materials as it denotes the shift from a glassy brittle state to a
rubbery state. Whilst the precise molecular processes that underpin the Ty remain
unknown, leading theories generally describe it as the temperature at where a significant
motion of the polymer chains can occur. Figure 1.4 shows a typical heating and cooling

thermogram for a semi-crystalline polymer obtained from a DSC.
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Typical DSC of semi-crystalline polymer
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Figure 1.4 Typical DSC thermogram of semi-crystalline polymer heating run (solid line)
and cooling run (dashed line). Glass transition temperature (Ty), Crystallisation events (7.

and T¢) and melt transition (Tn).

The temperature at which the Tn occurs can qualitatively infer the crystallinity of the
sample, but the enthalpy of the melt transitions (AHn) is often used to calculate the extent
of the crystallinity. For common commercial polymers, the AH, can be used to estimate
percentage crystallinity (y.) using literature values of enthalpy for 100% crystalline
analogues (Equation 1.4).” 8 This is particularly useful for quality control and categorising
different products in industry, such as Polyethylene (PE). Linear high-density PE (HDPE,
Xc = 90%+) and branched low-density PE (LDPE, y. = 50-60%) have different accepted
ranges of percentage crystallinity due to the linear vs branching structure: either
promoting, or precluding chain order.® The significant differences in their crystallinity

drives their divergent mechanical properties, and hence, the applications for which they

are used.
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_ AHy —AH,

Xe = "AH,°
Equation 1.4 Equation for the calculation of percentage crystallinity (y.) from
experimentally obtained enthalpy of melting (AHn), enthalpy of crystallisation (AH.) and

enthalpy of melting for 100% crystalline polymer (AHx°) found in literature.

There are many factors relating to the structure and composition of the polymer that
influences the percentage crystallinity of a thermoplastic. However, the processing
conditions of a polymer can significantly influence the nature and extent of polymer chain
ordering. Rapid cooling from polymer melt reduces the time at which polymer chains are
mobile, and therefore can inhibit ordering of the chains resulting in a reduced overall
crystallinity. Once the temperature is below the T, the chains are essentially immobile
and lack the required motion to crystallise. The inverse is also true, if a polymer is held
isothermally above the Ty but below the melt temperature (typically referred to as
annealing), the polymer chains remain mobile and can yield a greater level of
crystallinity.'® " As an example, polyethylene terephthalate (PET) can be processed to be
amorphous or highly crystalline with minimal changes with the cooling rate (1-10 K-s™),
which has a considerable impact on other bulk properties such as oxygen permeability.'
3 Given the intimate connection between crystallinity and bulk properties, quantifying
polymer crystallisation is of particular importance to industry and designing future polymer

materials.™

1.1.5 Mechanical properties

Polymer materials are broadly applicable in a vast range of settings and require different
properties for their desired use. They can also be subject to a number of different
mechanical stresses such as shear, compressive, tensile, bending, abrasion, ripping,
among others. Conventionally, the tensile properties of the materials are reported as they

are appropriate for most applications, and specific properties such as strength, stiffness,
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toughness and elasticity can be clearly determined from a stress vs strain curve.
Figure 1.5 shows a simple diagram of the features typically observed on a stress vs strain
curve for a thermoplastic, and some curve shapes of commodity thermoplastic and elastic

materials.

Diagram of tensile curve Tensile curves of thermoplastics
X
Stress at break (o) Failure
< |/ <
— i -
= : 2 Tough plastic
o Yield o (HDPE)
— ' “—
2 : 2 .
B : B Flexible elastomer
g g (Natural rubber)
N TougSness D
o . : )
Young's (U ! Strain at
Modulus (E) i break (g,)
Strain/elongation Strain/elongation

Figure 1.5 Diagram illustrating common reported values and features of a tensile curve
To summarise the key values and features of a stress vs strain in figure 1.5:

Engineering stress (o) — quantifies the force per the initial cross-sectional area of the

sample and is typically reported as Pa or N-m=.

Strain (¢) — elongation of sample divided by the initial length of sample, typically reported
as a percentage or in decimal form. (i.e. 200% strain refers to a sample elongated twice

the initial length)

Young’s modulus (E) — quantifies the initial stiffness of the sample and calculated from

the initial gradient (o/¢) and is typically reported in Pascals (Pa).

Yield point — the point where stress levels or drops from a maxima and is typically

reported as yield stress (oy) in Pa and strain at yield (&) as a percentage or as a decimal.

11
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Failure — the point where the material breaks and is reported as stress at break (oy), or
ultimate tensile strength (UTS) in Pa, and strain at break (¢,) as a percentage or as a

decimal.

Tensile toughness (Ur) — the area under the stress vs strain curve relating to the total

amount of energy required to take a material to failure and is typically reported as J-m=.

As exemplified in figure 1.5, polymer materials can adopt an impressive range of
mechanical properties to satisfy diverse property requirements. However, manipulation
between the different material classes (plastic vs elastic vs glass) is typically achieved by
altering polymer architectures and/or backbone chemistries. For example, linear HDPE
and branched LDPE are compositionally similar but their topological differences alter their
crystallinity. As such, both display a stress-strain curve characteristic of a tough plastic,
but their strength and stiffness differ in magnitude. LDPE is significantly weaker and more
flexible (E = 0.14-0.3 GPa, UTS = 7-17 MPa) in contrast to HDPE (E = 0.7-1.4 GPa,
UTS = 20-40 MPa).? This highlights how a polymer of the same composition with a
different structure influences mechanical properties, but ultimately produces an analogous

stress vs strain profile.

1.1.6 Dynamic Mechanical analysis

A common way of simultaneously characterising thermal transitions and mechanical
properties of polymer materials is through Dynamic Mechanical Analysis (DMA). A typical
experiment features a fabricated polymer sample being subjected to an oscillating force
across a desired temperature range. The viscoelastic response, characteristic to most
thermoplastics, is separated into the elastic component (storage modulus, G’) and viscous
component (loss modulus, G”). A ratio of these components, called tan &, can also be
used to identify transitions in mechanical properties such as the Ty and polymer flow
temperature. Figure 1.6 displays a model DMA thermogram with storage modulus and tan

0 plotted against temperature for a linear and crosslinked polymer. Near the Ty a

12
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pronounced decrease in the storage modulus (elastic component) is observed along with
an increase of the loss modulus (viscous component). At a certain temperature, that is
dependent upon the specific thermal properties of the polymer, thermoplastics will begin
to flow. In contrast, a conventional crosslinked polymer does not flow and maintains a

rubbery plateau until thermal degradation.

Typical DMA of a linear and networked material

T

g Tan &
— Storage modulus

Crosslinked

Flow
Crosslinked

Temperature

Rubbery plateau

Storage modulus

Figure 1.6 Model DMA thermograms with storage modulus and tan & plotted against

temperature for a linear thermoplastic and a crosslinked polymer.
1.2 Stereochemistry of polymers

1.2.1 Stereochemistry in natural polymers

Polymers found in nature have an unprecedented way of fulfilling complex roles and the
demands required to sustain life. This can only be attributed to the precise 3D
arrangement of molecules and atoms that impart bio-polymers with unique structure and
function. Nature achieved this through its ability to use and control stereochemistry in
polymer backbones so a desired function can be achieved from the structure. The
importance of stereochemistry in nature can be illustrated by two abundant
polysaccharides, amylose and cellulose, which differ by a single stereocenter within the

repeat unit. Cellulose, the B-anomeric form, is a polymer that promotes structural integrity

13
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in plant cells whilst amylose, the a-anomeric form, lacks a robust bulk structure and can
be easily digested unlike cellulose (Figure 1.7)."° These properties can be explained
through polymer chain packing, where the amylose structure precludes packing and

hence crystallisation, whilst the cellulose structure promotes it."®

Nature has also produced materials that display differing mechanical and thermal
properties based on their stereochemistry. Natural rubber (cis-1,4-polyisoprene) has long
been used to create strong flexible materials such as tyres, whilst its lesser-known
analogue Gutta-Percha (trans-1,4-polyisoprene) is a comparatively harder and stiffer
material that found application in golf balls and dentistry fillings."”-'® These mechanical
properties are a result of their stereochemistry: the trans isomer promotes chain ordering
in Gutta-Percha evidenced by a T between 40-60 °C with a AHm of 53 J-g™'. Whilst the
cis isomer impedes the necessary packing with the only Ty, observed at 0 °C with a AHn,

of 14 J-g1.20-22

Polyisoprenes Polysaccharides
1
I HO HO o oA
|
— = O (e} (o]
M M ! /%AA /g(\ ‘*-~0/$&0$e/°\
" " S oY on® Ho=HS P97 Ho
1
Gutta-Percha Natural rubber ! Amyl ose Cellulose
trans-1,4-polyisoprene cis-1,4-polyisoprene : o-1,4-glycosidic bond B-1,4-glycosidic bond
(Golf balls) (Tyres) : (Energy storage) (Structural stability)

Figure 1.7 Structures of common natural polymers cis/trans-1,4-polyisoprene and

amylose/cellulose to illustrate the stereochemical influence on polymer architecture.

These early examples indicated how stereochemistry can be exploited to manipulate bulk
properties of polymers with a similar architecture, to a somewhat greater degree than the
constitutional isomers of LDPE and HDPE mentioned earlier. The observations of these
property differences not only led to the study of stereochemistry in synthetic polymers, but
the invention of techniques that can control stereochemistry within the backbone of

synthetic polymers.?
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1.2.2 Tacticity

Hermann Staudinger, accredited for proving the existence of macromolecules, was the
first to suggest stereochemistry’s impact on polymer structures.?* However, impetus into
the area was greatly driven by Natta’'s report in 1954 on the synthesis of semi-crystalline
polypropylene (PP).2 Previously, the synthesis of PP had generally yielded amorphous
materials which lacked the molecular ordering required to crystallise in the same manner
as other polyolefins at the time, limiting its commercial usage.?® Natta’s PP was crystalline
due to the stereoregular relationship of neighbouring pendant methyl groups which
became known as isotactic-PP (Figure 1.8). The relationship of neighbouring chiral atoms
in a polymer backbone became known as tacticity. Since its initial coining, more expanded
classifications have been identified such as syndiotacticity and heterotacticity. Polymers in
this class typically feature an intermediate crystallinity between atactic and isotactic

analogues.?

Atactic-PP Isotactic-PP
Stereo-irregularity obstructs crystallisation Stereo-regularity promotes crystallisation

Syndiotactic-PP Heterotactic-PP

Figure 1.8 The different tacticities of polypropylene.

The success, both commercially and synthetically, of isotactic-PP led to an intense focus
on refining the synthesis of polyolefins with varying stereo-control.223° Both polystyrene
(PS) and polymethylmethacrylate (PMMA) have been synthesised with isotactic and
syndiotactic control, however these property improvements against atactic analogues are

marginal due to the high Ty which renders the materials glassy at ambient temperature 3"

32
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The emphasis on polyolefins has begun to dwindle in recent years, primarily due to their
lack of environmental degradation which is causing growing pollution concerns.
Consequently, research focus has shifted to synthesizing environmentally degradable
plastics from natural derivatives, that offer a competitive mechanical performance to crude
oil predecessors. The fermentation of naturally abundant carbohydrates has yielded a
number of unique monomers, such as lactic acid, used in the production of polylactic acid
(PLA).23 Although initially discovered by the step-growth polymerisation of lactic acid by
Carothers, PLA only gained wide notoriety when it was made from the ring opening
polymerisation (ROP) of the lactic acid dimer, lactide, to achieve high molecular weight
polyesters.?* An additional feature was the presence of a pendant methyl group which
could be leveraged in a similar manner to PP to enhance thermal and mechanical
properties (Figure 1.9). Over the past few decades, several catalysts and synthetic
techniques have been developed to achieve the same stereo-control as polyolefins.3%-37 It
was found that atactic and heterotactic PLA both lack a Tn making them amorphous
polymers with poorer mechanical properties. However, syndiotactic and isotactic PLA
possess enough order to crystallise and exhibit Tns, with isotactic having a highest Tm

suggesting more efficient crystallisation.*
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Figure 1.9 Tacticity of PLA and its influence on crystallinity and melting temperature.
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Both isotactic and atactic PLA have a similar T4 (50—60 °C), however the crystallinity of
isotactic PLA produces a significantly higher tensile strength (UTS = 50 MPa) than the
atactic analogue (UTS = 29 MPa).*® Interestingly, the property relationship to
stereochemistry translates to its hydrolytic degradability where isotactic PLA degrades far
slower than the atactic analogue, however this may simply be the influence of crystallinity

alone which has long been known to inhibit hydrolytic degradation rates.4% 41

1.2.3 Backbone stereochemistry

The relationship of stereochemistry to thermomechanical properties is typically explained
through packing and crystallinity. Polyisoprene produces the strongest material when the
chain adopts the trans isomer, however other polymers containing alkene stereochemistry
display the opposite trend. One of the first unsaturated polymers synthesised was the fully
conjugated polyacetylene.*? 4 Whilst most studies had focussed upon its excellent
conductive properties, one study investigated the mechanical properties of polyacetylene
with varying ratios of cis/trans stereochemistry. Increasing the cis content in polyacetylene
led to a more extensible sample (i.e. higher strain at break than the frans analogues), but
this also correlated with an increased strength. Polyacetylene with a 98% cis content had
a higher UTS (~37 MPa) than the 96% trans content (~24 MPa).** The opposing strength
trend between polyacetylene (cis isomer stronger) and polyisoprene (frans isomer
stronger) suggested the functionality of the polymers also played a significant role in how

stereoisomerism influences mechanical properties.

The shift from the olefinic-based monomers to bio-sourced derivatives opened new
synthetic avenues to incorporate stereochemistry. A recent study described the synthesis
of unsaturated polyesters from the polycondensation of maleic acid with 1,4-butanediol,
two bio-sourced derivatives (Figure 1.10a).*® Unfortunately, the high temperatures

required to achieve a moderate M, value (~30 kDa) triggered significant isomerisation

(~25%). Whilst a fully cis-containing polymer was unachievable from this technique, the
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stereochemistry of the polyester could be effectively tuned at a reasonable M,,.. The 100%
trans polymer displayed a tensile curve characteristic of a strong, brittle glass, however
with increasing cis content, the extensibility of the polymer increased significantly,

imparting the materials with characteristic plastic behaviour (Figure 1.10c).
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o o Ti(OBu)4 (0.6 mol%) o o o
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Maleic acid 1,4-butanediol (o]
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Figure 1.10 a) Scheme of the polycondensation of maleic acid and 1,4-butanediol with a
Ti(OBu)4 catalyst and 4-methoxyphenol at varying temperatures. b) Plot of molecular
weight (My) in kDa and percentage isomerisation (/homo) against reaction temperature (°C).
c) Stress vs strain curves of poly(butylene-co-maleate/fumarate) of varying cis/trans
content inset stress vs strain data between 0-100% strain. Adapted from ref. 45 with

permission from the Royal Society of Chemistry.

Isomerisation, oxidation, and other radical side-reactions impede the synthesis of stereo-
controlled unsaturated polymers at a reasonable molecular weight. However,
conformationally locked ring structures offer similar geometric configurations as the alkene
moiety but are less susceptible to side reactions. Difunctional cyclohexylene compounds
are particularly common in the synthesis of linear polymer, although stereochemistry on

the ring is often ignored or only the trans isomer is investigated because it is more
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thermodynamically stable.*® 4" One study investigated the influence of stereochemistry of
the cyclohexylene ring on thermal and mechanical properties.*® A range of polyesters from
1,4-cyclohexanedicarboxylic acid (CHDA) and 1,4-butanediol with varying cis/trans
content were synthesised by varying the initial feed of the respective isomer in the
polycondensation (Figure 1.11a). Unfortunately, the isomerisation of both the cis and trans
analogues during synthesis precluded the fabrication of a stereochemically pure polymer,

yet a range of cis/trans contents (12—71% cis) could be accessed on a reasonable scale.
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Figure 1.11 a) Scheme of the polycondensation of 1,4-cyclohexanedicarboxylic acid and
1,4-butanediol with a Ti(OBu). catalyst to yield PBCX where X denotes the percentage cis
content in the polymer. b) DSC thermograms showing heating scans of PBC12, 36, 44
and 71. ¢) Stress vs strain curves of PBC12, 36, 44 and 71. Adapted from ref. 48 with

permission from the Royal Society of Chemistry.

The general trends of cyclohexylene stereochemistry within the linear polymer displayed a
similar dependence as polyisoprene, with the high cis-content (PBC71) showing no
crystallinity but increasing the trans content shows a higher crystallinity from the

appearance of a Ty (Figure 1.11b). The higher crystallinity and ordering of the frans
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containing polymers also impede chain movement, leading to an increasing T4 as the Tn,
increases. However, this trend was limited to the thermal properties, with no clear trend
between the tensile properties and the cis/frans content. The highest frans content
polymer (PBC12) was the stiffest material (E = 157 £ 7 MPa) but, rather nonintuitively,
had the lowest stress at break (o, = 17 £ 1 MPa). A mixture of cis/trans contents (PBC44)
displayed both the highest tensile strength (o, = 28 £ 1 MPa) and the highest elongation
at break (& = 1360 £ 28 %). The authors hypothesised that the trans-isomer created
regions of high-order and were significantly “harder” than regions of the cis-isomer which
are “softer”. The “harder” trans-rich segments are crystalline and require more force to
deform. On the other hand, the “softer” amorphous regions can be deformed easier and
can undergo strain hardening, or strain-induced crystallisation, as the chains are
stretched. This is evidenced by the increasing strength at higher strain (Figure 1.11c). The
tensile data suggests a balance of these regions formed from the mixed cis/trans content
imparts the material with superior strength and elongation compared to either single

stereoisomer.

Previous work has demonstrated the importance of backbone stereochemistry on bulk
polymer properties. However, there is currently a lack of understanding or a universal
model to predict how stereochemistry can influence bulk properties. This is partially a
result of traditional polycondensation conditions isomerising stereocenters during
polymerisation, besides a historic focus upon polyolefins limiting the scope of polymers
that were investigated. Further complications arise from the same stereoisomers
displaying opposite trends in different polymer, making predictions for stereochemistry
challenging. This research area will become increasingly important as society transitions
from plastics derived from crude oil to bio-sourced structures, which typically contain

multiple stereocenters.38: 4950
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1.3 The thiol-ene “Click” reaction

Understanding the fundamental relationship between composition and structure of
polymers to their bulk properties has required the constant application of novel organic
reactions. Utilising the library of organic chemistry has enabled the synthesis of polymers
with new functionalities and heteroatoms that can be exploited to achieve unique
properties. Continual study and usage of novel organic chemistry in materials science
maintains the discovery of more advanced materials and will lead to a better

understanding of structure-property relationships.

1.3.1 Thiol-ene introduction

Alkene hydrothiolyation, or thiol-ene, has been an important reaction type since its
discovery over a century ago. The addition of a thiol containing compound to an alkene is
useful not only as a coupling reaction, but also as a simple way to incorporate a sulfur
heteroatom into a structure. Both the alkene and thiol functionality are relatively abundant
either naturally or can be obtained from the simple synthetic conversion of a range of
functionalities. Usage of this reaction surged since 2007 when thiol-ene gained wide
recognition as a “Click” reaction.®’*®* The term “Click” was coined to describe a modular,
stereoselective reaction boasting very high vyields from mild conditions, with few
sensitivities (environmental and functional group efc.) from readily available and stable
functionalities. Due to these features, “Click” reactions are exceedingly prevalent in

polymer and materials chemistry.>* %°

Thiol-ene is an umbrella term that encompasses two different reactions with different
mechanisms: radical-mediated thiol-ene and thia-Michael addition. The former can occur
between any thiol moiety and unhindered alkene in the presence of radicals, whilst the
latter requires an electron deficient alkene and typically a base catalyst to occur. Both

reaction types fulfil the majority of “Click” criteria and have been recognised as such.*?
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1.3.2 Radical-mediated thiol-ene

The modularity, high conversion, and regioselectivity for the anti-Markovnikov adduct are
some of the key features that exemplified the radical-mediated thiol-ene addition as a
“Click” reaction. The mechanism itself begins with the generation of a thiyl radical in the
initiation step, followed by the addition to an alkene in the propagation step (Figure 1.12).
A hydrogen is then abstracted from another thiol to form the product and regenerate
another thiyl radical in the chain transfer step. Initiation of this simple reaction is typically
achieved through the use of a radical initiator but can also be achieved from thermally or

photochemically produced radicals.%: %7

Propagation

Initiation . .
R NSH ——— 3 RS + 2R, R1\/S\/\R2

Chain transfer

R1\/5\/\R2 R SH

Figure 1.12 Mechanism of the radical-mediated thiol-ene reaction.

The modularity of the -ene structure is one of the most attractive features of this reaction,
however this also has a large impact on the reactivity. Typically, a higher electron density
on the alkene increases the overall reactivity (Vinyl ether > allyl ether > acrylate), however
there remain some exceptions, such as norbornene’s unusually high reactivity and, the
significantly lower reactivity of methacrylic functionality vs the acrylic.®® The release of
bond strain upon thiol addition to the norbornene structure drives its exceptionally high
reactivity making it one of the most reactive functionalities to radical thiol-ene. On the
other hand, the a-methyl of the methacrylate stabilises the radical intermediate and slows

the chain-transfer, or hydrogen abstraction step.

Radical-mediated thiol-ene is not without drawbacks, as previously mentioned, the

electronics of the alkene can impact its overall reactivity, even falling below the standards
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of the “Click” criteria. Nevertheless, the prevalence of side reactions is the most
detrimental aspect to the radical thiol-ene addition. The chaotic character of radicals
arises the issue of termination reactions, this can lead to unwanted disulfide formation,
homopolymerisation of the alkenes, and even double additions.*® The prevalence of these
termination reactions ultimately disrupts the efficiency of the chain transfer step,

consequently impacting the reaction outcome.*®

Nevertheless, radical thiol-ene is a particular well-used reaction in polymers and other
macromolecular technologies. There are some examples of the radical thiol-ene reaction
being used to create linear polymers,® ' but generally, the reaction is used for surface

functionalisation® and networked polymers,®® including hydrogels®* % and coatings.56-5°

1.3.3 Nucleophilic thiol-ene — Mechanism

One of the earliest examples of thia-Michael addition was in 1905 by Ruhemann, where 4-
phenylbut-3-en-2-one was reacted with thiophenol using a catalytic amount of piperidine
(Figure 1.13).° This reaction was performed neat, in an open atmosphere and gave a

noticeable exotherm upon addition of the catalyst; early indicators of its “Click” properties.

. O
SR Qe

Figure 1.13 Piperidine catalysed thia-Michael addition of thiophenol to 4-phenylbut-3-en-

2-one.”®

The archetypal thia-Michael reaction is a base-catalysed conjugate addition of a thiol to a
suitably electron deficient alkene called a Michael acceptor, named after Arthur Michael
and his discovery of the conjugate addition.”” A generated thiolate anion attacks the
Michael acceptor at the B-carbon position to form a thia-Michael enolate. This

intermediate is then protonated to form the stable thia-Michael adduct. Whilst the
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mechanism is a seemingly simple, the initial generation of the thiolate anion and

propagation of the reaction itself is considerably more nuanced.

Historically, the use of base catalysis suggested a simple deprotonation formed the
thiolate anion. An extensive mechanistic study into the catalysis of thia-Michael addition
by Bowman and co-workers in 2010, suggested the deprotonation occurred via two
different mechanisms.”? Initially, the influence of primary, secondary and tertiary amines
was investigated, due to the extensive use of amine catalysis in thia-Michael addition.”® 73
Equimolar equivalents of hexyl acrylate and 1-hexanethiol catalysed by hexylamine, di-n-

propylamine and triethylamine were monitored by real-time FT-IR (Figure 1.14).
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Figure 1.14 Reaction of hexyl acrylate with 1-hexanethiol catalysed by primary,
secondary and tertiary amines. Conversion determined using real-time FT-IR monitoring
the consumption of the thiol peak at 2570 cm™'. Adapted from ref. 72 with permission.

Copyright 2010 American Chemical Society.

The reactivity trend (1° > 2° > 3°) was found to favour the least sterically hindered amine,
however, the trend did not correlate with the pKa of the catalyst conjugate acid (Figure
1.14). This trend could be explained by steric bulkiness around the amine centre hindering
deprotonation but is unlikely to explain the vast difference in reaction rate. It was
concluded that the nucleophilicity of the amine catalysts correlated better with the

observed reaction rate. The influence of catalyst nucleophilicity was further investigated
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using common amine bases: 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), 1,5-
diazabicyclo[4.3.0]lnon-5-ene (DBN) and N,N,N’,N’-tetramethyl 1,8-naphthalenediamine
(Proton Sponge®, PS). A similar dependence was found DBN > DBU >> PS, where the
more nucleophilic catalysts (DBN and DBU) were multiple magnitudes faster than the non-
nucleophilic PS. Given the high reactivity of the nucleophilic amine catalysts, Bowman and

co-workers also investigated the use of phosphine catalysts (Table 1.1).7

Hsf(’\)} 1 equiv.
0 Catalyst 0}
0.004 mol%
S ot — L e ths Aot
) Benzene
1 equiv.

Catalyst pKa Kapp/10 (mol L' s77)
P(n-Pr)3 8.64 1810
PMe2Ph 6.49 430
PMePh2 4.59 0.987
PPh3 273 0.0125

Table 1.1 Conjugate addition of 1-hexanethiol to hexyl acrylate 2 M in benzene catalysed
by various phosphine catalysts. Kapp, measured by real-time FT-IR.”? 1-hexanethiol

pKa = 10.6.

Despite the significantly lower basicity of phosphine catalysts, they were profoundly more
active than the amine catalysts, requiring lower catalyst loading and dilution in benzene to
give measurable rate. The reactivity trend observed (P(n-Pr); > PMe.Ph >> PMePh; >
PPhs3) correlated well with the relative nucleophilicity of aryl and alkyl substituted
phosphines.” It became clear the thia-Michael reaction was likely being catalysed via two
mechanisms: the first is a typical base deprotonation of the thiol functionality to produce
the thiolate nucleophile. The second occurs from the nucleophilic attack of the catalyst to

the Michael acceptor generating an enolate intermediate, which then deprotonates a thiol
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to form the thiolate anion (Figure 1.15). Once the thiolate is generated, addition to a
Michael acceptor regenerates an enolate intermediate that can deprotonate another thiol

propagating the reaction.

— Thiol deprotonation
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Figure 1.15 The generation of the thiolate anion in a base-catalysed thia-Michael addition

(Top). Propagation of the base catalysed thia-Michael addition (Bottom).

Whilst both of these mechanisms are widely accepted,” there were early concerns that
the catalyst-Michael conjugate was stable and persisted in the reaction limiting the final
yield.”®* However, this has been disproven, with a study demonstrating the near-
quantitative liberation of common base catalysts from their catalyst-Michael conjugates
(DMAP and DBU) in the presence of thiolate anions (Figure 1.16).”” This suggested the
catalyst-Michael adducts were only transient in nature and the thia-Michael adduct was

considerably more stable.
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Figure 1.16 Model reaction for investigating the consumption of catalyst-Michael adducts

in the presence of a sodium thiolate nucleophile.””

Despite their increased nucleophilicity, fears for the unwanted stable aza-Michael addition
continues to prevent the use of primary and secondary amines. An investigation into the
formation of the by-products only found trace quantities of the undesired aza-Michael
addition in a hexylamine catalysed reaction.”® Measurable quantities of the aza-Michael
product (4%) could only be achieved when equimolar or a tenfold excess of the primary
amine was used with the thiol and Michael acceptor, yet the thia-Michael adduct still

dominated (96%) in both cases.

It is worth noting, that whilst the conversion, reactivity, modularity, and minimal by-product
formation of the thia-Michael addition is conducive to the “Click” requirements, thiols and
some commonly used phosphine catalysts are both subject to slow oxidation at
atmospheric conditions. These side reactions themselves are not competitive with the
thia-Michael addition, hence the reaction does not require oxygen-free conditions, but the
storage of these reagents typically requires some special handling under an inert

atmosphere.

1.3.4 Nucleophilic thiol-ene — Trends in reactivity

The presence of an activated, or electron deficient, alkene is one of the key prerequisites
for a thia-Michael addition. There are numerous examples of alkene functionalities that
are sufficiently activated to be attacked in a thia-Michael addition. Most common among

these are the carbonyl-based species (acrylate, methacrylate, enone, acrylamide,
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maleimide, efc.) but other uncommon electron-withdrawing functionalities have also been
used (sulfonyl-, cyano-, oxazoline). Whilst most of these functionalities are relatively
uncommon in nature, they can be grafted to abundant functionalities using simple
synthetic modifications (e.g. esterification of an alcohol to provide an acrylate). This
modularity of the Michael acceptors is a crucial feature that has led to its recognition as a

“Click” reaction.

The vast scope of suitable Michael acceptors also influences their reactivity and has been
well investigated with several computational and experimental studies.”®®' One notable
study by Du Prez and co-workers investigated the reaction of isooctyl 3-
mercaptopropionate to multiple Michael acceptors catalysed by both phosphine and
amine compounds.®? As expected, the vast difference in electrophilicity in the Michael

acceptors had a influence on reactivity and a trend was established (Figure 1.17).
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Figure 1.17 Reactivity trend of numerous Michael acceptors to isooctyl 3-

mercaptopropionate.®?

Maleimides are, by far, the most active Michael-acceptor, achieving quantitative yields in
less than a minute in uncatalysed reactions. The rest of the Michael acceptors required
either amine or phosphine catalysis to achieve the same conversion, but generally
proceeded slower than addition to the maleimide. Vinyl sulfone and acrylate functionality
also reacted to quantitative yields catalysed with TEA and DMPP (1 mol% loading).
However, methacrylate was found to be considerably less active than the acrylate when

catalysed by TEA (10% yield after 14 h) but can achieve higher yields using DBU (97%
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yield after 24 mins); this has been attributed to the stabilising effect of the a-methyl in the
enolate intermediate inhibiting the propagation step.”? N-isopropylacrylamide and
isopropenyl oxazoline are the poorest Michael acceptors, both achieving less than 50%
yield even on long reaction times (> 10 h). These poor reactivities have been attributed to
the delocalisation of the activating group, which leads to a lower electron withdrawing

ability upon the alkene group.

Thiols, or mercaptans, are excellent nucleophiles on account of their low pKa's that
enable easy deprotonation to form thiolate anions. This is a result of the size of the sulfur
atom that enables excellent stabilisation of a negative charge. Despite their excellent
nucleophilicity, the rate of Michael addition is impacted by the thiol substitution (1°, 2° and
3°). A recent study by Bowman and co-workers investigated the reaction rate of
hexylacrylate to n-, sec-, tert-butylthiol and found a significant reduction in reaction rate
and final conversion when using more substituted thiols.8® The increasing steric bulk of
substituted thiols hinders deprotonation of the thiol in the deprotonation and propagation

steps.

It is worth noting that the thia-Michael addition displays reversibility, with an early study
noting the prevalence of bond dissociation of thia-Michael adducts upon heating.®* Soon
after, a general trend for increasing bond reversibility was established against the Michael
acceptor (ketone > nitrile > amide), and correlated well with the acidity of the a-hydrogen
to the electron withdrawing functionality.®> Much later, the reversibility was found to be
highly dependent on pH, where a Michael adduct in a pH 8 solution could equilibrate in
less than 30 mins but became irreversible at low pH.8 Most of the mechanistic study into
the reversibility of Michael-adducts has been specific to biological applications due to its
activity at physiological conditions.®” As such, there is limited understanding in substrate

effects on the reversibility of thia-Michael bonds, but highlights a future area of study.
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1.4 Thia-Michael addition in polymer materials

The “Click” thia-Michael addition is an extraordinarily versatile reaction and is extensively
adopted in numerous applications. As such, the area is too extensive to provide an

exhaustive account, but many reviews cover a significant portion of the area .8

1.4.1 Linear polymers

One of the earliest uses of thia-Michael addition was to create linear polymers via step-
growth polyaddition. The high conversion of the “Click” reaction is particularly
advantageous for step-growth polymerisation, but the key feature of the thia-Michael
addition is the breadth of suitable Michael acceptors. One early example reacted
difunctional acrylamides with alkyl dithiols in the presence of a base to form an alternating
linear polyamide.®’ This was further adapted to poly-imides and -esters using difunctional
maleate and maleimide containing monomers.*? Generally, these thermoplastics were
found to be semi-crystalline with increasing melting temperatures (Tm = 100-192 °C) as
the length of the dithiol linker decreased (Figure 1.18).% % Unfortunately, these
maleate/maleic end-group functionaliies have a tendency to homopolymerise and
crosslink in the presence of a base,® which was later utilised for in situ crosslinking to

form rubbery network materials.%
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Figure 1.18 The polyaddition of a bis-maleimide with various dithiol linkers to form an

alternating linear polymer.%

The vinyl sulfone Michael acceptor is a relatively under-utilised functionality in nucleophilic
thiol-ene addition. However, it has found application in the area of optics as a

consequence of the incorporation of sulfur atoms, which is particularly relevant to optical
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applications due to their high atomic refraction.®” Ueda and co-workers have reported a
series of high sulfur content polymers synthesised from the polyaddition of dithiols to
divinyl sulfone (DVS).%81%° The linear alternating polymers demonstrate good refractive
indexes. However, the research in this area is somewhat limited, highlighting a potential

opportunity to utilise the vinyl sulfone moiety for further optics applications.

The most commonly used Michael acceptor for thia-Michael addition in linear polymers is
the acrylate.” The combination of simple synthetic methods to afford the acrylic
functionality and the high reactivity to the thiol-ene reaction has made it increasingly
popular. Additionally, polymers made from the thia-Michael addition of acrylates are in-
built with a hydrolysable ester, providing functionality that can degrade in environmental
conditions.’ One key application of thia-Michael addition is the incorporation of bio-
sourced derivatives, which occasionally lack the same reactivity and functionality to be
used in commercial polymerisation routes.’® For example, isosorbide is a commonly
touted natural derivative that can be employed in polymer materials, however, the hydroxy
functionalities have asymmetric and poor reactivity, limiting its use in a commercial
setting.'* 1% Nevertheless, by using thiol-ene polyaddition to incorporate the structure,
this issue can be avoided. Long and co-workers found that isosorbide di-acrylate can
polymerise with various dithiols to afford high molecular weight materials (> 40 kg-mol
1).196 All synthesised isosorbide polymers were amorphous, but the Ty could be carefully
tuned (AT, = 25 °C) by altering the dithiol linker (Figure 1.19). Another popular natural
derivative that has also been polymerised using the nucleophilic thiol-ene addition is
hydroxylmethylfurfural (HMF).'®” The Ty of the HMF-containing polymers could also be

manipulated by altering the length of the dithiol (Figure 1.19).1%8
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Figure 1.19 Thermal properties of isosorbide and hydroxymethylfurfural based linear

polymers from the polyaddition of a functional diacrylate monomers with various dithiol

linkers.06. 108

Whilst this technique can be used to create high molecular weight polymers containing
HMF, it can also be used to create segmented, or block, co-polymers. Using a similar
procedure, oligomeric HMF with thiol end-groups could be synthesised using a slight
excess of the dithiol monomer. This thiol-ending polymer could be reacted with acrylate
ending PLA polymers to yield an ABA-type polymer.' The polymer displayed thermal
properties characteristic of ABA architectures, namely two Tgs representative of each
polymer block can be observed. One above ambient temperature (Tq= 44 °C) for PLA and
one below (Tq = -27 °C) for the oligomeric HMF unit. ABA architectures are useful
materials as they can combine the stiffness of the “glassy” section with the extensibility of

the “soft” section, which is absent in fully “glassy” materials.

It has become increasingly prevalent to use nucleophilic thiol-ene polyaddition to create
oligomers bearing a reactive functionality at the end groups for block co-polymers, nano
particles and radically curable resins.''%"8 A particularly memorable application of the
nucleophilic thiol-ene addition created an oligomeric polymer containing an azo-backbone,
which could be fabricated into an ABA polymer by coupling PEG-acrylates to the thiol end-
groups (Figure 1.20)."" These ABA architectures can be assembled into micelles and

nanoparticles with the azo-linkage at the core. The azo linkage is susceptible to homolytic
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dissociation upon heating and UV activation, hence the particles and micelles could be
broken on-demand through the azo-bond fission upon heating.’® The mild conditions of
the thia-Michael addition enabled the synthesis of these ABA polymers and subsequent
assembly into micelles without degrading the bond, highlighting the potential to fabricate

other sensitive groups into the polymer for further applications.
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Figure 1.20 a) Synthetic Route to azo monomer of triblock co-polymer PEG-b-polyazo-b-
PEG by One-Pot Step-Growth Polymerisation b) Diagram of azo-containing micelle
degrading upon heating c) Decrease in M, determined by GPC of PEG-b-polyazo-b-PEG
heated in water or dimethylacetamide. Adapted from ref. 74 with permission. Copyright

2016 American Chemical Society.

Functional group tolerance and chemoselectivity are fundamental requirements for a
“Click” reaction that the thia-Michael addition satisfies. Its selectivity for activated alkenes
has been exploited in several applications, where a polymer/monomer containing an
activated alkene can be reacted selectively whilst a present un-activated alkene remains
untouched.’?" 122 This can be a convenient method to achieve sequential reactions in one-
pot to yield polymers with compositional control.'? This selectivity is not only restricted to

Michael acceptors vs un-activated alkenes and alkynes, but an emerging area is
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exploiting the reactivity differences between distinct Michael acceptors. As mentioned in
the previous section and exemplified in a number of studies, the reaction rate is heavily
dependent on the Michael acceptor.'?* For example, a mixture of methyl methacrylate and
methyl acrylate reacted with a single equivalent of thiol yields the thia-acrylate product at
a quantity 200 times greater than the thia-methacrylate product.’®® '2¢ This reactivity
discrepancy was exploited by Long and co-workers to create segmented polymers with
the acrylate terminating units reacting, almost selectively, before the methacrylate units
(Figure 1.21)."27 Whilst these polymers were segmented, the material lacked phase
separation typical of hard/soft segmented thermoplastics. Nevertheless, the use of
different Michael acceptors for selective thiol addition highlights another feature that can
be exploited in future applications.
D p—
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Figure 1.21 Diagram illustrating how the selective reactivity of the acrylate functionality
over methacrylate affords segmented linear polymers. Reproduced from ref. 127 with

permission from the Royal Society of Chemistry.

1.4.2 Networks
Thia-Michael addition is used extensively in networked polymers and has found
applications in hydrogels'?®'3' photocurable resins'?, coatings'3, nanoparticle

assembly'3+13¢ actuators’’ and thermosets.'38 13°
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However, key emerging areas are utilising the reversibility of thia-Michael addition, one
area, in particular, is Covalently adaptable networks (CANs).*® Networked materials are
typically fixed materials and lack an ability to reshape or repair after the material is
damaged. Dynamic bond containing networks, or CANs, impart the network with
reversible bonds that can be broken and reformed upon exposure to a stimulus such as
heat, light™' or mechanical force.’? This can be used to re-heal material properties'?,
reverse material aging’* and even remould the material into a distinctly new shape.'*®
Konkolewicz and co-workers demonstrated a thermoset laden with thiol-acrylate Michael
bonds could be thermally healed to achieve comparable mechanical properties to the
virgin material at 90 °C.'¢ Later, the platform was adapted to contain a thiol-maleimide
adduct, which is known to dissociate under heating and aqueous conditions such as high
pH.'#" 148 The soft network was fabricated by radical mediated homo-polymerisation of
acrylate and diacrylate monomers containing the thiol-maleimide bond (Figure 1.22).1° A
cut sample could be healed upon exposure to high pH values for shorter periods of time,
whilst exposure to heat (90 °C) required significantly longer to achieve the same healing
efficiency. The authors also created a control network that lacked the dynamic bond.
Whilst the healing efficiency was considerably poorer than the dynamic network, the
material achieved some healing, likely driven by hydrogen bonding interactions from the
2-hydroxyethyl acrylate. Nevertheless, the dynamic thia-Michael bond has proven
significant reversibility under thermal and base stimulus which has translated well to
network materials. Further study in the area will provide a better understanding and push

the boundaries of what the dynamic bond can achieve.
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Figure 1.22 a) Synthetic scheme of the thiol-maleimide crosslinker and subsequent
crosslinking. Diagram demonstrating the material healing at elevated pH or temperature.
b) Stress vs strain curve for the self-healing properties of the thiol-maleimide material in
different pH buffer solutions. c¢) Stress vs strain curve for the self-healing properties of the
thiol-maleimide material at 90 °C. Adapted from ref. 149 with permission from the Royal

society of Chemistry.

1.5 Conclusion

Since the initial discovery of polymers as materials, momentous advances in our
understanding of polymers and how structure and composition influence their bulk
behaviour. In parallel, synthetic procedures and characterisation techniques have
provided insight into designing better, stronger materials that satisfied our ever-increasing
mechanical demands. Regrettably, our efforts predominately focussed upon techniques

relating to polyolefins and other non-degradable materials derived from crude oil.
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In the past few decades, there has been a growing focus on bio-sourced derivatives and
how they can be used to create competitive polymers to today’s petrol-based plastics.
Derivatives from nature are rich in stereochemistry and typically have a complex 3D
structure that can be exploited to create polymers with unique properties. Our historical
focus on polyolefins revealed that control of the simplest stereo-centres offers extensive
manipulation of bulk properties. Therefore, it is reasonable to assume that a similar level
of control applied would offer a greater manipulation of properties. Currently, our
understanding of bio-sourced structures and their influence on properties is limited owing
to our focus on olefin systems and synthetic difficulties in creating polymers that bear

these naturally-sourced building blocks.

The development of “Click” chemistry has the potential to bridge these divides by offering
control, high reactivity, and functional group tolerance. Thia-Michael addition has proven a
formidable tool in creating polymer materials using mild conditions. It is even used to
create polymers from bio-sourced, stereochemistry-containing derivatives where
traditional synthetic routes have proven challenging. The latest advancements in thia-
Michael addition have also shown exceptional chemoselectivity that can be exploited to
fabricate sequence-controlled polymers. Adapting “Click” reactions to impart, and more
importantly, control, polymers with stereochemistry is a clear path to further our insight
into structure-property relationships. Through a better understanding, chemists and
materials scientists can develop better, more versatile plastics than the current petrol-

derived polyolefins.
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Overview: The objective of this chapter was to design a platform that enabled the
creation of unsaturated linear polymers with pre-determined cis/trans content at a suitable
scale and molecular weight for thermomechanical testing. Whilst previous reports
confirmed alkene stereochemistry had a significant impact on the thermal and mechanical
properties, they were unable to achieve a predetermined cis/frans ratio due to
isomerisation reactions or synthetic challenges. Hence it was important to study how the
absolute control of the cis/frans ratio could be used to manipulate thermal and mechanical

properties.

Our designed platform utilised thiol-Michael “click” to create polymers from step-growth
polyaddition of difunctional monomers containing both cis/frans stereochemistry, in
addition to a saturated control. The polymers could be synthesised in high My, (>100 kDa)
and the desired stereochemistry was retained. Differential scanning calorimetry and FT-IR
revealed a trend in crystallinity (saturated > trans >> cis) that could be explained through
packing and hydrogen bonding. The cis configuration precludes efficient packing, whereas

the trans configuration promotes more efficient ordering. The saturated polymer is the
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most crystalline as chain rotation isn’t restricted by an alkene bond. These trends translate
to their tensile properties where stiffness positively correlates with crystallinity but the

elongation at break negatively correlates.

Next, we wanted to elucidate how varying quantities of the cis/frans stereoisomers in a
copolymer can impact properties. By varying feed ratios of the cis/frans monomer, random
unsaturated copolymers of a predetermined cis/trans content could be obtained.
Generally, the higher trans content increased the crystallinity, consequently increasing the
strength and stiffness. Our study highlighted how varying the stereochemistry in a polymer
can lead to a change in crystallinity and subsequently a change in the mechanical

properties they display.
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ABSTRACT: Polymer crystallinity is known to be dependent upon backbone stereochemistry, and this concept has emerged as
an effective means of altering bulk material properties. Herein we describe a simple, step growth polymerization to synthesize
unsaturated poly(ester urethane)s using the thiol Michael addition reaction. The absolute control of alkene stereochemistry
(0—100% trans content) in the polymer backbone was achieved by varying the cis/trans double bond content of the monomer
feedstock. In turn, the crystallinity of the polymer was systematically varied which manifested in control over the resultant
tensile properties such as Young’s modulus, ultimate tensile strength, and elongation at break. Generally, the crystallinity and
tensile strength were positively correlated with increasing trans double bond content within the polymer.

B INTRODUCTION

High performance elastomeric materials are widely exploited in
a diverse range of applications such as aerospace, tissue
engineering, and wearable electronics.'™> The ability to
systematically control the mechanical and thermal properties
of materials through modification of the chemical structure
within polymers is hence of high importance. In most synthetic
polymeric materials, this control is achieved by changing the
chemical nature of the monomers such as increasing chain
length, backbone stiffness, or altering functional groups. In
contrast, Nature’s polymers use fewer building blocks but
impart an additional complexity to the structure—property
relationship by leveraging stereochemistry.*” Fully harnessing
the structural complexity of biopolymers remains elusive, but
the manipulation of thermomechanical properties is an
achievable target with the use of stereochemistry.” While the
stereochemical dependence of mechanical properties within
synthetic materials such as polylactide and vinyl polymers such
as polypropylene are long established,” ™' much less work has
focused on the application of cis/trans stereochemistry within
the polymer backbone to control the materials’ properties.

<7 ACS Publications  © 2019 American Chemical Society
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The presence of cis/trans sterecisomerism in both ring
systems and double bonds has been used to create polymers in
which the thermomechanical properties are controlled by the
stereochemistry of the monomer unit. Use of conformationally
locked rigid rings, such as isohexides or cyclohexylene, has
been harnessed to create polyesters and polyurethanes through
scalable polycondensation routes."*"® While incorporation of
these groups results in stereochemically dependent thermo
mechanical properties, the molecular weights of the resultant
polymers are generally modest (M, < 100 kDa), thus limiting
their mechanical properties.

Double bond stereochemistry within polymer backbones is
known to lead to dramatic changes in thermomechanical
properties and is exemplified by polyisoprene (natural rubber
or gutta percha) and its analogues.””™>' Synthetically this is
primarily achieved through the application of maleic and
fumaric acids to polymer systems;”*~>* however, the extreme
conditions that are required in polycondensation (reaction
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temperatures >200 °C) typically lead to some isomerization of
the monomers and/or polymers.”> A recent example yielded
1,4 butandiol maleate copolymers at a moderate molecular
weight (M,, = 32 kDa) via step growth polymerization.”® While
the thermomechanical dependence on the polymer stereo

chemistry was clear, unwanted isomerization at polymerization
temperatures (>140 °C) led to loss of stereopurity of the
double bond in the polymer backbone.

More recently, some of us have reported that polymers with
stereochemically controlled double bonds in their backbone
can be accessed through a simple nucleophilic thiol—yne
addition to afford high molecular weight (M, > 100 kDa)
polymers.”” Here the stereochemistry was dictated by the
reaction polarity and the basicity of the amine catalyst,
enabling control of the cis content between 32% and 80%.”°
Despite the demonstration of stereochemically dependent
thermomechanical properties, the ability to access materials
with higher levels of stereospecificity remained elusive.

Herein we present a simple protocol to afford unsaturated
polymers with absolute control over alkene stereochemistry
through the application of monomers with predefined
stereochemistry with the absence of isomerization (Scheme
1). Using a room temperature thiol Michael addition to

Scheme 1. Synthesis of Poly(ester urethane)s from
Saturated and Stereodefined Diols”
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“(a) 2.1 equiv of 2 isocyanatoethyl acrylate, 0.2 mol % of dibutyl
tin(IV) dilaurate, THF, 22 °C. (b) 1 equiv of 1,6 hexanedithiol, 2 mol
% dimethylphenylphosphine (DMPP), DMF, 22 °C. Homopolymers
denoted as X(y molarity of diacrylate in polymeryy Where X is C, T, S for cis,
trans, saturated (for example, saturated homopolymer = ;o).

achieve a step growth polyaddition,”™** the cis/trans double

bond content of the polymers was controlled by simply
controlling the feed ratio of monomers. The stereochemical
definition of the polymer controlled the crystallinity and,
subsequently, the thermomechanical properties of the resultant
materials.

Homopolymer Synthesis and Characterization. We
envisioned a simple protocol to afford alkene containing

175

monomers suitable for step growth polymerization. Four
carbon unsaturated diols (cis or trans) and a saturated diol
were reacted with a commercially available isocyanate to afford
diacrylate monomers, cis (C), trans (T), and saturated (S),
that were suitable for step growth polymerization. Initially, the
diacrylates were reacted with 1,6 hexanedithiol in the presence
of a phosphine catalyst to yield high molecular weight (M,, >
100 kDa) polymers (Scheme 1, Supporting Information).
Notably, 'H NMR spectroscopic analysis of the polymers
indicated complete stereochemical retention along the back
bone (Figure 1).

Polymer films for mechanical testing were prepared by melt
processing the polymers under pressure between 90 and 120
°C for 10 min. The polymers remained soluble after processing
which indicated that no significant cross linking had occurred,
and "H NMR spectroscopic analysis of the processed samples
confirmed no appreciable isomerization of the alkene units,
thus highlighting their robust thermal stability. Each film was
annealed for 7 d at 23 °C in an incubator to ensure thermal
equilibration before the thermomechanical properties and
characterization were assessed on annealed films (Figure 1).

To separate molecular chain entanglements from the tensile
properties of the system, rheology was performed. Isothermal
frequency sweeps were performed on the homopolymers to
calculate entanglement molecular weight (M,) using poly
disperse double reptation theory (Supporting Information
Figure $25 and Table 1).** All homopolymers possessed low
M, values that suggests all samples contain a high level of
entanglement. C,oy possessed a marginally higher M,
indicating that the geometry of the double bond affects the
entanglements of linear polymer systems.

The mechanical tests show that T}y and S,y are both tough
plastics with good ductility. Both possess similar tensile
properties. In contrast, C,o has a comparatively lower Young’s
modulus with a higher elongation at break, but it features a
lower ultimate tensile strength (UTS). These results show that
the stereochemistry of the double bond successfully controls
the mechanical properties of the polymeric materials. Similar to
the relationship between the stereochemistry of its double
bond and mechanical properties of polyisoprene, the planarity
of the backbone is disrupted by the cis configuration which
precludes efficient chain packing to yield a more disordered
system that is softer and more flexible. This disruption in the
chains can be further understood by infrared (IR) analysis of
hydrogen bonding in the homopolymers.

Analysis of the IR spectra reveal two distinct signals for the
N—H moieties in urethanes, hydrogen bonded and “free” N—
H bonds at a slightly higher wavenumber.”> The observed IR
frequency of the homopolymers reveals a sharp signal (3310
cm™') that is indicative of hydrogen bonding and a broad
shoulder (~3590 cm™) that is indicative of “free” N—H
bonds. Increased broadness and a reduction in the intensity of
the hydrogen bonding signal (3310 cm™) in the Ciq
spectrum indicates that a lower amount of hydrogen bonding
is present in the system in comparison to T4 and S;4 (Figure
2).

Inevitably, with varying levels of hydrogen bonding and
chain packing, investigating the crystallinity of this system will
help to further elucidate stereochemistry’s influence on the
polymer properties. Thus, we investigated the thermal
properties of the polymers to assess the degree of crystallinity
in each system.

DOI: 10.1021/acs.macromol.9b01700
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Figure 1. (a) '"H NMR spectra of homopolymers in CDCl; (400 MHz, 298 K). (b) Differential scanning calorimetry thermograms of
homopolymers for 1st heating cycle (dashed lines = 10 K'min™" and solid lines = 1 K-min™"). (c) Representative stress vs strain plot of 7 day
annealed homopolymers (n = S). Inset data between 0 and 40% strain. (d) Dynamic mechanical thermal analysis thermograms of storage modulus
vs temperature performed in tensile configuration (frequency = 1 Hz, 2 K-min™". Representative curve shown, n = 3).

Table 1. Thermal and Tensile Data of Annealed Homopolymers

M, (kDa)  M,” (kDa) By ML (kDa) T, (°C)
S100 30.8 139 4.51 212 19
Ti00 28.7 103 3.57 2.01 14
Cuoo® 34.8 250 7.19 323 18

T, (°C)  AH,“(Jg') E?(MPa) q,° (MPa) & (%)
90.2 413 81+ 38 37 + 2.7 1191 + 76
74.6 372 66 + 11 39 +8 1232 + 96

27.0 25 + 4 23 +2 1481 + 53

“M,, and Dy were determined by size exclusion chromatography (DMF, 0.5% w/w NH,BF,) analysis against poly(methyl methacrylate) (PMMA)
standards. “Calculated from the fitting of polydisperse double reptation theory to TTS master plots (Figure S25). “The T, was taken as the
minimum of the final transition, T, was obtained from 2nd heating cycle, total enthalpy of melting (AH,,) was calculated by integration of all

g

endothermic transitions from DSC thermograms. dYoung’s modulus. “Stress at break. /Strain at break (n = S). Uncertainty is presented as the
standard deviation of samples. #Sample C,y had multiple melt transitions that were indistinguishable at the heating rate.
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Figure 2. IR spectrum of fabricated homopolymer films. Inset data
between 3000 and 4000 cm™' (N—H region).

Homopolymer Thermal Properties. The thermal prop
erties of each homopolymer were assessed by differential
scanning calorimetry (DSC) and dynamic mechanical thermal
analysis (DMTA). Initial DSC thermograms were obtained at a
heating and cooling rate of 10 K-min~!; however, upon
observation of melt transitions, samples were tested at 1 K-
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min~' to increase the resolution of the multiple thermal
transitions. Each homopolymer displayed melt transitions (T},,)
in the first heating cycle of the DSC thermogram which
indicates that each material is semicrystalline in nature.*®
Unsurprisingly, To, and S;y possess comparable melt
temperatures (with two distinct transitions), total melting
enthalpy (AH,,), and DSC thermogram profiles (Figure 1C).
Once again, the C,o, sample was drastically different.
Specifically, a broad melting profile with multiple transitions
was observed and the AH,, was significantly smaller (Figure
1C, Table 1). Because AH, can be correlated to bulk
crystallinity, the relative crystallinity for the polymers was
determined to be S;50 > Tjo99 > Cygo- Furthermore, the
polymer crystallinity was positively correlated with Young’s
modulus and negatively correlated with elongation at break
(Figure 1B, Table 1). Unusually, all the homopolymers
possessed multiple melt transitions; this phenomenon is not
commonly observed for alternating copolymers and is more
commonly seen in materials that possess a distinct segmental
structure (e.g, block or multiblock copolymers).””** In a
previous study of semicrystalline materials possessing a similar
thermal profile, the lower temperature melt transition was

DOI: 10.1021/acs.macromol.9b01700
Macromolecules 2020, 53, 174-181
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Scheme 2. Synthesis of Random Copolymers from Diacrylate Monomers®
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Table 2. Thermal and Tensile Data of Random Copolymers and Blend

M, (kDa) M," (kDa) By* T, (°C) T,"” (°C)
Cs0Sso 349 209 5.99 19 77.9
CooTso 38.7 208 5.37 16 52.0
blended (CsTso)* 17

AH,” Jg) E° (MPa) o,% (MPa) £, (%) U/ (MJ m™2)
35.9 3+7 33+3 1508 + 74 255 + 28
25.1 35+ 4 26+ 3 1558 + 75 199 + 27
37.0 52+ 8 25+3 1075 + 106 156 + 28

“M,, and Dy, was determined by SEC (DMF, 0.5 wt %/wt NH,BF,) analysis against poly(methyl methacrylate) (PMMA) standards. YThe T,, was
taken as the minimum of the final transition, T, was obtained from 2nd heating cycle, total enthalpy of melting (AH,,) was calculated by integration
of all endothermic transitions from DSC thermograms (Supporting Information). “Young’s modulus. 9Stress at break. “Strain at break. "Tensile
toughness (n = S except blended sample where n = 3). Uncertainty presented as the standard deviation of samples. An additional copolymer mixing
the trans and saturated moiety (Ts(Ss,) was synthesized, and data can be found in Supporting Information. #Blended sample had multiple melt

transitions that were indistinguishable at the heating rate.

correlated to short range crystalline ordering and the higher
temperature transitions to overall longer range order in the
system.sé’39 Comparing C,qo and Ty49 (or Sygo) it is possible
that the disorder introduced by the cis moiety prevents the
longer range order that may be observed in the latter. The
morphology of these nonsegmented poly(ester urethanes) are
currently being studied using microscopy.

DMTA was used to further analyze the thermomechanical
properties of the homopolymers in which samples of annealed
polymer films were subjected to thermal sweeps in the tensile
mode. For each polymer, three distinct phases were apparent
which correspond to the glassy state at low temperatures
(storage modulus >1 GPa), followed by a wide rubbery plateau
above the glass transition and polymer flow at the respective
melt transition. For the storage modulus, a considerably larger
decrease is observed in the C,o, sample in comparison to the
other derivatives which is intuitive for a softer sample at room
temperature. The final decrease in storage modulus is
characteristic of melting and this corroborates well with the
melting transitions observed in the DSC thermograms.
Another feature of interest is a slight decrease in storage
modulus between the rubbery plateau and melting event that is
only observed in T4 and S;op. The temperature of this
DMTA transition occurs roughly at the same temperature as
the first melt transition in the DSC thermograms. This
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softening of material once a melt transition is reached could
indicate the possibility of phase separation, whereby a phase
losing its crystallinity reduces the influence on the materials’
bulk properties.”’

Copolymer and Blend Preparation. Because the stereo
chemistry is fully retained in the final polymer, the monomer
feed ratio can be used to precisely target the cis/trans content
of the resultant polymers. By varying the monomer feed ratio
in a copolymerization of mixed monomers (e.g., monomers C/
T or monomers C/S), random copolymers with various cis
content were synthesized in an effort to manipulate the
thermomechanical properties (Scheme 2). '"H NMR spectro
scopic analysis of the copolymers indicated that the stereo
chemical ratio in the feedstock was undisturbed in the isolated
polymer (see Supporting Information). A 1:1 blended sample
of C,¢9 and T;yy homopolymers was fabricated into a thin film
to assess any differences to the analogous copolymer sample.

Copolymer and Blend Tensile Testing. The copolymers
and blend were processed using the same conditions as the
homopolymers, annealed for 7 d, and subjected to uniaxial
tensile testing. The CgSso copolymer sample displayed
mechanical properties intermediate between the respective
homopolymers (Table 2), but it was found to have increased
stiffness and possess higher toughness than C,, Contrastingly,
the mechanical properties of the cis/trans copolymer (Cs,Ts,)

DOI: 10.1021/acs.macromol.9b01700
Macromolecules 2020, 53, 174-181
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were almost identical to C,o, which indicates that the
mechanical properties of the sample were dominated by the
packing of the cis double bond. Thus, in comparison to the
trans double bond, the saturated linking unit had a stronger
influence on final material properties at the same respective
ratios. The blended material (50/50 mixture of C,qo and T o)
appeared to have a larger Young’s modulus compared to the
C,g0 sample, but at the sacrifice of elongation at break and
tensile toughness. Notably, the blend had a Young’s modulus
similar to the trans homopolymer (T,q); a stark contrast to
the cis/trans copolymer (CyoTs,). The polymers were further
subjected to thermal analysis to better understand the
crystallinity of the system and elaborate on the mechanical
trend (Figure 3).
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Figure 3. Representative uniaxial extension and thermal properties of
7 day annealed copolymers and a cis/trans blend. (a) First heating
cycle DSC thermograms of annealed copolymers at a heating rate of 1
K-min™" (b) Stress vs strain plots of representative samples from the
annealed copolymers at a strain rate of 10 mm-'min~". Inset data
between 0 and 40% strain.

Copolymer and Blend Thermal Properties. The
thermal properties of the copolymers and the blend were
assessed by DSC analysis with a heating rate of 1 K:min™". The
melt transitions observed in Cg,Sgo were shifted to higher

temperatures, and the total enthalpy of melting was larger than
C,o0, indicating that the saturated linker resulted in increased
crystallinity compared to when double bond containing
monomers were used (Figure 3A). Simultaneously, increasing
the cis double bond content disrupted the crystallinity enough
to allow for a more ductile sample. A balance between the two
competing moieties (cis, less ordered; saturated, more
ordered) in Cg(Sso is apparent in both thermal and tensile
properties. Contrary to CsoSs, the CgoTo sample had a similar
DSC profile and total enthalpy of melting as the purely cis
containing Cjgo. This can be rationalized by the trans unit
producing less order in the system than the saturated
configuration, leading to the cis moiety within the backbone
disrupting crystallization. Curiously, the blend had a similar
DSC profile, total enthalpy of melting, and hence similar
crystallinity, as the purely trans sample Ty, However, the
comparative copolymer CgTs, was similar to the purely cis
containing C,go. This demonstrates that incorporation of the
cis moiety into a chain of crystalline trans units, as a
copolymer, disrupts crystallinity while simple physical blending
does not translate this disruption.

The clear manipulation of crystallinity and tensile properties
observed in CgSsy copolymer demonstrated that tensile
enhancement was possible in copolymers. However, the
copolymers demonstrated that the trans double bond had
negligible impacts on copolymer crystallinity at 50% content,
and an increased amount of trans double bond content would
be required to alter the thermomechanical properties.

Stereocontrolled Copolymers. To fully understand the
effects of the trans double bond in a cis/trans copolymer
system, more copolymers with various cis/trans ratios were
prepared and tested using uniaxial tensile testing. Similarity
among tensile properties is very apparent in samples containing
0—50% trans content (Table 3) because the UTS varies
between 19 and 26 MPa and elongation at break only
fluctuates from 1300 to 1500% (Figure 4). Compared to the
100% cis polymer (Cyqp), the polymer with 75% trans content
(CysTys) is stronger (AUTS ~ 9 MPa) and displays an
increase of ~300% elongation at break compared with the
100% trans sample (T,q,). Interestingly, the slight deviation
from linearity is reproducibly observed in the tensile curves,
most notably for (C,sT,s). We attribute this to crystal slippage
that is observed in some semicrystalline systems. While this is
more prevalent in polyolefin based systems, there are some
examples of more polar polymers displaying this behavior.***!
However, it is clear that alkene stereochemistry can be
rationally leveraged to adjust bulk mechanical properties such
as tensile strength, flexibility, and elongation at break by simply
adjusting monomer ratios in this simple system to afford

Table 3. SEC Characterization and Tensile Data for Stereocontrolled Copolymers

M," (kba) M, (kDa) By* T, (°C) T, (°C)
Cioo 29.0 250 7.19 18
C,sThs 36.6 194 5.30 17 513
CyoTso 38.7 208 5.37 16 52.0
CysTog 30.8 129 418 15 69.0
Ty 26.0 103 3.57 14 74.6

AH,* (Jg') E° (MPa) " (MPa) &2 (%) U;" (MJ m™2)
27.0 25 + 4 23 +2 1481 + 53 174 + 17
27.6 35+5 19+3 1307 + 160 137 + 30
25.1 35+ 4 26+ 3 1558 + 75 199 + 27
326 46+ 6 30 + 4 1436 + 164 233 + 48
372 66 + 11 39 + 8 1232 + 96 261 + 72

“M,, and Dy, was determined by SEC (DMF, 0.5 wt %/wt NH,BF,) analysis against poly(methyl methacrylate) (PMMA) standards. “The T, was
obtained from 2nd heating cycle (Supporting Information). “The T, was taken as the minimum of the final transition. Total enthalpy of meltmg
(AH,,) was calculated by integration of all endothermic transitions. eYoung s modulus. "Stress at break. &Strain at break. “Tensile toughness n = S.

Uncertainty presented as the standard deviation of samples.
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Figure 4. (a) NMR spectra of stereocontrolled copolymers in (CDCls, 400 MHz, 298 K). (b) Representative stress vs strain curves of 7 day
annealed copolymers. (c) DSC thermograms of stereocontrolled copolymers for the 1st heating cycle at 1 K'min™. (d) Maximum melt transition
peak and enthalpy of melting vs trans double bond content in stereocontrolled copolymers.

copolymers with varied cis/trans content. It is interesting that
mechanical properties of cis/trans copolymers are significantly
different from respective homopolymers only when trans
content >50%, however cis/saturated materials display proper
ties in between the respective homopolymers for the 50%
system. We hypothesized that crystallinity was driving the
observed differences in bulk properties for the cis/trans
copolymers so we examined their thermal properties.

Analysis of the polymer samples by DSC revealed a positive
correlation between trans double bond content and the melt
transition. Specifically, the melting behavior became better
resolved with the second melt transition shifting to increasingly
higher temperature after 50% trans content was surpassed,
while polymers containing <50% trans content had similar
melting temperatures. The trend for total melt enthalpy was
less clear because the value remained relatively consistent for
samples with <50% trans content before increasing signifi
cantly thereafter (Figure 4C). Nonetheless, the crystallinity
increased dramatically at 75% trans double bond content
which indicates that the trans double bond becomes a
dominating influence in controlling the crystallinity of the
materials at this threshold. A similar “inflection point” has been
observed around 50% cis content in other alkene containing
polyesters.”® However, it should be noted that the stereo
chemical trends were reversed for this case, i.e., crystallinity
and UTS increased with cis content. Further investigation of
these polymers and/or the synthesis of alternative alkene
containing scaffolds can help to reconcile such disparities and
provide a more rational platform for tuning thermomechanical
properties.

B CONCLUSION

A polymer system containing cis/trans alkene stereochemistry
has been designed that can afford high molecular weight
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polymers without compromising stereochemical purity during
polymerization and subsequent material processing. For the
unsaturated polymers, the stereochemical content influenced
the thermomechanical properties, and this was further
correlated to the degree of crystallinity within the sample.
Polymer crystallinity is extremely important in the determi
nation of thermomechanical properties, and moreover,
precision tuning of crystallinity can be challenging and often
involves more demanding synthetic endeavors and/or drastic
changes to the resultant polymer microstructure. The
manipulation of polymer alkene stereochemistry to modify
bulk crystallinity presents a much more accessible path to
materials possessing tunable stiffness, tensile strength, and

flexibility.
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Materials

The following chemicals were used as they were received: 1,4-Butanediol (Sigma-Aldrich,
99%), cis-2-butene-1,4-diol (Acros, 97%), 2-butyne-1,4-diol (Sigma-Aldrich, 99%), di—
Chloroform (Apollo scientific, >99.8%), Dibutyltin(IV) dilaurate (DBTDL, Sigma Aldrich, 95%),
Diethyl ether (Et20, Sigma-Aldrich, >99.7%), N,N’-dimethylformamide (DMF, Fisher scientific,
99.5%), Dimethylphenylphosphine (Me>PPh, Sigma-Aldrich, 99%), Ethyl acetate (EtOAc: VWR,
>99.5%), n-hexane (VWR, >95%), Lithium aluminium hydride (LiAlH4: Sigma-Aldrich, 95%),

Tetrahydrofuran (THF: Sigma-Aldrich, >99.9%)).

1,6-hexanedithiol (Sigma-Aldrich, 97%) was distilled under vacuum before use and stored under

N2 in a Schlenk-flask. Trans-2-butene-1,4-diol was synthesized according to literature procedure.'
Methods

NMR characterization

AIl NMR experiments were performed at 298 K on a Bruker DPX-400 NMR instrument equipped
operating at 400 MHz for 'H (100.57 MHz for *C). 'H NMR spectra are referenced to residual
protio solvent (7.26 for CDCl3) and '*C NMR spectra are referenced to the solvent signal (8 77.2
for CDCIs). The resonance multiplicities are described as s (singlet), d (doublet), t (triplet), q

(quartet) or m (multiplet).

High Resolution Mass Spectrometry (HRMS)
High Resolution Electrospray Ionization Mass Spectrometry was performed in the School of

Chemistry at University of Birmingham on a Waters Xevo G2-XS QTof Quadrupole Time-of-

Flight mass spectrometer



Fourier-transform Infared spectroscopy (FTIR)

FTIR spectroscopy was carried out using an Agilent Technologies Cary 630 FTIR spectrometer.
16 Scans from 600 to 4000 cm™ were taken at a resolution of 4 cm™!, and the spectra were corrected

for background absorbance.

Size Exclusion Chromatography (SEC)

SEC measurements were performed on an Agilent 1260 Infinity II Multi-Detector GPC/SEC
System fitted with RI and ultraviolet (UV) detectors (4 = 309 nm) and PLGel 3 pm (50 x 7.5 mm)
guard column and two PLGel 5 um (300 x 7.5 mm) mixed-C columns with DMF with 5 mM
NH4BF; as the eluent (flow rate 1 mL/min, 50 °C). A 12-point calibration based on poly(methyl
methacrylate) standards (PMMA, Easivial PM, Agilent) was applied for determination of

molecular weights.

Dynamic mechanical thermal analysis (DMTA)

Thin polymer films were fabricated using a Specac Atlas™ Manual Hydraulic Press 15T fitted
with Specac heated plates. Films with a thickness of 0.5 + 0.1 mm were prepared by melt
compressing the polymers under ca. 5 kN of force in a hot press followed by cooling to ambient
temperature in the press whilst under compression. Polymer samples were in an aluminum
rectangular spacer (40 x 50 x 0.5 mm) between PTFE sheets and placed between heated plates at
100 °C unless stated otherwise* and then cooled to ambient temperature maintaining 5 kN of force.
Film samples were visually inspected for deformation and bubbles before annealing for 7 days at
25 °C. Samples were cut into rectangular bars (6 x 11 x 0.5 mm). Samples were measured in
tension on Mettler-Toledo DMA 1 with a thermal sweep (2 K-:min™') from -50 °C to 120 °C with

a frequency of 1 Hz and preload force of 0.1 N.

*Sample Si0o was pressed at 120 °C due to higher melt transition.



Differential scanning calorimetry (DSC)

Determination of the thermal characteristic of the polymer were carried out using a STARe system
DSC3 with auto-sampler (Mettler Toledo, Switzerland). Disc shapes measuring 5 mm in diameter
and 0.4 - 0.6 mm in thickness weighing between 9-14 mg were cut from 7 day annealed polymer
films (preparation listed in DMTA procedure). Sample discs were positioned in 40 pL aluminum
pans. Thermograms obtained with a heating rate of 10 K-min™' were recorded from -50 — 200 °C
with a 10 K-min™! heating and cooling rate over two cycles. The glass transition temperature ()
was determined by the minimum of the first derivative in the second heating cycle of DSC.
Thermograms obtained with a heating rate of 1 K-min™ were recorded from 0 — 100 °C on a single
cycle. Total enthalpy of melting (AHm) was calculated from integration and normalization of all

endothermic peaks present.

Thermal gravimetric analysis (TGA)

TGA data was obtained using a Q50 - Thermogravimetric Analyzer (TA instruments).
Thermograms were recorded under an N> atmosphere at a heating rate of 10 K-min™!, from 25 —
500 °C, with an average sample weight of ca. 10 mg. Decomposition temperatures were reported

as the 5% weight loss temperature (74 5%).

Tensile testing

Tensile tests were performed using 7 day-annealed polymer films fabricated using a vacuum
compression machine (TMP Technical Machine Products Corp.) Polymer samples were placed
between a rectangular mould (50 x 50 x 0.5 mm) and placed in the compression machine with the
vacuum on. The machine was heated to 100 °C unless otherwise stated, once temperature was
reached sample was degassed 3 times and 5 lbs x 1000 of pressure was applied and held for 5

minutes. The machine was then cooled to ambient temperature and samples were visually



inspected for deformation and bubbles. Polymer films were annealed at 25 °C for 7 days before
dumbbell shaped samples were cut using custom ASTM Die D-638 Type 5 (Neck dimensions 7.11
x 1.70 x 0.5 mm). Tensile tests were carried out using Instron (Instron 5543 Universal Testing
Machine) at room temperature (25 + 1 °C). A pre-stress of 0.01 MPa was applied and elongated at
10 mm-min? until failure. The reported results are average values from 5 samples (unless

otherwise specified) with the standard deviation presented as the uncertainty.
*Sample Si0o was pressed at 120 °C due to higher melt transition.

Rheology and M. calculation
Rheology was performed on an Anton Paar MCR 302 using a PP8 geometry on discs (8 X 1 mm

) cut out of homopolymers films fabricated using a Specac Atlas™ Manual Hydraulic Press 15T
fitted with Specac heated plates(as detailed in DMTA method). Temperature was controlled with
a P-PTD 200/AIR Peltier and a P-PTD 200 hood. Frequency sweeps were performed at 1% strain
from 1 to 400 rad s™! at 5°C intervals between the temperatures of 80°C to 110°C. G’ and G were
overlayed to a single spectrum at a reference temperature of 85 °C by applying a Williams-Landel-
Ferry (WLF) time-temperature superposition. Molecular entanglement was extracted by fitting
polydisperse double reptation theory in the REPTATE software package.? Molecular weights
obtained from SEC, were discretized to 10 values per decade and used as theory input. The
adjustable parameters in the fitting were Ge (Entanglement modulus) M. (entanglement molecular
weight) 1. (Rouse time of one entangled segment) and the value of M was kept to a value of 0.001

kg'mol'as recommended.

Svynthetic procedures

Required inert conditions were implemented using conventional Schlenk-techniques under dry N>

with dimethylphenylphosphine (DMPP) and 1,6-hexanedithiol stored in Schlenk flasks.



Synthesis of 4,11-dioxo-5,10-dioxa-3,12-diazatetradecane-1,14-diyl diacrylate (Monomer S)

O O

A single necked 100 mL round bottom flask was charged with 1,4-butanediol (4.5 g, 50 mmol,
1.00 equiv) dissolved in THF (26 mL) and cooled to 0 °C with an ice bath. The solution was stirred
and 2-isocyanatoethyl acrylate (14.8 g, 105 mmol, 2.10 equiv) was charged via syringe. DBTL (60
pL, 0.2 mol%) was added to the solution and left to stir for overnight ca. 16 h. During this time a
white precipitate was formed, the remaining solvent was then removed under vacuum. The
resulting white powder was purified by recrystallization from EtOAc/Hexanes to afford title
compound as a white crystalline solid (15.4 g, 83%). '"H NMR (400 MHz; 298 K; CDCls) 6.46-
6.40 (dd, J =24, 1.6 Hz, 2H, HHC=CH) 6.17-6.08 (dd, J = 36.2, 14 Hz, 2H, H.C=CH) 5.88-
5.84 (dd, J =12, 2 Hz, 2H, HHC=CH) 5.00 (s broad due to rotamers, 2H, O=C-NH) 4.23 (t, J =
7.2 Hz, 4H, O-CH2-CH>-CH>) 4.09 (s poor resolution, 4H, O-CH>-CH>-NH) 3.51-3.46 (q, J=7.2
Hz, 4H, H,C-CH>-NH) 1.68 (m, 4H, CH>-CH>-CH) *C NMR (100.57 MHz; 298 K; CDCl3)
166.24, 156.69, 131.63, 128.14, 64.78, 63.76, 40.27, 25.77. FTIR 3349 (N-H) 1710 (C=0 ester)
1683 (C=0 urethane) 1631 cm! (C=C). HRMS (ESI-TOF) (m/z): [M + H]* calculated for

C16H24N20gNa, 395.1430; found, 395.1432.

Synthesis of (Z)-4,11-dioxo-5,10-dioxa-3,12-diazatetradec-7-ene-1,14-diyl  diacrylate
(Monomer C)

o) 0o
/\H/O\/\NJ\O/\:/\OJ\N /\/Om/\

0] H H 0]
A single necked 100 mL round bottom flask was charged with cis-2-butene-1,4-diol (5.45 g, 62

mmol, 1.00 equiv) dissolved in THF (28 mL) and cooled to 0 °C with an ice bath. The solution

was stirred and 2-isocyanatoethyl acrylate (18.30 g, 132 mmol, 2.12 equiv) was charged via



syringe. DBTL (71 pL, 0.2 mol%) was added to the solution and left to stir for 6 h. The solvent
was removed under vacuum Note: Heating should be avoided to prevent undesirable crosslinking
reactions during solvent removal. The resulting white powder was purified by recrystallization
from EtOAc/Hexanes to afford title compound as a white powder (18.5 g, 80.7%). 'H NMR (400
MHz; 298 K; CDCls) 6.45-6.39 (dd, J= 26, 2Hz, 2H, HHC=CH) 6.14-6.07 (dd, J= 14, 23.2 Hz,
2H, HoC=CH) 5.89-5.86 (dd, J= 12, 2 Hz, 2H, HHC=CH) 5.72 (s, 2H, HC=CH) 5.08 (s broad
due to rotamers, 2H, O=C-NH) 4.67 (d, J= 6 Hz, 4H, O-CH»-CH) 4.22 (t, J= 7.2 Hz, 4H, O-CH:>-
CH>) 3.49 (q, J= 7.6Hz, 4H, HoC-CH>-NH) '3C NMR (100.57 MHz; 298 K; CDCl3) 166.21,
156.29, 131.63, 128.40, 128.10, 64.14, 60.72, 40.32. FTIR 3334 (N-H) 1713 (C=O0 ester) 1687
(C=0 urethane) 1635 cm™ (C=C). HRMS (ESI-TOF) (m/z): [M + H]" calculated for

C16H22N20gNa, 393.1273; found, 395.1274.

Synthesis of (E)-4,11-dioxo-5,10-dioxa-3,12-diazatetradec-7-ene-1,14-diyl  diacrylate
(Monomer T)

A single necked 100 mL round bottom flask was charged with frans-2-butene-1,4-diol (4.16 g, 47
mmol, 1.00 Equiv) and THF (22 mL) before being cooled to 0 °C with an ice bath. The solution
was stirred and 2-isocyanatoethyl acrylate (14 g, 101 mmol, 2.05 equiv) was charged via syringe.
DBTL (55 pL, 0.2 mol%) was added to the solution and left to stir for 2 h. During this time a white
precipitate was formed. The remaining solvent was removed under vacuum and the resulting white
powder was purified by recrystallization from toluene to afford title compound as a white crystal
(15.2 g, 87%). 'HNMR (400 MHz; 298 K; CDCl;) 6.44-6.38 (dd, J=22.8 Hz, 2Hz, 2H, HHC=CH)
6.17-6.08 (dd, J= 36.8, 14 Hz, 2H, Ho.C=CH) 5.88-5.83 (m obscured, HHC=CH) 5.83 (m

obscured, HC=CH) 5.03 (s broad, 2H, O=C-NH) 4.58 (s poor resolution, O-CH>-CH) 4.24 (t, J=



8 Hz, 4H, O-CH-CH>) 3.52-3.47 (q, J= 7.2Hz, 4H, H,C-CH,-NH) *C NMR (100.57 MHz; 298
K; CDCl3) 166.03, 156.03, 131.48, 128.23, 127.91, 64.47, 63.51, 40.15. FTIR 3335 (N-H) 1713
(C=0 ester) 1687 (C=0 urethane) 1635 cm™ (C=C). HRMS (ESI-TOF) (m/z): [M + H]" calculated

for C16H22N20sNa, 393.1274; found, 393.1276.

Standard step-growth Polymerization procedure (Example given Sioo polymer)

A scintillation vial was charged with 1,6-hexanedithiol (1.9873 g, 13.2 mmol, 1.00 equiv) and
another scintillation vial is charged with monomer S (4.9285 g, 13.3 mmol, 1.00 equiv). The
contents of both scintillations vials were dissolved in DMF (52 mL) and quantitatively transferred
to a 100 mL single necked round bottom flask and stirred at ambient temperature. Whilst stirring,
polymerization was initiated with DMPP (38 pL, 2 %mol) and left to stir. Initially an exotherm
was observed with a visible increase in viscosity. After 2 h the polymer solution was precipitated
in Et2O (1000 mL) and left to stir for an hour before decanting the supernatant. The remaining
polymer was dried in vacuo at 100 °C for 2 h in order to remove residual DMF and Et,O. SEC
analysis (DMF + 5 mM NH4BF4) My, = 139 kDa, M, = 30.8 kDa, M, = 117 kDa, By = 4.51. 'H
NMR (400 MHz; 298 K; CDCIl3) 5.17 (s broad, 2H, O=C-NH), 4.20 — 4.16 (t, /= 5.3 Hz, 4H, O-
CH>-CH»>-NH), 4.10 — 4.07 (d, J= 5.6 Hz, 4H, O-CH>-CH>-CH>), 3.46 — 3.42 (q, J= 5.5 Hz, 4H,
H>C-CH>-NH ), 2.80 — 2.76 (t, J = 7.2 Hz, 4H, O=C-CH>-CH>-S), 2.66 — 2.60 (t, /= 7.0 Hz, 4H,
S-CH;-CH2-CH»), 2.57 - 2.51 (t,J = 7.4 Hz, 4H, O=C-CH>-CH>-S), 1.78 — 1.64 (m, 4H obscured,
CHz-CH,-CHz-O ), 1.64 — 1.52 (m, 4H, CH>-CH>-S), 1.45 — 1.32 (m, 4H, CH»-CH>-CH>-S). 1*C
NMR (100.57 MHz; 298 K; CDCls3) 172.06, 156.74, 64.75, 63.86, 40.17, 34.85, 32.19, 29.51,

28.53,27.15, 25.79.



Polymer characterization

Cio0 polymer: SEC analysis (DMF + 5mM NH4BF4) My = 250 kDa, M, = 34.8 kDa, M, = 109
kDa, Puv = 7.19. 'TH NMR (400 MHz; 298 K; CDCl3) 5.73 — 5.71 (t, J = 4.1 Hz, 2H, HC=CH),
5.27 -5.24 (t, J = 6.0 Hz, 2H, O=C-NH), 4.70 — 4.63 (d, J = 4.3 Hz, 4H, HC-CH=CH), 4.24 —
4.16 (t, J= 5.3 Hz, 4H, O-CH2-CH>-NH), 3.46 — 3.40 (q, J = 5.6 Hz, 4H, H.C-CH>-NH ), 2.79 —
2.76 (t,J = 7.3 Hz, 4H, O=C-CH,-CH>-S), 2.64 — 2.60 (t, /= 7.2 Hz, 4H, S-CH»-CH>-CH>), 2.55
— 2.51 (t, J=17.4 Hz, 4H, O=C-CH>-CH>-S), 1.62 — 1.55 (m, 4H, CH»-CH>-S), 1.48 — 1.22 (m,
4H, CH,-CH,-CH»-S). *C NMR (100.57 MHz; 298 K; CDCls) 172.05, 156.36, 128.38, 63.79,

60.76, 40.22, 34.83, 32.17, 29.48, 28.51, 27.14.

Ti00 polymer: SEC analysis (DMF + 5SmM NH4BF4) My, = 103 kDa, M, = 28.7 kDa, M, = 89 kDa,
Hwm =3.57. '"H NMR (400 MHz; 298 K; CDCl3) 5.83 (s, 2H, HC=CH), 5.28 — 5.25 (s broad, 2H,
O=C-NH), 4.57 — 4.56 (d, J = 3.2 Hz, 4H, HC-CH=CH), 4.19 — 4.16 (t, J = 5.3 Hz, 4H, O-CH>-
CH>-NH), 3.50 — 3.39 (q, J = 5.5 Hz, 4H, H,C-CH>-NH), 2.79 — 2.75 (t, J = 7.3 Hz, 4H, O=C-
CHx-CH:>-S), 2.64 — 2.60 (t, J = 7.0 Hz, 4H, S-CH>-CH>-CHb>), 2.54 — 2.51 (t, J = 7.3 Hz, 4H,
O=C-CHz-CH>-S), 1.65—1.50 (m obscured, 4H, CH>-CH>-S), 1.44 — 1.32 (m, 4H, CH>-CH>-CH>-
S). *C NMR (100.57 MHz; 298 K; CDCl3) 172.05, 156.32, 128.41, 64.64, 63.81, 40.23, 34.85,

32.19, 29.49, 28.51, 27.15.

Cs0Ss0 polymer: SEC analysis (DMF + 5SmM NH4BF4) My, = 209 kDa, M, = 34.9 kDa, M, = 94
kDa, Pm = 5.99. 'H NMR (400 MHz; 298 K; CDCl3) 5.72-5.70 (s, 1H, HC=CH), 5.22 (s, 1H
overlapping, cis O=C-NH), 5.16 (s, 1H overlapping, saturated O=C-NH), 4.67-4.66 (d, J = 4.3
Hz, 2H, HC-CH=CH), 4.19-4.15 (t, /= 5.3 Hz, 4H, O-CH>-CH>-NH), 4.08 (s, 2H, O-CH>-CH>-
CH»), 3.46-3.43 (d, J = 5.9 Hz, 4H, H.C-CH>-NH), 2.81 — 2.73 (m, 4H, O=C-CH2-CH>-S), 2.63-

2.60 (t, J = 8.2 Hz, 4H, S-CH>-CH»-CH>), 2.55 —2.49 (t, J = 7.9 Hz 4H, O=C-CH>-CH>-S), 1.67



(s, 2H, CH-CH2-CH,-0), 1.61-1.54 (m, 4H, CH,-CH,-S), 1.44 — 1.34 (m, 4H, CH,-CH,-CH,-S).
13C NMR (100.57 MHz; 298 K; CDCls) 172.05, 156.75, 156.36, 128.39, 64.75, 63.86, 63.79,

60.77, 40.23, 40.16, 34.84, 32.19, 29.49, 28.52, 27.15, 25.78.

Ts0Ss0 polymer: SEC analysis (DMF + 5mM NH4BF4) My, = 141 kDa, M, = 34.4 kDa, M, =77
kDa, Pv = 4.09. 'H NMR (400 MHz; 298 K; CDCI3) 5.91 — 5.75 (s, 1H, HC=CH), 5.26 (s, 1H,
trans O=C-NH), 5.18 (s, 1H, saturated O=C-NH), 4.56 (d, J= 3.3 Hz, 2H, HC-CH=CH ), 4.23 —
4.12 (t, J = 5.6 Hz, 4H, O-CH;-CH2-NH), 4.08-4.06 (s, 2H, O-CH>-CH»-CH>»), 3.44 (m, J = 5.3
Hz, 4H, H,C-CH>-NH), 2.77 (t,J = 7.2 Hz, 4H, O=C-CH2-CH>-S), 2.62 (t,J= 7.2 Hz, 4H, S-CH>-
CH2-CH>), 2.52 (t,J=7.3 Hz, 4H, O=C-CH>-CH>-S), 1.72 - 1.63 (m, 2H, CH2-CH>-CH>-0O), 1.57
(g, J=7.1 Hz, 5H, CH>-CH-S ), 1.45 — 1.26 (m, 4H, CH»-CH,-CH>-S). 3C NMR (100.57 MHz;
298 K; CDCl3) 172.04, 156.74, 156.31, 128.41, 64.73, 64.63, 63.85, 63.79, 40.22, 40.16, 34.83,

32.18,29.48, 28.51, 27.14, 25.77.

C75T25 Polymer: SEC analysis (DMF + 5SmM NH4BF4) My, = 194 kDa, M, = 36.6 kDa, M, = 70
kDa, Py = 5.30. 'TH NMR (400 MHz; 298 K; CDCl3) 5.83 (s, 0.5H, trans HC=CH), 5.73-5.71 (s,
1.5H, cis HC=CH), 5.29 — 5.19 (m broad, 2H, O=C-NH), 4.67 (d, ] = 4.3 Hz, 3H, cis HC-CH=CH),
4.57-4.56 (d, J = 3.1 Hz, 1H, trans HC-CH=CH), 4.19-4.17 (t, ] = 5.3 Hz, 4H, O-CH,-CH>-NH),
3.47-3.42(q,J = 5.4 Hz, 4H, H,C-CH,-NH), 2.79-2.76 (t, ] = 7.2 Hz, 4H, O=C-CH,-CH>-S), 2.63-
2.60 (t, ] = 7.2 Hz, 4H, S-CH»-CH»-CHb), 2.54-2.50 (t, J = 7.3 Hz, 4H, O=C-CH»-CH>-S), 1.62-
1.55 (m, 4H, CH>-CH>-S), 1.42-1.37 (m, 4H, CH2-CH,-CH>-S). '*C NMR (100.57 MHz; 298 K;

CDCl3) 172.07, 156.38, 128.41, 64.66, 63.81, 60.78, 40.25, 34.85, 32.20, 29.50, 28.53, 27.17.

Cs0Tso0 Polymer: SEC analysis (DMF + 5mM NH4BF4) My, = 208 kDa, M, = 38.7 kDa, M, = 87

kDa, Py = 5.37. '"H NMR (400 MHz; 298 K; CDCl3) 5.83 (s broad, 1H, trans HC=CH), 5.72 (s,

10



1H, cis HC=CH), 5.24 (s, 2H, O=C-NH), 4.67 (d, ] = 4.3 Hz, 2H, cis HC-CH=CH), 4.57 (d, ] =
3.2 Hz, 2H, trans HC-CH=CH), 4.18 (t, J = 5.3 Hz, 4H, O-CH,-CH,-NH), 3.52 — 3.39 (m, 4H,
H>C-CH2-NH), 2.81 — 2.74 (m, 4H, O=C-CH,-CH:-S), 2.65 — 2.59 (m, 4H, S-CH,-CH»-CHa),
2.53 (t,J = 7.9 Hz, 4H, O=C-CH,-CH,-S), 1.65 — 1.52 (m, obscured, CH,-CH,-S), 1.44 — 1.34 (m,
4H, CH,-CH,-CH,-S). '*C NMR (100.57 MHz; 298 K; CDCls) 172.05, 156.33, 128.41, 64.64,

63.80, 60.76, 40.23, 34.84, 32.19, 29.48, 28.51, 27.15.

C25T75 Polymer: SEC analysis (DMF + 5SmM NH4BF4) My, = 129 kDa, M, = 30.8 kDa, M, = 61
kDa, Pv = 4.18. 'TH NMR (400 MHz; 298 K; CDCls) 5.83 — 5.82 (s broad, 1.5H, trans HC=CH ),
5.72-5.70 (s, 0.5H, cis HC=CH), 5.25 (s broad, 2H, O=C-NH), 4.66 (d, J = 4.3 Hz, 1H, cis HC-
CH=CH), 4.56 (d, J = 3.2 Hz, 3H, trans HC-CH=CH), 4.18 (t, J = 5.3 Hz, 4H, O-CH>-CH>-NH),
3.45(q,J=5.5 Hz, 4H, H,C-CH>-NH), 2.77 (t, J = 7.0 Hz, 4H, O=C-CH>-CH>-S), 2.62 (t,J="7.0
Hz, 4H, S-CH2-CH2-CH»), 2.56 — 2.47 (m, 4H, O=C-CH>-CH>-S), 1.57 (q, J = 7.2 Hz, 4H, CH>-
CH»-S), 1.46 — 1.33 (m, 4H, CH>-CH>-CH>-S). '*C NMR (100.57 MHz; 298 K; CDCl3) 172.06,

156.32, 128.43, 64.66, 63.83, 60.77, 40.25, 34.86, 32.21, 29.51, 28.53, 27.17.
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NMR spectra of monomers
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Figure S1. 'H NMR of monomer C (400 MHz; 298 K; CDCl5).
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Figure S2. 1°C NMR spectrum of monomer C (100.57 MHz; 298 K; CDCls).
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Figure S3. "H NMR of monomer S (400 MHz; 298 K; CDCls). * - EtOAc in CDCI3

LLST—

LTovF—

9L'E9~_

8L'v9”
€10Q2 88'9L
€10ad 0T 4L
€10ad oz' &L
€12adZs'LL

vT'8CT—
E9'TET—

69'9ST—

vZ'o9T—

b
N\/\
O
c g

OWNJLO
H

X

9 80 70 60 50 40 30 20

200 190 180 170 160 150 140 130 120 110 100

10

ppm

Figure S4.°C NMR spectrum of monomer S (100.57 MHz; 298 K; CDCl3).
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NMR spectra of Homopolymers
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Figure S13. '"H NMR of polymer Cs0Sso (400 MHz; 298 K; CDCI3).
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Figure S15. "H NMR of polymer Ts0Sso (400 MHz; 298 K; CDCl5).
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Figure S16. °C NMR spectrum of polymer Ts0Sso (100.57 MHz; 298 K; CDCl5).
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Figure S17. 'H NMR of polymer C75T2s (400 MHz; 298 K; CDCl5).
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Figure S18. >°C NMR spectrum of polymer C75T2s (100.57 MHz; 298 K; CDCl3).
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Figure S19. 'H NMR of polymer CsoTso (400 MHz; 298 K; CDCl5).
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Figure S20. '3C NMR spectrum of polymer CsoTso (100.57 MHz; 298 K; CDCl3).
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Figure S22. >°C NMR spectrum of polymer C25T7s (100.57 MHz; 298 K; CDCl3).
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Size exclusion chromatography (SEC) overview

Table S1. Table of polymer characterization using SEC

Characterization

My (kDa) Mh (kDa) Mp (kDa) Dm

Cioo 250 34.8 109 7.19
T100 103 28.7 89 3.57
S100 139 30.8 117 4.51
Cis T 194 36.6 70 5.30
Cso Tso 208 38.7 87 5.37
CxsTris 129 30.8 61 4.18
Cs0Sso 209 34.9 94 5.99
TsoSs0 141 34.4 77 4.09

My, Mw, M, and Dy were determined by SEC (DMF, 0.5% wt/wt NH4BF4) analysis against
poly(methyl methacrylate) (PMMA) standards.
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SEC data of Homopolymers
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Figure S23. Size exclusion chromatograms of homopolymers (DMF, 0.5% wt/wt NH4BF4)
analysis against poly(methyl methacrylate) (PMMA) standards.
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SEC data of Copolymers
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Figure S24. Size exclusion chromatograms of copolymers (DMF, 0.5% wt/wt NH4BF4) analysis
against poly(methyl methacrylate) (PMMA) standards.
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Frequency Sweeps and TTS
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Figure S25. Frequency sweeps of homopolymers between 80 and 110°C (LHS). Time-
Temperature superposition (TTS) created from shifting data to 85°C using a WLF superposition

(RHS).
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Table S2. Values calculated from polydisperse double reptation theory of TTS

M. (kDa) Ge(MPa) e (us)

Ci0o 3.23 9.73 4.42
T1o0 2.01 4.94 2.70
S100 2.12 7.03 2.51

Values calculated using double reptation theory of TTS shown in Figure S25. My was kept at
0.001 kg/mol and a was kept at 1.
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IR spectra of Homopolymers
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Figure S26. Infared-Spectra of homopolymer films with N-H region (insef) highlighted to
demonstrate variation in Hydrogen-bonding.
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Thermomechanical data overview

Table S3. Thermal and tensile properties of polymer samples

Thermal Tensile

T (°C) Tmi®(°C) Tw2*(°C) AHwd(I'g') Taswt(°C) Ef(MPa) ont(MPa) &"(%)  Ur'(MJm?)

Cioo* -18 - - -27.0 302 25+4 23+2 1481453  174+17
T100 -14 36.2 74.6 -37.2 301 66+11 39+8 1232496  261+72
S100 -19 37.0 90.2 -41.3 302 81+8 37+3 1191+76  248+28
C7s Tas -17 36.7 51.3 27.6 290 3545 193 1307£156 137430
Cso Tso -16 35.1 52.0 -25.1 296 3544 26+3 1558+75 199427
Cas T7s -15 37.5 69.0 -32.6 296 46+6 3044 1436164 233+48
Cs0Sso’ -19 36.7 77.9 -35.9 292 53+7 33+3 1508474 255428
T50S50 -16 37.4 77.9 -38.4 293 75+8 40+2 1379£67 294422
Blend* -17 - - -37 - 52+8 2543 1075+106 15628

(a) The T, was obtained from 2™ heating cycle (b) The Tm,1 was taken as the minimum of the first transition (c) The Tm> was taken as
the minimum of the last transition (d) Total enthalpy of melting (AHm) was calculated by integration of all endothermic transitions. (e)
Temperature after 5% weight loss obtained from thermogravimetric analysis (f) Young’s modulus (g) Stress at break (h) Strain at break
(1) Tensile toughness n=5. Uncertainty presented as the standard deviation of samples. * Multiple peaks visible with little to no resolution.
t Three endothermic peaks visible 7Tm» was taken as the peak at the highest temperature.
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DSC data
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Figure S34. DSC thermograms of CasT75s Polymer
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Figure S35. DSC thermograms of Blended polymer sample (1:1 T100 and Cioo)

Both DSC thermogram scans at different heating rates were run after 7 days of annealing. Total

enthalpy of melting was taken from the 1 °C min’! scan and T, was taken from 2"¢ heating run

from the 10 °C min™' scan.
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TGA Data
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Figure S36. Thermogravimetric analysis was also taken on 7 day annealed polymer films.
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Tensile data of homopolymers
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Figure S37. Stress vs strain curve for 7 day annealed polymer samples via uniaxial extension until
failure

n=5 for all data sets. All curves used in uncertainty and average calculations are shown.
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Tensile data of copolymers and blend
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Figure S38. Stress vs strain curve for 7 day annealed polymer samples via uniaxial extension until

failure

n=5 for all data sets except the blended sample of which n=3. All curves used in uncertainty and
average calculations are shown.
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Dynamic Mechanical Thermal Analysis (DMTA) of homopolymers
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Dynamic Mechanical Thermal Analysis (DMTA) of copolymers
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Chapter 3. Understanding structure—property relationships of main chain cyclopropane in linear
polyesters

Overview:

Following on from Chapter 2, we wanted to investigate linear polymers containing a
similar cis/trans geometry around a rigid ring. Whilst there is some significant study in the
area of rigid rings in polymers, particularly 6-membered rings, there lacked detailed study
into the simplest 3-membered ring. Hence, we decided to investigate the stereochemistry

around a 1,2-cyclopropane ring.

We adapted the thiol-ene step-growth polyaddition used in Chapter 2 to create polyesters
with 3-membered rings in the backbone. We found modest thermal differences between
the cis/frans analogues and both samples resembled a tacky gum at ambient
temperature. However, a linear-chained analogue without the cyclopropane ring formed a
semi-crystalline material and could be processed into a flexible film. We hypothesised the
cyclopropane ring was inhibiting chain packing and movement, whereas the linear

derivative had freer rotation and could pack more efficiently.

Considering the stereochemistry of 1,2-cyclopropane had a minimal impact on the thermal
and bulk properties of the polymer, we investigated how copolymerising the cyclopropane
structure with the linear derivative could tune the properties. In a similar technique
described in chapter 2, feed ratios of the linear and cyclopropane monomer in the
polymerisation could be varied to yield polymers with a controlled composition. We found
that even low loadings of the cyclopropane monomer (10 - 25%) had a significant impact
on the crystallinity of the final polymer. This translated to the tensile properties where a
higher content of the cyclopropane moiety led to a lower stiffness and strength of the
polymer. Whilst the stereochemistry had a small impact on the thermal properties, the

cyclopropane unit itself could be used to tune the properties of a linear polyester.

53



Volume 11
Number 39

21 October 2020
Pages 6233-6388

Polymer
Chemistry

rsc.li/polymers

ISSN 1759-9962

E g PAPER
ROYAL SOCIETY Connor J. Stubbs and Andrew P. Dove
“ OF CHEMISTRY Understanding structure-property relationships of main

chain cyclopropane in linear polyesters



¥ ROYAL SOCIETY

Polymer
PN OF CHEMISTRY

Chemistry

View Article Online

View Journal | View Issue

Understanding structure—property relationships of

\'.) Check for updatesJ
main chain cyclopropane in linear polyesters+

Cite this: Polym. Chem., 2020, 11,
6251
Connor J. Stubbs and Andrew P. Dove (2 *

Rigid ring structures have gained increasing interest in the polymer materials community as an effective
means to manipulate bulk properties. Despite this, little work has focussed on the smallest ring: cyclopro-
pane. Herein, we report a polymerisation that enables incorporation of stereopure cis and trans 1,2-cyclo-
propanedimethanol through the thiol-Michael “click” reaction between dithiol and diacrylate monomers.
Polyesters containing a cyclopropane backbone were found to be amorphous, whilst comparable poly-
mers with a 1,4-butanediol backbone were semi-crystalline. By copolymerising cyclopropane monomers
at varying ratios with 1,4-butanediol monomers, the crystalinity of the resulting polymer could be effec-
tively tuned. Successfully adjusting the resulting crystallinity resulted in control over the ultimate tensile
strength (UTS) and the Young's modulus (E) of the material. Generally, it was found that increasing cyclo-
propane content led to a decreased UTS and E as a result of lower polymer crystalinity. Effects of cyclo-
propane stereochemistry on thermomechanical properties were found to be minimal at low cyclopropane
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Introduction

Conformationally-locked ring structures have recently garnered
considerable attention in the design of new thermoplastic
materials."™ This derives from the ability to manipulate and
predict bulk properties from their incorporation into linear
polymer systems. Typically, property manipulation is achieved
by altering functionalities within a polymer, which can require
synthetically demanding steps. Conformationally locked rings
offer simple and convenient control of bulk properties in
linear polymers. Hence, continual understanding into the
influence of rigid ring structures on the thermomechanical
properties of the resultant polymers is vital to designing the
next generation of high-performance materials.

Oil-sourced cyclohexylene rings have been extensively inves-
tigated in various thermoplastic systems, including polyesters,
polyamides and polycarbonates.>® By incorporating and con-
trolling the ratios of cyclohexane units in polymers, numerous
bulk properties can be manipulated. For example, the ratio of
1,4-cyclohexanedimethanol in polymer materials has been
reported to impact bulk properties such as glass transition
temperature (Ty), bulk crystallinity, tensile strength and gas
permeability.””® More recently bio-based bicyclic diols have
gained significant attention in thermoplastic polymers.’**?

School of Chemistry, University of Birmingham, Birmingham, B15 2TT, UK.

£ mail: [
tElectronic supplementary information (ESI) available: NMR spectra and ther
momechanical characterisation data included. See DOI: 10.1039/d0py01004a

This jourmal is © The Royal Society of Chemistry 2020

Wang and co-workers reported that incorporation of isosor-
bide, a simple isohexide unit, in polyesters led to a higher T;
and lower polymer crystallinity.'" Increasing isosorbide
content also correlated with the speed at which hydrolytic
degradation occurred.”

An additional structural feature to these ring systems is
stereochemistry. Most rigid rings, including isohexides and
cyclohexylenes, are geometrically locked which gives rise to
multiple stereoisomers. There has been a recent surge in inter-
est in leveraging stereochemistry in linear polymers to alter
bulk properties.'® The stereochemical contribution of isohex-
ides and cyclohexylene in polymer backbones has already been
briefly investigated.®'” Nevertheless, further investigation in
the influence of stereochemistry on the physical and mechani-
cal properties of the resultant materials remains a requirement
for future polymer systems containing ring structures.

Despite the recent attention into cyclic structures in
polymer materials, there lacks considerable investigation into
the smallest cycle, cyclopropane. Previous works have focussed
on cyclopropane within the polymer side chains.'® This is typi-
cally achieved via post-polymerisation modification of unsatu-
rated polymers with diazo species.'® Mecking and co-workers
have demonstrated that an increase in the side chain cyclopro-
pane content within polybutadiene led to a higher 7, and a
decrease in bulk crystallinity.”® Whilst this effectively manipu-
lated thermal properties, the focus was on side chain function-
ality. As a result of this, the architectural and stereochemical
influence that could have resulted from main chain cyclopro-
pane was not examined.

Polym. Chemn, 2020, 11, 6251 6258 | 6251
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Few studies have focussed on cyclopropane in the main
chain of the polymer. One notable example from Takao and
co-workers demonstrated the synthesis of a range of polyesters,
polyamides and polyurethanes containing cyclopropane in the
main chain.*! Di-functional 1,2-cyclopropanes were syn-
thesised and subsequently polymerised; initial observations
suggested that these polymers could be compressed into free-
standing films. However, no further analysis was carried out.
An extensive study into cyclopropane-containing polymers is
needed to further our understanding of the 3-membered
structure.

Herein, we present a study into the thermomechanical pro-
perties of polyesters containing main chain cyclopropane.
Polymers are synthesised in step-growth fashion using mild
thiol-Michael addition between multiple dithiols and cyclopro-
pane diacrylate monomers. The effect of stereochemistry in
the chain is also investigated.

Results and discussion

In order to fully understand how cyclopropane units in the
polymer main chain affects bulk properties, both cis and trans
stereoisomers need to be examined independently to elucidate
the stereochemical contribution. Stereopure cis and trans 1,2-
cyclopropane were obtained from established literature pro-
cedures (Fig. $11).”> The diols were functionalised with acry-
loyl chloride to afford diacrylate-containing monomers: Cy
(trans) and Cy(cis) (Fig. S17). An additional commercially avail-
able diacrylate monomer, 1,4-butanedioldiacrylate (BD), was
also used to serve as a linear comparison to the cyclopropane-
containing polymers. Nucleophilic thiol-Michael addition was
selected because the mild and efficient conditions can afford
high molecular weight polymers without causing isomerisa-
tion or other potential side reactions.>** A range of polyesters
were synthesised from the diacrylate monomers through a
phosphine catalysed polyaddition with commercially available
dithiols (Scheme 1, Table 1).

Initial polymerisations used 1,6-hexanedithiol (HDT) with
the three diacrylate monomers (BD, Cy(cis) and Cy(trans)) to
produce comparable homopolymers. Relatively high molecular

o
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NN
NN
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Scheme 1 General scheme for linear polyesters synthesised from
phosphine catalysed thiol Michael addition of diacrylate and dithiol
monomers.

6252 | Polym. Chem., 2020, 1, 6251 6258

View Article Online

Polymer Chemistry

Table 1 Characterisation of linear polyesters

M, T,” AH,," Ta, 506 °

(kpa) Dy cc)  OghH (0
Cy(trans) coHDT ~ 38.0 4.30 52 276
Cy(cis) co HDT 37.4 4.08 47 293
BD co HDT 52.7 3.13 66 64.0 315
Cy(trans) co BDT 23.5 6.58 17 256
BD co BDT 22.0 7.78 27 58.7 273

“M,, and Dy, were determined by size exclusion chromatography (THF,
2% v/v NEt;) analysis against polystyrene (PS) standards. ” Glass tran
sition temperature obtained from second heating scan. Total enthalpy
of melting calculated from integration of all melt transitions.
“ Temperature after 5% weight loss obtained from thermogravimetric
analysis.

weights were achieved (35 kDa < M,,) that possessed modest
dispersities (4.5 > Dy, Table 1). "H NMR spectroscopy con-
firmed the reaction conditions had not impacted the stereo-
chemistry or cyclopropane structure of the resulting polymers
(Fig. 1a). Most noticeably, the polymers displayed vastly
different physical appearances. Both cyclopropane polyesters
(Cy(trans)-co-HDT and Cy(cis)-co-HDT) were translucent and
possessed a tacky consistency, even after aging for multiple
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Fig. 1 (a) 'H NMR spectra of polymers synthesised using HDT in CDCls
(400 MHz, 298 K) (b) normalised DSC thermograms of polymers syn
thesised using HDT at a heating and cooling rate of 10 K min * (solid line
= heating run, dashed line = cooling run).
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months at benchtop conditions. Whilst the linear control (BD-
co-HDT) was an opaque white solid. This observation indicated
that the cyclopropane structure had significantly impacted
bulk properties: crystallinity in particular.

To quantify the thermal properties and gain insight into
the crystallinity, differential scanning calorimetry (DSC) was
performed (Fig. 1b). The Tgs of all the polymers were well
below ambient temperature (—66 to —47 °C). There was a small
deviation in the T, observed between the cis and trans cyclo-
propane polyesters, where Cy(cis)-co-HDT had a T, 5 °C higher
than Cy(trans)-co-HDT. This could be ascribed to a higher free
volume in Cy(trans)-co-HDT caused by the trans isomer.
Copolymer BD-co-HDT had the lowest T, which is attributed to
more efficient chain packing of the butyl-group in comparison
to the cyclopropane ring. However, the most striking obser-
vation from the DSC thermograms was the lack of melt tran-
sitions (Ty,). Both cyclopropane-containing polyesters lacked a
melt transition, while BD-co-HDT possessed a sharp melting
peak at 52 °C. This indicates that the cyclopropane polymers
are amorphous whereas BD-co-HDT is crystalline, which is in
agreement with the observed physical differences. It was clear
that the irregularity of the cyclopropane structure had inhib-
ited chain alignment and, therefore, negated any possible crys-
tallisation that would have otherwise occurred. Consequently,
the polymers produced were excessively tacky and unable to
produce free-standing films.

In attempts to produce a polymer suitable for heat-pressing
and forming a stable film, a rigid aromatic dithiol was used as
comonomer. 1,4-Benzenedimethanethiol (BDT) was reacted
with the diacrylate monomers, Cy(trans) and BD. The poly-
merisation produced polyesters of a notably lower M, and
higher Dy, than the previously synthesised polymers. A similar
physical difference was observed in this aromatic system in
comparison to the HDT polymers: Cy(trans)-co-BDT produces a
tacky texture whilst BD-co-BDT system produces an opaque
white solid (Fig. 2a). It was observed that the BD-co-BDT visibly
changed over the course of ~12 h at room temperature after
melting which was hypothesised to be slow crystallisation. In
efforts to produce comparable data, both polymers were
melted until liquid-like flow was achieved (~100 °C) then
cooled to room temperature (22 °C) and annealed in a thermo-
stated incubator at 22 °C for 48 h. DSC was then performed on
the annealed polymers to elucidate the thermal properties
(Fig. 2b).

Both Cy(trans)-co-BDT and BD-co-BDT polymers possessed a
higher T, (—17 and —27 °C respectively) than the previous HDT
system, which was expected as a consequence of increased pla-
narity and rigidity. It was also evident that Cy(trans)-co-BDT
had a higher T, than BD-co-BDT resulting from the increased
rigidity of the cyclopropane ring. The physical appearances of
these polymers were further corroborated by the DSC thermo-
grams. BD-co-BDT possessed multiple melt transitions which
indicates that the material has multiple crystalline domains.>
Interestingly there was also an absence of a crystallisation peak
(T.) in BD-co-BDT, which we attributed to inefficient crystallisa-
tion under cooling run conditions. This corroborates the slow
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Fig. 2 (a) Polyester architecture with variable structure from diacrylate
monomer with BDT. Image of annealed polyesters illustrating differ

ences in physical appearance (b) normalised DSC thermograms of
2 day annealed polymers made using BDT at a heating and cooling rate
of 10 K min ? (solid line = heating run, dashed line = cooling run).

physical change to a white solid observed after melting. In con-
trast, the Cy(trans)-co-BDT does not display a T, peak, indica-
tive of an amorphous polymer. Despite the higher chain order-
ing promoted by BDT’s planarity, Cy(trans)-co-BDT was unable
to produce a free-standing film. This has further demonstrated
the lack of chain-packing, and subsequent crystallisation in
polymers that contain the cyclopropane structure. We postu-
late that the geometry of 1,2-cyclopropanes can prevent
packing in two ways: (i) the rigidity of the ring prevents the
rotation and flexibility that aids chain packing and (ii) the 1,2-
substitution of the rigid cyclopropane geometry induces a
“kink” in the linear chain that further disadvantages facile
chain packing and hence crystallisation.

In order to create cyclopropane-containing polymers that
could be processed into a flexible free-standing film, we lever-
aged the efficient thiol-ene polyaddition to introduce cyclopro-
pane units into BD-containing copolymers. By polymerising
BD and Cy monomers with HDT, random copolymers could be
accessed. Additionally, this method allowed total control over
the backbone content through varying monomer ratios within
the feedstock (Scheme 2).

The three copolymerised polyesters were of comparable M,,
(63.5 to 91.8 kDa) and Py (4.28 to 4.62, Table 2). 'H NMR spec-
troscopic analysis indicated that the initial feed ratio of the
monomers had been successfully translated into the resulting
polymers (ESIT). By keeping the cyclopropane content in the
polymer low (<30%), the polymers could be heat-pressed to
produce non-tacky free-standing films. It was noted that some
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Scheme 2 Scheme illustrating the co polymerisation of cyclopropane
diacrylates and 1,4 butanediol diacrylate (BD) with 1,6 hexanedithiol
(HDT) to create random co polymers.

Table 2 Characterisation table of random copolymers containing
cyclopropane

M,“(kDa) BPy® Ty”(°C) Ty, s (°C)
BDy,Cy(trans),o co HDT ~ 63.5 4.28 64 315
BDyoCy(cis);o co HDT 76.9 462 63 314
BD;sCy(trans),s co HDT ~ 91.8 4.54 62 313

“M,, and Dy, were determined by size exclusion chromatography (THF,
2% v/v NEt;) analysis against polystyrene (PS) standards. ° Glass tran
sition temperature obtained from second heating scan. “ Temperature
after 5% weight loss obtained from thermogravimetric analysis.

of the films visibly became more opaque and stiffer at room
temperature (22 °C) a few hours after heat-pressing; particu-
larly polymers containing cyclopropane. This was attributed to
slow crystallisation. Therefore, to ensure the polymers had
reached thermal equilibrium and were comparable, they were
heat-pressed and annealed for 2 days at 22 °C in a thermo-
stated incubator. These samples were then characterised by
uniaxial tensile testing until breakage (Fig. 3).

The newly synthesised random co-polymers were compared
alongside BD-co-HDT to assess the impact cyclopropane had
on tensile properties. All the samples displayed tensile curves
that are consistent with a tough thermoplastic and possessed a
similar strain at break (Table S17}). All samples also displayed
periodic drops in stress which was most apparent in BD-co-
HDT. This is characteristic of stress-oscillation behaviour
observed in numerous polymer systems, however origins of
this phenomenon are often disputed.”®*” A possible expla-
nation is the formation of “voids” in the amorphous regions
during elongation which leads to a stress drop and the re-
orientation of polymer crystallites leading to a stress
increase.”® Remarkably, this behaviour was considerably
reduced in samples containing cyclopropane. This is attribu-
ted to a reduction in chain packing caused by the cyclopro-
pane geometry, and subsequent impact on the size and
spacing between the crystallites which are typically responsible
for stress-oscillation behaviour.
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Fig. 3 Representative stress vs. strain curves of the random copolymers
Inset data between 0 and 20% strain illustrating the difference in
Young's modulus.

BD-co-HDT displayed the highest strength at break (UTS)
and Young’s Modulus (E). Upon incorporation of either cyclo-
propane isomer: the tensile strength and Young’s modulus
slightly decreased. Reduction of strength and stiffness is
expected as a result of cyclopropane inhibiting chain crystalli-
sation which ultimately leads to a weaker material.
Interestingly, there appeared to be negligible tensile difference
between the cis and trans cyclopropane isomers at 10% back-
bone content (Table S1t). Whilst this is a contrast to several
previously reported cis/trans polymer systems, the low cyclopro-
pane content within this system could inhibit the influence of
stereochemistry.>®° Further increase of the trans-cyclopropane
content to 25% led to a more flexible and weaker material.
BD,;Cy(trans),s-co-HDT possessed an average Young’s
modulus of 60 MPa in comparison to BD-co-HDT which was
105 MPa. A similar reduction in UTS was also observed
between these two polymers (19.2 MPa from 29.7 MPa). This
clear manipulation of tensile properties as a result of cyclopro-
pane indicates that efforts to control polymer crystallinity were
successful.

To quantify the impact of cyclopropane incorporation on
polymer crystallinity in these random co-polymers, DSC ana-
lysis was performed (Fig. 4a). Incorporation of cyclopropane
led to slight increases in the co-polymer T, (Table 2). Unlike Cy
(trans)-co-HDT and Cy(cis)-co-BDT, the butyl/cyclopropane
random co-polymers all possessed a Ty, and a 7. intuitive of a
semi-crystalline material. This indicates that the large BD
content was able to drive chain crystallisation within the
polymer material. To quantify the extent of crystallinity, the
melt transitions were normalised and integrated to obtain the
total enthalpy of melting (AH,,). A higher value for AH,, indi-
cates more extensive polymer crystallinity. As hypothesised,
increasing the content of cyclopropane led to a lower AH,,
indicating a loss of crystallinity. The other striking observation
of these DSC thermograms is the shift seen in the 7, to lower
temperatures with an increasing cyclopropane content. Both of
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Fig. 4 (a) Normalised DSC thermograms of 2 day annealed polymers
synthesised using different feed ratios of trans cyclopropane Cy(trans) at
a heating and cooling rate of 10 K min * (solid line = heating run, dashed
line = cooling run). (b) Bar chart of Young's modulus (E), ultimate tensile
strength (UTS) and Enthalpy of Melting vs. trans cyclopropane content (%)
in polyester backbone.

these observations corroborate the amorphous nature of the
cyclopropane structure and its ability to impede crystallinity
when implemented into highly ordered polymers. This loss in
crystallinity could be directly correlated with strength and
Young’s modulus of the resulting copolymer (Fig. 4b). Thus,
the tensile properties of the polymers can not only be modu-
lated but can be predicted from the thermal transitions.

There were minimal differences in Ty, T\, and AH;, between
the cis and trans stereochemistry at 10% backbone content
(Table S1f). This was expected given the comparable tensile
properties of BDg,Cy(trans),p-co-HDT and BDg,Cy(cis);o-co-
HDT. However, previous investigations report that changing
the cis/trans content of linear polymers led to a control of bulk
crystallinity, and hence, tensile properties could be tuned.>**"
The lack of crystallinity in the initial cyclopropane-containing
polymers demonstrates that neither stereochemistry promotes
crystallisation. Therefore, we observe minimal differences in
tensile properties between the cis and trans stereochemistry in
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this cyclopropane system. It was clear that controlling the
content of either cyclopropane isomer in a polymer backbone
led to manipulation of thermomechanical properties. Future
investigation is required to understand the full extent main
chain cyclopropane has on further bulk properties.

Conclusion

A polymer system has been designed to incorporate both
isomers of 1,2-cyclopropane into the main chain of a polyester
using nucleophilic thiol-ene addition chemistry. Cyclopropane
backbones were found to be unusually amorphous. However,
used as a comonomer, cyclopropane could effectively manip-
ulate polymer crystallinity. Through the control of polymer
crystallinity, it was demonstrated that Young’s modulus and
UTS could be decreased by ~40% with as little as 25% cyclo-
propane content. This demonstrates an effective and simple
means to control polymer crystallinity. Typically, elucidation
and design of polymers with specific properties is a laborious
experimental task. But through detailed understanding of
structure-property relationships, design of polymers that
satisfy diverse applications can be straightforward. Further
study into cyclopropanes in polymers and networks are still
required to understand its future potential in the synthesis of
high-performance materials.

Experimental
Materials

1,6-Hexanedithiol was distilled under vacuum before use and
stored under N, in a Schlenk-flask. All other chemicals were
used as received.

Measurements

All NMR experiments were performed at 298 K on a Bruker
DPX-400 NMR instrument equipped operating at 400 MHz for
'H (100.57 MHz for *C). "H NMR spectra are referenced to
residual proton solvent (6 7.26 for CDCl; 6 2.50 for DMSO) and
13C NMR spectra are referenced to the solvent signal (5 77.2 for
CDCl; 6 39.52 for DMSO). The resonance multiplicities are
described as s (singlet), d (doublet), t (triplet), q (quartet) or m
(multiplet).

Mass spectrometry was performed by University of
Birmingham school of Chemistry on a Waters GCT Premier for
compounds 2 and 3. Mass spectrometry was performed on
compounds 4 and 5 using Waters Xevo G2-XS QTof.

Size Exclusion Chromatography (SEC) in THF was per-
formed on a system composed of an Agilent 1260 Infinity II LC
system equipped with an Agilent guard column (PLGel 5 uM,
50 x 7.5 mm) and two Agilent Mixed-C columns (PLGel 5 uM,
300 x 7.5 mm). The mobile phase used was THF (HPLC grade)
containing 2% v/v NEt; at 40 °C at flow rate of 1.0 mL min "
(polystyrene (PS) standards used for calibration). Number
average molecular weights (M,), weight average molecular
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weights (M,,) and dispersities (Dy; = M,/M,,) were determined
using Agilent SEC software.

Determination of the thermal characteristics of the poly-
mers were carried out using a STARe system DSC3 with auto-
sampler (Mettler Toledo, Switzerland). Samples were added to
40 pL aluminum pans. Thermograms obtained with a heating
rate of 10 K min~" were recorded from —100-150 °C with a
10 K min~" heating and cooling rate over two cycles. The glass
transition temperature (T,) was determined by the minimum
of the first derivative in the second heating cycle. Total
enthalpy of melting (AH,,) was calculated from integration
and normalization of all endothermic peaks present using the
STARe software.

Thermal degradation was quantified using a Q550
Thermogravimetric analyser (TA instruments). Thermograms
were recorded under an N, atmosphere at a heating rate of
10 K min~" from 25-600 °C. Decomposition temperatures were
reported at the 5% weight loss temperature (T4, so)-

Thin polymer films were fabricated using a Specac Atlas™
Manual Hydraulic Press 15 T fitted with Specac heated plates.
Films with a thickness of 0.3 + 0.1 mm were prepared by melt
compressing the polymers under ca. 5 kN of force in a hot
press followed by cooling to ambient temperature in the press
whilst under compression. Polymer samples were in an alu-
minium rectangular spacer (20 x 40 x 0.5 mm) between PTFE
sheets and placed between heated plates at 90 °C unless stated
otherwise and then cooled to ambient temperature maintain-
ing 5 kN of force. Film samples were visually inspected for
deformation and bubbles before annealing for 2 days at 25 °C.
Dogbones ASTM Type IV were cut out of the films and sub-
jected to uniaxial tensile testing on a Testometric M350-5CT
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 (n = 3). The data was averaged, and
the standard deviation is posed as the uncertainty.

Synthesis of racemic diethyl-1,2-cyclopropanedicarboxylate (1)

A dry 3-necked 1000 mL round bottom flask fitted with a Suba-
Seal®, dropping funnel and gas adapter with light nitrogen
flow and was then charged with sodium hydride 60% dis-
persion in mineral oil (24 g, 0.6 mol, 1.5 equiv.) and cooled
0 °C with an ice bath. The sodium hydride was then sus-
pended in dry toluene (400 mL). Ethyl acrylate (40 g, 0.4 mol,
1 equiv.) and ethyl chloroacetate (49 g, 0.4 mol, 1 equiv.) were
mixed in a beaker and charged to the dropping funnel.
Approximately 5 mL of this mixture was added to the cooled
sodium hydride solution. Nitrogen flow was increased whilst
ethanol (2 mL) was charged via needle to the reaction whilst
maintaining vessel at 0 °C with an ice bath. Once bubbling
had ceased, the remaining ethyl acrylate and ethyl chloroace-
tate mixture was added dropwise through the dropping funnel
over the course of 3 h to maintain the reaction temperature at
0 °C. The reaction was stirred and allowed to warm to room
temperature over ca. 16 h. The reaction was quenched over
crushed ice (~400 mL) then extracted with ethyl acetate (3 x
200 mL) before removal of solvent in vacuo. The remaining
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orange oil was distilled under vacuum to obtain a crude
mixture containing title compound (15% trans isomer and
85% cis isomer calculated by "H NMR spectroscopy) as a col-
ourless oil (31.8 g, 170 mmol, 42% overall yield). This was
used as obtained in further reactions (crude NMR shown
Fig. $27). Spectral data consistent with previous work.*?

Synthesis of cis-1,2-cyclopropanedimethanol (2)

A dry 3-necked 500 mL round bottom flask fitted with a con-
denser and gas adapter with light nitrogen flow was then
charged with LiAlH, (7.1 g, 186 mmol, 1.5 equiv.). The vessel
was cooled to 0 °C and dry THF (~200 mL) was added and
stirred. A mixture of 1 (23.3 g, 125 mmol, 1.0 equiv.) in THF
(~40 mL) was added dropwise over 30 minutes. The reaction
was then heated at reflux for 2 h and allowed to cool to
ambient temperature and stirred for ca. 16 h. The reaction was
then quenched with saturated NH,Cl solution (42 mL) and
diluted with EtOAc (42 mL). Remaining salts are removed by
filtration and the filtrate was concentrated yielding a crude
orange oil. The oil was further purified by column chromato-
graphy (100% EtOAc) yielding title compound as a colourless
oil (7.3 g, 71 mmol, 57% yield). "H NMR (400 MHz; 298 K;
DMSO-d6) & 4.46 (dd, J = 6.1, 4.6 Hz, 2H), 3.56 (m, 2H),
3.33-3.22 (m, 2H), 1.13-0.97 (m, 2H), 0.62 (td, J = 8.2, 4.5 Hz,
1H), 0.11 (m, 1H) ">C NMR (101 MHz; 298 K; DMSO-d6) § 61.0,
17.8, 8.2. MS (CI-TOF) calculated for CsH;,0,NH, 120.10;
found 120.03.

Synthesis of trans-1,2-cyclopropanedimethanol (3)

A dry 3-necked 500 mL round bottom flask fitted with a con-
denser and gas adapter with light nitrogen flow was then
charged with LiAlH, (3.1 g, 81 mmol, 1.5 equiv.). The vessel
was cooled to 0 °C and dry THF (~60 mL) was added and
stirred. trans-Diethyl-1,2-cyclopropanedicarboxylate (10 g,
54 mmol, 1 equiv.) in THF (~20 mL) was added dropwise over
30 minutes. The reaction was then heated at reflux for 2 h and
allowed to cool to ambient temperature and stirred for ca.
16 h. The reaction was then quenched with saturated NH,Cl
solution (20 mL) and diluted with EtOAc (20 mL). Remaining
salts are removed by filtration and the filtrate is concentrated
yielding a crude orange oil. The oil was further purified by
column chromatography (100% EtOAc) to yield title compound
as colourless oil (3.47 g, 34 mmol, 63% yield) '"H NMR
(400 MHz, DMSO-d6) § 4.37 (d, J = 11.1 Hz, 1H), 3.35-3.23 (m,
2H), 3.26-3.14 (m, 2H), 2.08 (s, 1H), 0.86-0.72 (m, 2H),
0.33-0.25 (m, 2H). >C NMR (101 MHz; 298 K; DMSO-d6)
8 64.0, 18.9, 7.7. Spectral data consistent with previous work.*?
MS (CI-TOF) calculated for Cs;H;,0,NH, 120.1025; found
120.005.

Synthesis of cis-Cy diacrylate (4)

A 2-necked flask 100 mL round bottom flask fitted with a gas
adapter and a dropping funnel was charged with 2 (2.0 g,
19 mmol, 1 equiv.), dry THF (~30 mL) and acryloyl chloride
(4.4 g, 49 mmol, 2.5 equiv.). Triethylamine (5.9 g, 59 mmol,
3 equiv.) was added dropwise slowly over the course of 1 h at
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0 °C whilst stirring. The reaction was allowed to warm to
ambient temperature and stirred for ca. 16 h. The reaction was
then quenched with water (~50 mL) and was extracted with
EtOAc (3 x 30 mL). The organic layer was dried with Mg,SO,
and concentrated to an orange oil. The oil was subject to
further purification by column chromatography (3:1 hexanes
to ethyl acetate) yielding title compound as a colourless oil
(2.3 g,11 mmol, 58% yield). "H NMR (400 MHz, CDCl;) § 6.41
(dd, J = 17.3, 1.5 Hz, 2H), 6.11 (dd, J = 17.3, 10.4 Hz, 2H), 5.82
(dd,J = 10.4, 1.5 Hz, 2H), 4.45-4.28 (m, 2H), 4.13-3.96 (m, 2H),
1.50-1.30 (m, 2H), 0.94 (td, J = 8.4, 5.3 Hz, 1H), 0.40 (q, ] = 5.6
Hz, 1H). ®C NMR (101 MHz; 298 K; CDCl;) § 166.3, 131.0,
128.6, 64.7, 14.9, 8.9. MS (CI-TOF) calculated for C;;H;,O,NH,
228.1236; found 228.1241.

Synthesis of trans-Cy diacrylate (5)

A 2-necked flask 100 mL round bottom flask fitted with a gas
adapter and a dropping funnel was charged with 3 (2.0 g,
19 mmol, 1 equiv.), dry THF (~30 mL) and Acryloyl chloride
(4.4 g, 49 mmol, 2.5 equiv.). Triethylamine(5.9 g, 59 mmol,
3 equiv.) was added dropwise slowly over the course of 1 h at
0 °C whilst stirring. The reaction was allowed to warm to
ambient temperature and stirred for ca. 16 h. The reaction
was then quenched with water (~50 mL) and was extracted
with EtOAc (3 x 30 mL). The organic layer was dried with
Mg,SO, and concentrated to an orange oil. The oil was
subject to further purification by column chromatography
(3:1 hexanes to ethyl acetate) yielding title compound as a
colourless oil (2.1 g, 10 mmol, 53% yield). "H NMR (400 MHz,
CDCl;) 6 6.40 (dd, J = 17.3, 1.5 Hz, 2H), 6.19-6.04 (m, 2H),
5.82 (dd, J = 10.4, 1.5 Hz, 2H), 4.14-4.00 (m, 2H), 4.05-3.91
(m, 2H), 1.24-1.18 (m, 2H), 0.70-0.59 (m, 2H). *C NMR
(101 MHz; 298 K; DMSO-d6) § 166.4, 130.9, 128.6, 67.7, 16.3,
9.1. MS (CI-TOF) calculated for C,;H;,0,H 211.0970; found
211.0978.

General polymerisation procedure (BD-co-HDT)

A scintillation vial was charged with 1,4-butanedioldiacrylate
(0.1696 g, 0.856 mmol, 1 equiv.) and another scintillation vial
was charged with 1,6-hexanedithiol (0.1285 g, 0.856 mmol, 1
equiv.). The contents of both scintillation vials were dissolved
in THF (1.8 mL) and quantitatively transferred to a 25 mL scin-
tillation vial and stirred at ambient temperature. Whilst stir-
ring, polymerization was initiated with DMPP (2.4 pL, 2%mol)
and left to stir. Initially an exotherm was observed with a
visible increase in viscosity. After ca. 16 h the polymer solution
was precipitated in MeOH (100 mL) and left to stir for 1 h
before decanting the supernatant. Polymer was then dried
under vacuum for approximately 2 h. SEC analysis (THF + 2%
v/v NEt3) M,, = 52.7, Dy = 3.13, DSC analysis T, = =66 °C, 'H
NMR (400 MHz, CDCl;) & 4.21-4.05 (m, 4H), 2.77 (t, ] = 7.5 Hz,
4H), 2.60 (t, J = 7.5 Hz, 4H), 2.57-2.49 (m, 4H), 1.77-1.66 (m,
4H), 1.64-1.51 (m, 6H), 1.46-1.34 (m, 4H). '*C NMR (101 MHz;
298 K; CDCl;) 6 172.2, 64.3, 35.0, 32.3, 29.6, 28.6, 27.2, 25.5.
Cy(trans)-co-HDT. SEC analysis (THF + 2% v/v NEt;) M,, =
38.0, Dy = 4.30, DSC analysis T, = —52 °C, "H NMR (400 MHz,
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CDCl;) 6 4.03-3.87 (m, 4H), 2.76 (t, ] = 6.7 Hz, 4H), 2.59 (t, ] =
7.3 Hz, 4H), 2.52 (t, ] = 7.2 Hz, 2H), 1.63-1.51 (m, 4H),
1.40-1.36 (m, 4H), 1.21-1.01 (m, 2H), 0.64-0.53 (t, ] = 6.8 Hz,
2H). ’C NMR (101 MHz; 298 K; CDCl;) § 172.1, 67.7, 35.1,
32.2,29.6, 28.6, 27.1, 16.2, 9.2.

Cy(cis)-co-HDT. SEC analysis (THF + 2% v/v NEt;) M,, = 37.4,
Dy = 4.08, DSC analysis T, = —47 °C 'H NMR (400 MHz,
CDCl;) § 4.23 (m, 2H), 4.00 (m, 2H), 2.76 (t, J = 7.5 Hz, 4H),
2.59 (t, J = 7.2 Hz, 4H), 2.51 (t, J = 7.5 Hz, 4H), 1.63-1.52 (m,
4H), 1.40-1.37 (m, 4H), 1.34-1.28 (m, 2H), 0.93-0.85 (m, 1H),
0.36 (q, J = 5.6 Hz, 1H). >C NMR (101 MHz; 298 K; CDCl;)
172.1, 64.8, 35.1, 32.2, 29.6, 28.6, 27.1, 14.8, 9.0.

Cy(trans)-co-BDT. SEC analysis (THF + 2% v/v NEt;) M, =
23.5, Dy = 6.58, DSC analysis T, = —=17 °C, '"H NMR (400 MHz,
CDCl;) 7.26 (s, overlaps with residual CHCl;, 4H), 3.97-3.93
(m, 4H), 3.71 (s, 4H), 2.68 (t, ] = 6.6 Hz, 4H), 2.56 (t, ] = 7.4 Hz,
4H), 1.19-1.02 (m, 2H), 0.60 (t, J = 7.4 Hz, 2H). *C NMR
(101 MHz; 298 K; CDCl;) § 172.0, 137.1, 129.2, 129.2, 67.8,
36.1, 34.7, 26.5, 16.2, 16.2, 9.2.

BD-co-BDT. SEC analysis (THF + 2% v/v NEt;) M,, = 22.0,
Dy = 7.78, DSC analysis T, = —27 °C, '"H NMR (400 MHz,
CDCl;) 6 7.25 (s, overlaps with residual CHCl;, 4H), 4.16-4.04
(m, 4H), 3.71 (s, 4H), 2.68 (t, ] = 7.7 Hz, 4H), 2.55 (t, ] = 7.4 Hz,
4H), 1.76-1.65 (m, 4H). C NMR (101 MHz; 298 K; CDCl,)
5172.0,137.1, 129.2, 64.3, 36.2, 34.6, 26.5, 25.4.

BDy,Cy(trans),o-co-HDT. SEC analysis (THF + 2% v/v NEt;)
M,, = 63.5, Dy = 4.28, DSC analysis T, = —64 °C, '"H NMR
(400 MHz, CDCl;) § 4.21-4.04 (m, 1.8 H), 3.99-3.94 (m,
0.2 H), 2.77 (t, ] = 7.4 Hz, 2H), 2.60 (t, ] = 7.1 Hz, 2H), 2.53 (t,
J = 7.3 Hz, 2H), 1.81-1.65 (m, 2H), 1.62-1.58 (m, overlapping
with HDO, 2H), 1.42-1.38 (m, J = 5.4 Hz, 2H), 1.18-1.08 (m,
0.1 H), 0.65-0.58 (m, 0.1 H). *C NMR (101 MHz; 298 K;
CDCl) 6 172.2, 67.8, 64.3, 35.0, 32.3, 29.6, 28.6, 27.2,
25.5,16.2.

BDy,Cy(cis);o-co-HDT. SEC analysis (THF + 2% v/v NEt;)
M,, = 76.9, Dy = 4.62, DSC analysis Ty = —63 °C, 'H NMR
(400 MHz, CDCl,) § 4.27-4.23 (m, 0.1 H), 4.17-4.09 (m, 1.8 H),
4.04-3.99 (m, 0.1 H), 2.77 (t, ] = 7.4 Hz, 2H), 2.60 (t, J = 7.3 Hz,
1H), 2.53 (t, J = 7.9 Hz, 2H), 1.80-1.66 (m, 2H), 1.65-1.48 (m,
2H), 1.40 (t, J = 5.3 Hz, 2H), 0.96-0.87 (m, 0.05 H), 0.38 (q, J =
5.5 Hz, 0.05 H). *C NMR (101 MHz; 298 K; CDCl;) § 172.1,
64.9, 64.3, 35.0, 32.3, 29.6, 28.6, 27.2, 25.4, 14.9, 9.1.

BD,;Cy(trans),s-co-HDT. SEC analysis (THF + 2% v/v NEt;)
M, = 91.8, Dy = 4.54, DSC analysis T, = —=62 °C, '"H NMR
(400 MHz, CDCl;) § 4.21-4.04 (m, 1.5 H), 3.99-3.94 (m,
0.5 H), 2.77 (t, ] = 7.4 Hz, 2H), 2.60 (t, ] = 7.1 Hz, 2H), 2.53 (t,
J = 7.3 Hz, 2H), 1.81-1.65 (m, 2H), 1.62-1.58 (m, overlapping
with HDO, 2H), 1.42-1.38 (m, J = 5.4 Hz, 2H), 1.18-1.08 (m,
0.25 H), 0.65-0.58 (m, 0.25 H). *C NMR (101 MHz; 298 K;
CDCly) § 172.2, 67.8, 64.3, 35.0, 32.3, 29.6, 28.6, 27.2, 25.5,
16.2, 9.2.

Conflicts of interest

There are no conflicts to declare.

Polym. Chem., 2020, 11, 6251 6258 | 6257



Open Access Article. Published on 28 August 2020. Downloaded on 7/26/2021 3:31:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Acknowledgements

This project has received funding from the European Research
Council (ERC) under the European Union’s Horizon 2020
research and innovation programme under grant agreement
No 681559.

Notes and references

1 J. A. Galbis, M. d. G. Garcia-Martin, M. V. de Paz and
E. Galbis, Chem. Rev., 2016, 116, 1600-1636.

2 D. J. Saxon, A. M. Luke, H. Sajjad, W. B. Tolman and

T. M. Reineke, Prog. Polym. Sci., 2020, 101, 101196.

X. Li and A. F. Yee, Macromolecules, 2003, 36, 9421-9429.

C.-W. Chen, C.-W. Lin, Y.-H. Chen, T.-F. Wei, S.-P. Rwei and

R. Sasikumar, Polym. Bull., 2020, 77, 235-253.

5 N. Sanchez-Arrieta, A. M. de Ilarduya, A. Alla and S. Mufoz-

Guerra, Eur. Polym. J., 2005, 41, 1493-1501.

X. Li and A. F. Yee, Macromolecules, 2004, 37, 7231-7239.

J. Wang, X. Liu, Y. Zhang, F. Liu and J. Zhu, Polymer, 2016,

103, 1-8.

8 F. Liu, J. Zhang, J. Wang, X. Liu, R. Zhang, G. Hu, H. Na
and J. Zhu, J. Mater. Chem. A, 2015, 3, 13637-13641.
9 A. Celli, P. Marchese, L. Sisti, D. Dumand, S. Sullalti and

G. Totaro, Polym. Int., 2013, 62, 1210-1217.

10 S.-A. Park, J. Choi, S. Ju, J. Jegal, K. M. Lee, S. Y. Hwang,
D. X. Oh and ]J. Park, Polymer, 2017, 116, 153-159.

11 C. Lavilla and S. Mufoz-Guerra, Green Chem., 2013, 15,
144-151.

12 L. M. Lillie, W. B. Tolman and T. M. Reineke, Polym. Chem.,
2017, 8, 3746-3754.

13 N. G. Moon, F. Mazzini, A. M. Pekkanen, E. M. Wilts and
T. E. Long, Macromol. Chem. Phys., 2018, 219, 1800177.

14 D.-D. Xing, Y.-W. Jia, D.-F. Li, X.-L. Wang and Y.-Z. Wang,
ACS Sustainable Chem. Eng., 2017, 5, 7040-7051.

15 J. Qi, J. Wu, J. Chen and H. Wang, Polym. Degrad. Stab.,
2019, 160, 229-241.

16 J. C. Worch, H. Prydderch, S. Jimaja, P. Bexis, M. L. Becker
and A. P. Dove, Nat. Rev. Chem., 2019, 3, 514-535.

Sw

N O

6258 | Polym. Chem., 2020, 11, 6251 6258

View Article Online

Polymer Chemistry

17 R.]. Kieber, S. A. Silver and J. G. Kennemur, Polym. Chem.,
2017, 8, 4822-4829.

18 A. B. Glazyrin, M. I Abdullin, E. R. Atnabaeva,
R. M. Sultanova, V. P. Volodina and V. A. Dokichev, Polym.
Bull., 2019, 76, 3643-3657.

19 A. Beltran, B. P. Gémez-Emeterio, C. Marco, G. Ellis,
M. D. Parellada, M. M. Diaz-Requejo, S. Corona-Galvan and
P. J. Pérez, Macromolecules, 2012, 45, 9267-9274.

20 J. Urbano, B. Korthals, M. M. Diaz-Requejo, P. J. Pérez and
S. Mecking, J. Polym. Sci., Part A: Polym. Chem., 2010, 48,
4439-4444.

21 R. Oda, T. Shono, A. Oku and H. Takao, Makromol. Chem.,
1963, 67, 124-131.

22 L. L. McCoy, J. Am. Chem. Soc.,
6572.

23 J. W. Chan, C. E. Hoyle, A. B. Lowe and M. Bowman,
Macromolecules, 2010, 43, 6381-6388.

24 J. Vandenbergh, K. Ranieri and T. Junkers, Macromol.
Chem. Phys., 2012, 213, 2611-2617.

25 A. Frick and A. Rochman, Polym. Test., 2004, 23, 413-
417.

26 H. Ebener, B. Pleuger and J. Petermann, J. Appl. Polym. Sci.,
1999, 71, 813-817.

27 K. K. Childress, M. D. Alim, J. J. Hernandez,
J. W. Stansbury and C. N. Bowman, Polym. Chem., 2020, 11,
39-46.

28 C. Wan, E. L. Heeley, Y. Zhou, S. Wang, C. T. Cafolla,
E. M. Crabb and D. J. Hughes, Soft Matter, 2018, 14, 9175-
9184.

29 C.J. Stubbs, J. C. Worch, H. Prydderch, M. L. Becker and
A. P. Dove, Macromolecules, 2020, 53, 174-181.

30 Y. Yu, Z. Wei, X. Leng and Y. Li, Polym. Chem., 2018, 9,
5426-5441.

31 C. A. Bell, J. Yu, I. A. Barker, V. X. Truong, Z. Cao,
A. V. Dobrinyin, M. L. Becker and A. P. Dove, Angew. Chem.,
Int. Ed., 2016, 55, 13076-13080.

32 R. Csuk and Y. von Scholz, Tetrahedron, 1994, 50, 10431-
10442.

33 W. S. McDonald, C. A. Verbicky and C. K. Zercher, J. Org.
Chem., 1997, 62, 1215-1222.

1958, 80, 6568-

This journal is © The Royal Society of Chemistry 2020



Chapter 3. Understanding structure—property relationships of main chain cyclopropane in linear
polyesters

3.2 Supporting Information

54



Electronic Supplementary Material (ESI) for Polymer Chemistry.
This journal is © The Royal Society of Chemistry 2020

Understanding Structure-property relationships of main chain

cyclopropanes in linear polyesters

Connor J. Stubbs’, Andrew P. Doves*

$School of Chemistry, University of Birmingham, Edgbaston, Birmingham, B15 2TT, UK

Contents of PDF

Synthetic scheme for cyclopropane diacrylate preparation ..........ccccveeeveeecieeecieeesieesieesreesreesreeeveeeveeesenes 2
NMR Spectra of MONOMETS ANd PIECUISOTS. .......ueecuireriierreerteerteeeeteeesteeesseeeseeessreesseessseesssesssseessseessseees 3-7
NMR Spectra 0f HOMOPOLYIMETS ......ccvieriieiieiiiiieieeie et eteereeteesreereesseebeesseesseesseesseesseesseesseessesssessseans 8-12
NMR Spectra 0f COPOLYITIETS .......ccoiiriieriierieiiestesiestesteseeseesteeseeessressaesssessaesseesssesssesssesssesssesssesssensns 13-15
SEC Chromatograms of HOMOPOIYIMETS ........cc.eecuiiiiiiiiieiieiieeie ettt ste e seeseeesee e seaesnaesseesnnesseensnes 16
SEC Chromatograms 0f COPOLYIMET ........cc.eiuiiiiiiriiiiiieieitit ettt sttt ettt 17
DSC Thermograms of HOMOPOLYIMETS ........cccuieiiieiieiieiieie ettt ettt ettt et et sbe e eteeseens 18
DSC Thermograms Of COPOLYIMETS. .....cccueiuiiiiieiieieeeee ettt ettt et ettt ebe e eaeeteens 19
Stress Vs Strain TenSIe CUIVES ......ooviiiiiiiiiiiie ettt sttt st e st e s bt e saeesbeenaeas 20
ThermogravimetriC ANALYSIS.......cieevieviierieeieeitietieereeseesteeseesseesseeseeseeseesseesseessessseesseesseesseesseasseesesssesssenns 21
SUMMAry 0f Data TaDIE .......c.cccvieciiiiieiicie ettt e s ae e e staestaestaessbessaesssessaesssesssesssensenssens 22



Synthetic scheme for cyclopropane diacrylate preparation
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Figure S1 Synthetic scheme for the preparation of cyclopropane diacrylate monomers



NMR spectra of monomers and precursors
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Figure S2 'H NMR spectrum of racemic diethyl-1,2-cyclopropane dicarboxylate in CDCl; (400
MHz, 298 K) (1)
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Figure S4 3C NMR spectrum of cis-1,2-cyclopropanedimethanol (2) in DMSO-d6 (400 MHz,
298 K)
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Figure S5 '"H NMR spectrum of trans-1,2-cyclopropanedimethanol (3) in DMSO-d6 (400 MHz,
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Figure S7 '"H NMR spectrum of cis Cy-diacrylate monomer (4) in CDCl; (400 MHz, 298 K)

[} n -
3] (W] |- [}
¢ S Q 28
3 o b R
| N/ | (.
3
1 5
6 4
/\H/O\AO \5
) 30
1 1
cocl,
1 6 I
|
4 2
220 200 180 160 140 120 100 80 60 40 20 0
ppm

Figure S8 '3C NMR spectrum of cis Cy-diacrylate monomer (4) in CDCl; (400 MHz, 298 K)
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NMR spectra of Homopolymers
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ve'o
SE'0
9£'0
8£°0
L8'0
68'0
06'0
Z6'0

TE'T
vE'T
LE'T
8E'T

o't
S§'T T
15°T *
65'T
05
152 W
£5'2
85'C
65
19
vz
oLz
8L
LE'EN
66'E
0ot N
zo't
1Ty
7y
vy
sz

€10ad 9T°L —

—F—
(]
o
T @
T
[
T
()
(%]
T =
I
o
o}
= N
Hc Ha

-

- o'y
oY
L6'E

cncl,

"S6°'0

60
8T
Ty
o'y

00z
6T

ppm
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Figure S14 3C NMR spectrum of Cy(cis)-co-HDT in CDCl; (400 MHz, 298 K)
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Figure S16 *C NMR spectrum of Cy(trans)-co-HDT in CDCl; (400 MHz, 298 K)
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Figure S17 '"H NMR spectrum of Cy(trans)-co-BDT in CDCl; (400 MHz, 298 K)
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NMR spectra of copolymers
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SEC chromatograms of Homopolymers

1.2-{ BD-co-HDT
1.0
= 0.8
[=2]
2
k=l
Zo6-
o
0.4
0.2
0.0 T T T T
100 1000 10000 100000 1000000
Molar Mass (Da)
12| Cyl(trans)-co-HDT
1.0
= 0.8
[=2]
L
kel
3061
-
0.4
0.2
0.0 T T T T
100 1000 10000 100000 1000000
Molar Mass (Da)
12 Cy(trans)-co-BDT
1.0
= 0.8
[=2]
o
T
Soe-
-
0.4
0.2
0.0 T T T T
100 1000 10000 100000 1000000

Molar Mass (Da)

Figure S27 SEC chromatograms of homopolymers calculated against polystyrene standards in

THF + 2% v/v NEt;.

16

o o - -
o o o (]
I I I I

dwidlogM

e
-
L

0.2+

Cy(cis)-co-HDT

100

dwidlogM
° . %

e
-
I

=]
(8]
1

1000 10000
Molar Mass (Da)

T
100000 1000000

BD-co-BDT

-
o
=1

T T T T
1000 10000 100000 1000000

Molar Mass (Da)



SEC chromatograms of Copolymers
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DSC thermograms of Homopolymers
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DSC thermograms of Copolymers
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Tensile stress vs strain Curves
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Thermogravimetric analysis (TGA)
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Sample M,, b T,(°C) Tw(°C) T.(°C) AH,(Jg') EMPay UTS &p (%)t Ur
(kDa) (MPa) (MJm-3)
BD-co-HDT 52.7 3.13 -66 52 17 -64.0 105+13 3042 952472  180+20
Cy(cis)-co-HDT 37.4 4.08 -47 - - - - - - -
Cy(trans)-co-HDT 38.0 4.30 -52 - - - - - - -
BD-co-BDT 22.0 7.78 -27 80 - -58.7 - - - -
Cy(trans)-co-BDT 23.5 6.58 -17 - - - - - - -
Cy(cis)10BDgg-co-HDT 76.9 4.62 -63 50 9 -53.3 87+2 25+1 1028431 167+1
Cy(trans);0BDgg-co-HDT  63.5 4.28 -64 51 10 -55.0 81+4 2612 890+84 147422
Cy(trans);sBD7s-co-HDT ~ 91.8 4.54 -62 44 -2 -50.0 60+10 19+1 920+£26  117+4

Table S1 Summary of the reported thermomechanical properties for all polyesters. + Uncertainty taken as standard deviation (n=3).
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Overview: Isosorbide is a product of biomass fermentation that is expected to replace
common crude oil derivatives in polymer synthesis. Despite the plethora of study into the
influence of the isosorbide structure in polymer materials, there is limited work on the
other stereoisomers: isomannide and isoidide. The goal of this chapter was to elucidate
how the isomannide and isoidide stereocisomers impact the thermal, mechanical and

hydrolytic degradation in linear polymers.

We adapted the polymerisation technique described in chapter 2 and 3 to incorporate the
isoidide and isomannide structures into polyester-urethanes. To our surprise, the
materials displayed an almost two orders of magnitude difference in the Young’s modulus
and each possessed a unique stress vs strain profile. The crystalline isoidide polymer
behaved as tough plastic material with a characteristic yield point with a high stiffness and
UTS. Whereas the amorphous isomannide polymer displayed similar behaviour to a
traditional elastomer with no observable yield point and a strain hardening regime that
produces a UTS comparable to the isoidide polymer. Molecular Dynamic simulations of
the polymers suggested the difference arose from inter- and intra- molecular hydrogen

bonding, where the isoidide polymer favoured intermolecular interactions.

To further exploit the divergent mechanical properties of the isohexides, co-polymers of
isoidide and isomannide were fabricated in a similar fashion to chapter 2 and 3.

Furthermore, we blended the isomannide and isoidide polymers at varying quantities to
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elucidate the impact of stereochemistry in polymer blends. We found that blending and
copolymerising the same quantity of each stereoisomer led to the same divergent property
relationship. The blended sample maintained a high stiffness and stress vs strain profile
as a plastic material, whilst the copolymer maintained a low stiffness the characteristic

elastomer curve shape.

The final aspect of the chapter was to understand how the stereochemistry in
homopolymers, copolymers and blends influenced environmental degradation. An
accelerated degradation study revealed isomannide (elastomer) degraded more rapidly
than the isoidide polymer (plastic), whilst the blend (plastic) degraded faster than the
copolymer (elastomer). To summarise: the hydrolytic degradation rate of either the
elastomer or plastic material could be independently tuned by incorporating the
stereoisomers in different ways. This opens the possibility of designing polymers with

similar mechanical properties but different rates of environmental degradation.
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ABSTRACT

Replacing non-degradable petrochemically-derived commercial plastics with renewably-
sourced, biodegradable surrogates presents an appealing option for increasing the
sustainability of our plastic use. Such substitution however remains challenging as non-
degradable plastics typically possess superior thermomechanical properties. Here we show
that stereochemical differences in sugar-based monomers can yield a family of polyurethanes
that can be either strong amorphous thermoplastic elastomers with properties that exceed
most crosslinked rubbers, or robust, semi-crystalline thermoplastics with toughness higher
than that of high-density polyethylene or nylon-6. The difference in stereochemistry directs
distinct intra- and inter-chain supramolecular hydrogen-bonding interactions in the bulk
materials to define their behaviour. The chemical similarity of the isohexide-based polymers
that we report enables: copolymerisation, that allows the design of useful materials in which
the degradability can be controlled independently of the mechanical properties and, blending
which vyields materials with comparable properties to the homopolymers and offers

opportunities in mechanical recycling of mixed polymer feeds.
KEY WORDS

Polymer materials, sustainability, degradable plastics, stereochemistry.



INTRODUCTION

Commercial plastics have been optimised over decades to be robust, lightweight materials
that satisfy countless demands as a consequence of their excellent mechanical strength,
flexibility and toughness." Despite the interest in renewably-sourced monomers to increase
the sustainability of our plastic use, the plastic materials that result typically lack the
mechanical integrity to compete effectively in diverse application settings.?®¢ While there are a
few exceptions,”'" they are typically more complex block copolymer structures. The intricate
structures and stereoisomerism found in natural compounds, however, provides researchers
with a strategic advantage in their endeavour towards creating mechanically robust
materials.'> 3 Indeed, the stereochemistry within synthetic polymer backbones is already
known to be critical to materials’ performance.’* Polypropylene (PP), for example, possesses
a methyl group at each repeat unit and the stereochemical relationship of neighbouring
substituents (tacticity) significantly impacts chain packing behaviour. By increasing the
stereoregularity of these neighbouring units along the backbone (such as for isotactic
polypropylene), polymer chains can pack more efficiently, increasing material crystallinity,
which in turn results in dramatic improvements of the materials’ strength and toughness.'® The
same tacticity phenomenon is also observed in leading bioplastics such as polylactic acid
(PLA), which has an elastic modulus that ranges from 1.2 to 4 GPa, depending on the polymer
stereochemistry.’®'® As highlighted by these examples, stereoregularity in these plastic
materials typically produces an increase in strength (concomitant with a decrease in
extensibility) that results from more efficient crystallisation, that is driven by more facile
ordering of the chains in the polymer backbone. However, all stereoisomers of these polymers
remain plastic materials that deform irreversibly under load; their fundamental behaviour

(plastic vs elastic) remains the same, irrespective of the stereochemistry.

Rigid-ring bicyclic ethers, obtained from the dehydrative cyclisation of sugar alcohols, have
garnered substantial attention as monomers because of their unique structural complexity,
imparting planar geometric isomerism, and inherent degradability (via hydrolytic and/or
enzymatic pathways).'®-** While there has been substantial focus on isosorbide, relatively little
work has focussed on its accompanying diastereomers, isomannide and isoidide.***' Inspired
by the stereochemical differences between natural rubber (cis-1,4-polyisoprene) and Gutta
percha (trans-1,4-polyisoprene)*?, we hypothesised that the stereochemistry of the isohexide
unit would significantly affect their toughness and ductility. Recent work has described a
scalable 1-step synthesis of isoidide from its sustainably produced stereoisomer, isosorbide,*®

making it an interesting starting material for polymer synthesis.



RESULTS AND DISCUSSION

Incorporation of the isoidide stereoisomer into a well-defined, high molar mass polymer was
achieved by step-growth polymerisation of an isoidide-containing diacrylate with 1,8-
octanedithiol using previously reported phosphine-catalysed thiol-Michael polyaddition
chemistry (Figure 1a)* to yield an alternating non-crosslinked polymer structure (IIPU). Key
to our monomer design were internal urethane units positioned adjacent to the sugar unit
which we reasoned would enhance thermomechanical properties by promoting a strong
hydrogen bonding network,*> complementing the rigidity of the isohexide unit. The polymer
was isolated as a high molecular weight white, fibrous material (Mw= 117 kDa, By = 8.12) with
a high dispersity that may be expected to result from irreversible formation of cyclic oligomers
in the step-growth process.*® Nevertheless, this approach offers synthetic versatility to fine

tune the properties of the polymers in the future.
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Figure 1. (a) Synthesis of acrylate terminated isoidide monomer and step-growth polyaddition to afford
IIPU (b) Representative stress vs strain curves of IIPU, HDPE and Nylon-6 tested at 10 mm min-! and
22 °C. HDPE (Alfa Aesar, product no. 41731, lot no. S02D047, d = 0.95) and Nylon-6 (Aldrich, product
no. 181110, lot no. MKCB9179, d = 1.084) were received from commercial suppliers as pellets and
then pressed into thin films for thermomechanical analysis. (¢) Three-dimensional energy optimized
structure of one repeat unit of IIPU showing different orientation of polymer backbone according to
relative stereochemistries (d) Bottom — summary of thermomechanical properties for reported plastics.
aYoung’'s modulus bUltimate tensile strength cStrain at breakage 9Tensile toughness. tRecently
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The isolated polymer sample possessed high thermal stability (7qs% = 286 °C, Figure S1,
Table S2) that enabled facile processing (heated compression moulding) into a flexible, free-
standing film that was suitable for mechanical analysis. We observed that thermally-processed
films became less transparent (indicative of crystallization) within hours of processing, so the



films were annealed for three days before testing to ensure a thermal equilibrium had been
reached. The mechanical properties of the annealed IIPU sample were assessed using
uniaxial tensile testing and compared with commaodity polymer samples — Nylon-6 and high-
density polyethylene, HDPE - that were also tested under the same conditions (Figure 1b).
IIPU possessed a high Young’s modulus (320 + 66 MPa) and a distinct yield point when the
material entered the plastic deformation region, which is a general feature of most
thermoplastic materials. The stiffness and ductility of IPU was comparable to common plastics
such as LDPE and HDPE, however the strain hardening phenomenon exhibited in 1IPU (onset
near ~100% strain) resulted in a substantially larger ultimate tensile strength (UTS). In fact,

the UTS of IIPU is more analogous to engineering plastics such as Nylon-6.

Recyclability is an essential aspect for any modern plastic. In order to address potential
concerns over the mechanical recyclability due to the thermal stability of the sugar-based
isoidide backbone, we reprocessed and tested a sample of IIPU. [IPU displays excellent
retention of mechanical properties upon recycling (Figure S2). Shredded and thermally
reprocessed samples maintained a high toughness (initial 312 + 49 MJ-m3, reprocessed 295
+ 25 MJ-m) with mechanical values within error of the initially processed polymer film. Hence,
IIPU is a recyclable thermoplastic that merges the ductility of polyolefins with the strength of
nylons. These observations highlight the significant potential of isoidide as a bio-derived

building block in polymer materials.

The unique bowl-shaped structure that is presented in isoidide results from the two fused
tetrahydrofuranyl rings and presents three possible stereocisomers with two hydroxyl groups.
Polymers incorporating isosorbide (one exo, one endo relative to the plane through the rings)
typically have regio-irregular polymer backbones (endo-endo versus endo-exo versus exo-
exo connectivities) as a result of non-selective reactivity. While this can be overcome by
regiocontrolled ring-opening polymerisation*® or by polymerising asymmetrical isosorbide-
based A-B monomers,* we sought to compare polymers with more analogous chemistry and
hence focused our study on the isomannide (endo-endo) derivative to eliminate the effects of
regiochemistry that are associated with the isosorbide derivative. Hence, a well-defined
alternating isomannide-polyurethane (IMPU) was prepared in a protocol analogous to [IPU
synthesis to afford an optically transparent and rubbery material with comparable molecular
weight and dispersity (M, =95 kDa, Du = 9.69). In contrast to what may be expected by varying
stereochemistry in synthetic polymers such as PP, PLA or other sugar-based materials,® the
isomannide-based material displayed elastic behaviour against the isoidide-based material

(Figure 2a).
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Figure 2. (a) Representative stress vs strain curves obtained at 10 mm min-', 22 °C for annealed IIPU
and IMPU with Young’s modulus (E) displayed (Inset: photographs of pressed films of IIPU and IMPU).
(b) DSC thermogram cycles of annealed (3 day) [IPU and IMPU (solid line = heating scan and dashed
line = cooling scan) (c) Time-temperature superposition of rheological frequency sweeps of 1IPU and
IMPU overlaid at 130 °C. Chain entanglement molecular weight (Me) of IIPU and IMPU is displayed.

For both IIPU and IMPU, tensile testing showed significant strain hardening leading to high
UTS and toughness (Table S2). The tough plastic behaviour of IIPU was starkly contrasted
against the soft elastomeric behaviour of IMPU, underlined by a difference in the Young’s
moduli of almost two orders of magnitude (IIPU E = 320 MPa, IMPU E = 4 MPa, Figure 2a).
In addition, IMPU displayed excellent recoverability after deformation, evidenced by the
absence of ayield point in the tensile curve, whereas the [IPU was irreversibly deformed above
the yield point. This mechanical phenomenon is starkly contrasted by a recently reported
unsaturated polyurethane system, where strength and stiffness changed between cis/trans
stereoisomers but both polymers displayed characteristically plastic behaviour.** Typically,
creating materials with mechanical properties that are as divergent as IIPU and IMPU requires
significant microstructure changes to the polymer architecture (such as altering composition,
topology and/or cross-linking), i.e. one must ‘redesign’ the polymer. Here, the profound
difference in thermomechanical properties appears to be solely attributed to the
stereochemical differences between the isohexide moieties. Even though we envisioned that
the configurational differences between the isohexide diastereomers would affect the polymer
chain packing, consequently their crystallinity and, in turn, bulk thermomechanical properties
of the polymer, we were still surprised by the obvious difference in fundamental behaviour
between the two polymers. To date, there is insufficient data to enable accurate prediction of
which stereoisomer will pack better in the solid state or that stereochemical changes to the
polymer would result in changing from plastic to elastic deformation behaviour. Among the few
systems in which both geometric isomers have been reported, some have more rigid or
crystalline cis-isomers,%-%2 and in some polymers the trans-isomer is the most rigid or

crystalline. 4 3

The stark contrast in mechanical behaviour displayed by IIPU to its structural analogue

derived from isomannide (IMPU) inspired us to determine the influence of stereochemistry on



the physical properties of the polymers that manifested such large macroscopic differences.
Annealed thin films of IIPU and IMPU were compared using differential scanning calorimetry
(Figure 2b). Despite IIPU and IMPU possessing similar, single, glass transition temperatures
(Tg~ 15 °C) which suggest that the alternating polymer structure prevents phase separation,
the DSC thermogram indicates a distinct difference at higher temperatures. The sharp
endothermic peak (140 °C) observed in the IIPU heating run is characteristic of a first-order
phase transition (Tm) but is absent in IMPU. This confirms that IIPU is semi-crystalline while
IMPU appears to be amorphous. To further understand how the isohexide structure influenced
the polymer chain interactions, rheological frequency sweeps were performed on IIPU and
IMPU at various temperatures (Figure 2¢). From this measurement, the molecular weight
between polymer entanglements (M.) can be calculated from fitting the data to a reptation
model. IIPU was calculated to have a larger Ms (Me = 10.5 kDa, Ge = 1.8 MPa) than IMPU (M.
= 5.7 kDa, G, = 5.3 MPa), which indicates that the isoidide stereochemistry causes chains to

be more linear and less tangled chains in comparison in isommanide.

We performed detailed molecular dynamics simulations to highlight the origin of the
opposing mechanical properties of the IIPU and IMPU polymers. Evolution of the
macromolecular conformations of two intertwined IIPU macromolecules upon deformations
(snapshots shown in Figure 3a) revealed that the IIPU macromolecules have a large number
of both inter- and intra- molecular H-bonds in the undeformed state (Figure 3b). In fact, an
almost equal number of intra- and inter-molecular H-bonds is indicated by the observed ratio
close to unity. A similar analysis of the effect of the macromolecular elongation on
intermolecular interactions demonstrates striking differences between structural
transformations in IIPU and IMPU (Figure 3b and 3c). Specifically, while with increasing
deformation, the number of intramolecular H-bonds decreases for both systems while the
number of inter-molecular bonds remains constant for [IPU systems and increases for IMPU
polymers. We postulated that this preference for formation of the intermolecular associations
for 1IPU macromolecules could be the reason that these polymers crystallise. To further
understand the origin of crystallinity in the [IPU polymer materials, we performed detailed
molecular dynamics simulations of the bulk systems consisting of 75 IIPU repeat units with a
degree of polymerization, DP = 16, at polymer density 0.97 g-cm, temperature T = 300 K and
pressure P = 1.0 atm (Figure 3d) and compared them to the equivalent for IMPU chains.
These simulations show that IIPU forms approximately 50% more H-bonds than IMPU and is
a direct consequence of the differences in the local molecular conformations (Figure S3).
Furthermore, unlike IMPU, IIPU is capable of forming strong H-bonded associations (Figure
S3) which could be viewed as precursors of IIPU chain crystallization that is responsible for

the plastic behaviour observed in the bulk material. The differences between isoidide and



isomannide-based materials, as well as their exceptional inherent mechanical features, are
testament to the potential of leveraging stereochemistry to influence supramolecular

interactions (especially ring-induced geometric isomerism) in bio-sourced monomer

feedstocks.
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Figure 3. Dependence of the ratio of the intermolecular (Ninter) hydrogen bonds to intramolecular (Nintra)
hydrogen bonds on deformation for [IPU (a) and IMPU (b) systems. Data averaged over 20 different
simulation runs from undeformed state. (c) Snapshots illustrating conformational changes of IIPU
macromolecules under deformation. (d) Snapshot of the IIPU bulk system.

The disparity of mechanical properties juxtaposed against the chemical similarity between
IIPU and IMPU presented the opportunity to finely manipulate material mechanical properties
by combining the stereocisomers either in physical blends or by copolymerization. Random
copolymers (co-11xIMy) with controlled stereochemical composition were obtained by varying
the relative quantity of isoidide and isomannide monomer in the feed and copolymerizing with
1,8-octanedithiol to afford polymers suitable for DSC and tensile testing. The copolymer with
75% isoidide content, co-llzsIMgs, was semi-crystalline albeit with a significant reduction in
overall crystallinity evidenced by a decrease of 4 J-g™in the total enthalpy of melting (AHm),
compared to IIPU, and a decrease in the overall T, (A17 °C, Table S2). Below 75% isoidide
content, copolymer thermal properties were more influenced by isomannide than isoidide
(Figure S4) and resulted in a series of amorphous thermoplastic elastomers that displayed a
notable increase in strength and toughness compared to IMPU. These differences in
crystallinity are reflected in the respective tensile properties for each copolymer. The semi-
crystalline co-llzsIM2s behaved like a tough plastic, which demonstrated a reduction in material
toughness and modulus as compared to IIPU (Figure S4). Likewise, both co-llsglMso and co-
I125s1M75 presented with a similar tensile profile (J-shaped curve) to the elastomeric IMPU. This
suggests that the presence of isoidide enhanced the mechanical performance of co-llsolMsg

and co-ll25sIM7s without imparting the crystallinity that is observed in the stereopure 1IPU or



75% Il formulation. This feature also adds to the capacity of isoidide as an attractive
sustainable comonomer.
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testing was performed at 10 mm-min-'. (d) DSC thermograms of 1st heating cycle of annealed IIPU,
IMPU, co-llsolMso and bl-llsolMsp at 10 K-min-'. Total enthalpy of melting (AHm) calculated from
integration of all thermal transitions. (e) Normalized weight loss of IIPU, IMPU, co-llsolMso and b/-llsolMso
discs in 1 M NaOHaq) over 45 days at 25 °C. n = 3.2Young’s modulus, bUltimate tensile strength (UTS)
cStress at yield point 9Strain at breakage ¢Tensile toughness.

Physical blending of polymers provides a rapid and convenient method to access a range
of properties between two or more distinctly different polymers, however it can be practically
challenging to achieve desirable physical properties in the resultant material. In many cases,
immiscibility between polymers dominates, even where the structures are very similar (i.e.
polypropylene and polyethylene) unless targeted compatibilization efforts are applied, thus
leading to phase separation in the blended sample.>* These miscibility difficulties are
particularly notorious in binary blends derived from a semi-crystalline/amorphous polymers,>®
but could offer advantages in mechanical recycling of these materials. Despite IIPU and IMPU
possessing distinctly different thermomechanical properties (IIPU — semicrystalline, plastic;
IMPU — amorphous elastomer), blending of these two polymers was simple and yielded



macroscopically homogeneous blended films, presumably as a result of the isomeric nature
of the polymers. Polymer blends with varying quantities of IMPU and IIPU were made by a
simple dissolution-precipitation and then melt processed into uniform films after drying.
Notably, the physical blends display multifeatured DSC profiles (Figure S5). Surprisingly, the
AHy, for the blended films is greater than expected when normalised to the molar content of
isoidide in the sample (Table S2). The presence of IMPU homopolymer actually enhances the
crystallisation efficiency of [IPU, which is a similar phenomenon previously reported in cis- or
trans-rich polyisoprene blends.% In contrast to the copolymer samples, all physical blends
were semi-crystalline, but they exhibited more complex melting behaviours compared to 1IPU.
This manifests in all the blended IIPU/IMPU samples being tough plastic materials,
irrespective of composition. Many polymerisation methods prevent the copolymerisation of
monomers that produce materials with dramatically different mechanical properties and
commonly, blending of the resulting materials results in bulk phase separation to produce
plastics that have inferior properties to the homopolymers.5-%® Here, however, the post-
blending compatibility, yielding materials with good mechanical properties, offers further
opportunity to retain the excellent materials properties of IIPU, even after recycling mixed

polymer feeds.

To understand this behaviour, we undertook further molecular dynamics simulations of bulk
systems. In both cases, there was a distinct regional separation between the isoidide and
isomannide domains (Figure 4b). The copolymer simulations showed the formation of a
greater number of smaller domains which indicates that this microstructure facilitates better
separation between Il and IM regions than is possible in the physical blends. This was further
quantified by calculating the interfacial surface area per unit volume between the Il and IM
domains (Figure 4b and Figure S6) with a lower surface area being calculated in each case
for physical blends (i.e. bl-llsslMsp = 0.9297 A™") in comparison to the copolymers (i.e. co-
ls0lMso = 1.4399 A") at the same 1I/IM molar ratio. We postulate that the larger IIPU domains
in the physical blends facilitates crystallisation of the IIPU regions and hence promotes the

plastic, lIPU-based behaviour (Figure S6).

Petroleum-derived plastics are notorious for their environmental persistence, even under
extreme conditions, due to the hydrophobicity and homogeneity imparted by their all carbon-
based backbones." Without useful chemical ‘trigger’ points (such as oxygen and nitrogen) in
the backbone of polymers,” environmental degradation processes are limited and slow and
hence we also sought to demonstrate that hydrolytic degradation could provide a further
advantage for this new sustainable thermoplastic over traditional petrochemical-derived
plastics. A simple accelerated degradation experiment using 1 M NaOHq) was performed on

thin discs (ca. 0.5 mm thickness) of IIPU and IMPU to assess the influence of stereochemistry



and composition on the rate of hydrolytic degradation (Figure 4e). Polymer crystallinity is
known to inhibit hydrolytic degradation by restricting water penetration into the bulk sample,®*
and hence we theorised that differences in degradation behaviour between IIPU and IMPU
would be largely regulated by crystallinity. Although [IPU degraded at a slower rate than
amorphous IMPU, the sample still exhibited significant mass loss within the timeframe of the
study (~25% mass loss within 45 d) showing its potential to degrade by hydrolysis should it be
released into the environment or for chemical depolymerisation methods such as those used

for chemical recycling of PET.

To quantify the contribution of abiotic hydrolysis to degradation, we screened physical
property data, relative rates (k) for degradation experiments in NaOH(aq), and insight from
a degradation database, which contains similar functional groups as those found in IIPU and
IMPU,®® to propose a simple model to predict k. values (Figure S42). As such, the predicted
rate of degradation of IIPU in seawater is comparable to PCL and is faster by approximately
an order of magnitude when compared to PLA (Figure S43, Table S1). Furthermore, IMPU is
predicted to degrade approximately an order of magnitude faster than IIPU (i.e. 2 orders of

magnitude greater than PLA).

Exploration of the hydrolytic degradation of the copolymers and physical blends revealed
that the mechanical behaviour (plastic vs elastic) could be decoupled from the inherent
hydrolytic degradation. Studying the accelerated hydrolysis (1M NaOH, 25 °C) of the
crystalline polymer blend (b/-llsolMso) and the analogous amorphous copolymer (co-IlsolMso)
under the same conditions, revealed that b/-lls0lMso degraded far more rapidly than 1IPU, even
though the thermomechanical properties were similar (Figure 4e). On the contrary, co-llsolMsg
degraded significantly slower than the IMPU despite both materials being amorphous and
possessing similar Tgs. These results were mirrored in the computational prediction of ocean
degradation (Figure S42-43). These contrasting behaviours are consistent with the separation
of Il and IM domains within copolymers and physical blends, such that the slower degradation
of the ll-based domains has a more significant effect in the copolymer where they are smaller
and more dispersed throughout the bulk system; the higher separation in the blended system
leads to a lower impact on the degradation rate. Previous systems with degradability control
based on microstructure have required precision-made sequences,?¢-%° however the simplicity
of the approach herein lends to the opportunity to tune mechanical properties independent of

degradation.

Conclusion
Satisfying the broad range of properties that common petrol plastics achieve using

sustainable sources is a monumental hurdle in tackling the global plastics crisis. Historically,



degradable plastics made from sustainable sources are mechanically limited to a narrow range
of mechanical properties. However, our study emphasizes how stereochemistry, a common
motif of sustainably derived feedstocks, can be leveraged to create mechanically divergent
materials with minimal changes to the overall polymer structure. A future focus into

stereochemistry will be crucial to unlocking the full potential of bio-sourced derivatives.
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Materials and methods

All manipulations of air sensitive compounds were carried out under a dry nitrogen atmosphere
using standard Schlenk techniques. 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 N2: 1,8-octanedithiol (Sigma-
Aldrich, > 97%). All solvents and chemicals used for recrystallisation were used as received.
All polymer reactions were precipitated into methanol and dried in vacuo at ambient
temperature for 24 h and then at 100 °C overnight (ca. 16 h). After processing, all samples were
annealed for 3 d at ambient temperature before analysis.

Characterisation techniques

All NMR spectroscopy experiments were performed at 298 K on a Bruker DPX-400 NMR
instrument equipped operating at 400 MHz for *H (100.57 MHz for 3C). 'H NMR spectra are
referenced to residual protic solvents (CHCIs at § = 7.26 ppm, DMSO-ds at & = 2.50) and 13C
NMR spectra are referenced to the residual solvent signal (CDCls at 6 = 77.16 ppm, 6 = 39.52
for DMSO-ds). The resonance multiplicities are described as s (singlet), d (doublet), t (triplet),
g (quartet) or m (multiplet).

Mass spectrometry was performed by University of Birmingham school of Chemistry on a
Waters GCT Premier using electrospray ionization and on Waters Xevo G2-XS using chemical
H+ ionization.

FTIR spectroscopy was carried out using an Agilent Technologies Cary 630 FTIR
spectrometer. 16 Scans from 600 to 4000 cm™ were taken at a resolution of 2 cm™, and the
spectra were corrected for background absorbance.

SEC measurements were performed in CHCIs on an Agilent 1260 Infinity I Multi-Detector
GPC/SEC System fitted with RI, ultraviolet (UV, A = 309 nm), and viscometer detectors. The
polymers were eluted through an Agilent guard column (PLGel 5 uM, 50 x 7.5 mm) and two
Agilent mixed-C columns (PLGel 5 uM, 300 x 7.5 mm) using CHCls (buffered with 0.5%
NEts) as the mobile phase (flow rate = 1 mL-mint, 40 °C). Number average molecular weight
(Mn), weight average molecular weight (Mw) and dispersity (Pm = Mw/My) were determined
using Agilent GPC/SEC software (vA.02.01) against a 15-point calibration curve (Mp = 162 —
3,187,000 g-mol™) based on polystyrene standards (Easivial PS-M/H, Agilent).

Thermal characterisation

Determination of the thermal characteristic of the polymer were carried out using a STARe
system DSC3 with an auto-sampler (Mettler Toledo, Switzerland). Disc shapes measuring 5
mm in diameter and 0.4 — 0.6 mm in thickness and weighing between 9 — 14 mg were cut from
annealed polymer films. Thermograms were obtained in 40 uL aluminum pans from —50 — 150
°C (0 — 280 °C for Nylon-6) at a heating rate of 10 K-min™! for two heating/cooling cycles
unless otherwise specified. The glass transition temperature (Tg) was determined by the
minimum of the first derivative in the second heating cycle of DSC. Total enthalpy of melting
(AHm) was calculated from integration and normalization of all endothermic peaks present.

Thermal degradation was quantified using a Q550 Thermogravimetric analyser (TA
instruments). Thermograms were recorded under an N atmosphere at a heating rate of 10
K-min~! from 25 — 600 °C. Decomposition temperatures were reported at the 5% weight loss
temperature (Tq, 5%).



Mechanical characterization

Uniaxial tensile testing was performed using a Testometric M350-5CT universal mechanical
testing instrument fitted with a load cell of 100 kN. Samples were prepared into thin polymer
films using 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 160 °C. The sample was heated for 10 min (with no pressure) before degassing 5 x
(500 kg pressure/release). Next, 4000 kg pressure was applied, and the sample was held at 160
°C for 5 min before cooling to ~ 25 °C under the same pressure. Film samples were visually
inspected for deformation and bubbles before annealing for 3 days at 23 °C. Finally, dumbbell
shaped samples were cut using custom ASTM Die D-638 Type 5. Each specimen was clamped
into the tensile holders and subjected to an elongation rate of 10 mm-min* until failure. All
tensile tests were repeated at least 5 times (unless otherwise indicated), 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. *Data obtained for mechanical
recycling was performed using films that were fabricated using an automated Carver CMG
30H-12 ASTM floor standing model.

Rheology experiments were performed on an Anton Paar MCR 302 using a PP8 geometry on
discs (8 x 1 mm) cut out of films fabricated using a Specac Atlas™ Manual Hydraulic Press
15T fitted with Specac heated plates (as detailed in tensile testing method). Temperature was
controlled with a P-PTD 200/AIR Peltier and a P-PTD 200 hood. Frequency sweeps were
performed at 1% strain from 0.1 to 100 rad-s™ at 5 °C intervals between the temperatures of
140 °C to 170 °C and 100 °C to 130 °C for IMPU. G’ and G’ of IIPU and IMPU were
overlayed to a single spectrum at a reference temperature of 130 °C by applying a Williams-
Landel-Ferry (WLF) time-temperature superposition. Molecular entanglement was extracted
by fitting polydisperse double reptation theory in the REPTATE software package.! Molecular
weights obtained from SEC, were discretized to 20 values per decade and used as theory input.
The adjustable parameters in the fitting were Ge (Entanglement modulus) Me (entanglement
molecular weight) te (Rouse time of one entangled segment) and the value of Mo was kept to a
value of 0.001 kg-mol™ as recommended.?

Moleculecular dynamics simulation details

Atomistic molecular dynamics simulations were performed using the General Amber Force
Field? (GAFF) to model the isohexide-containing polyurethanes. The forces on the atoms were
calculated by differentiating the potential energy of the system, which consisted of bonded
(bonds, angle, dihedral, and improper potentials) interactions as well as nonbonded interactions
(van de Waals and electrostatic):

U= Y.Bonds kr(r - Teq)z + ZAngles k9(9 - Heq)z
+ ZDihedrals kd[l + dcos(nqb)]

+ i< <4Eij [(%)12 - (%)6] + %oqém) oD

where &, = 8.85 x 10~ ** Fm~1 is dielectric permittivity of the vacuum, ¢ is a medium
relative dielectric constant.

In GAFF, the van de Waals interactions are represented by the Lennard-Jones (LJ)
potentials with parameters given for each homogeneous atomic pairs (r; and €;;), while the
parameters for heterogeneous pairs are determined as r;; =7; +r; and ¢; = ,/€;€;. The LJ-



potential is truncated at a cutoff distance of 10 A. The weighting coefficient for the 1-4
interaction was set to 0.5 for the LJ-interactions and 0.833 for the Columbic interactions.
Partial charge distributions were obtained from DFT calculations using B3LYP 6-31G* (d,p)
basis set for AM1 optimized structures (Figure S7). These simulations were done by using
Gaussian 09. The interaction parameters for non-bonded/bonded interactions are summarized
in Table S5. Each polymer chain has n=16 repeat units. Information about macromolecular
structure (list of bonds, angles, dihedrals, improper dihedrals) was generated by Topotools
plugins in VMD.?

Simulations of chain deformation

The two ends of each polymer chain were connected across the periodic boundary along x
direction forming a loop representing an infinitely long polymer chain. There were two
identical chains in the periodic simulation box with equilibrium dimensions L,=80 A and
Ly=L,=40 A. The system was equilibrated for 5000 ns. After equilibration, two polymer chains
adopted a bundle-like conformation. The equilibration step followed by simulations of chain
deformation. During these simulations, simulation box was deformed along x-direction at a
constant strain rate 2.5 x 10 fs1, The system temperature was maintained by coupling the
system to the thermostat applied in y and z directions. All simulations were performed using
the following setup: PPPM*® method for calculations of the electrostatic interactions with
targeted accuracy 10, vacuum dielectric constant ¢ = 1.0, T = 300 K, Langevin thermostat
(damping parameter 10 fs), and time step dt = 0.5 fs. All simulations were performed using
LAMMPS with GPU acceleration.®

Simulations of 11PU, IMPU, copolymers and physical blends bulk systems

The bulk systems of pure polymer components, polymer blends and copolymers were prepared
by implementing the following procedure: (i) 75 polymer chains with degree of polymerization
n = 16 were randomly distributed in a cubic box with the side length of 300 A and with partial
charges on the atoms switched off; (ii) the simulation box was slowly compressed to achieve
equilibrium system density p ~ 1 g-cm™ over time 1.0 ns at constant temperature T = 600 K;
(iii) after achieving required density, the system was relaxed for 1.0 ns under NVT ensemble
conditions; (iv) with partial charges on the atoms switched on, the system was relaxed for 1.0
ns at fixed volume and temperature; (v) system was annealed to room temperature, T = 300
K, during 1.0 ns time interval; (vi) this followed by NPT ensemble simulation run lasting 5 ns
with target temperature T = 300 K and pressure P = 1.0 atm. Data collection was done during
additional 2 ns long simulation run under NPT ensemble conditions. All simulations were
performed using LAMMPS with GPU acceleration.® The final system densities are summarised
in Table S3.

The specific surface area, a, was calculated as a ratio of the surface area, A;terfqaces Of the
interface between the isoidide and isommanide regions to the total system volume Vsgpmpe -

Ainter face

Vsample

for the copolymer melts and polymer blends. The interfacial area was determined by
calculating the area of interface between 3D density distribution of atoms belonging to IMPU
and 11IPU (or vice versa) assigned to the discrete grid points. The data are summarized in Table
S4.



Physical Degradation Studies

Accelerated degradation studies were conducted under conditions previously reported by Lam
et al.” Polymer films were annealed for 3 d and then cut into “degradation disks” (ca. 0.1 @)
and subjected to 1 M ag. NaOH at 25 °C. The disks were placed in individual vials containing
20 mL of the corresponding solution and incubated at 25 °C with constant agitation at 60 rpm.
The surfaces of the disks were dried in order to remove excess water before the weight was
measured periodically using an analytical balance.

Quantitative Degradation Studies

Hydrophobicity (i.e. LogP/SA values) was calculated with Materials Studio 2019. LogP values
were extracted from the QSAR menu using the ALogP98 option. Connolly surface area (SA)
was calculated with a 1.40 A probe after conducting a Molecular Dynamics simulation of
molecular models. The Forcite Geometry Optimization employed a Smart algorithm and
COMPASS I forcefield to minimize the energy below certain specifications. Convergence
tolerance for the Smart algorithm included a 1.0 x 107 kcal/mol energy convergence, a 0.005
kcal/mol/A force convergence, and a 5.0 x 10° A displacement convergence. To improve
accuracy of LogP/SA values, multiple models ranging from 10, 12, and 14-monomer units were
averaged.

Synthetic procedures

Overview for the 3-step synthesis of isoidide from isomannide

0 ¢ 0
Ho. .° TsCL NEt, M AcOK aco, MeONa _ M,
s B — T ‘4, ry —_— 4, y
= ~OH CH,Cly, 0 °C ~OTs DMF, 130 °C %, 'OAC MeOH. 22 °C <~ "'OH
el d H o H o H

Synthesis of isomannide tosylate

y O A 250 mL round bottom flask was charged with isomannide (68.4 mmol,
Tso\iglms 10.0 g, 1.0 equiv), triethylamine (171.1 mmol, 23.8 mL, 2.5 equiv),
g ™ dimethylaminopyridine (6.8 mmol, 0.84 g, 0.1 equiv) and dichloromethane
(100 mL). The reaction mixture was cooled to 0 °C and then p-
toluenesulfonyl chloride (143.7 mmol, 27.4 g, 2.1 equiv) was added portion-wise over several
minutes. After the addition was complete, the reaction was stirred at 22 °C overnight (ca. 16
h). The mixture was transferred a 500 mL separatory funnel and washed with 1 M HCI (1 x 50
mL), water (2 x 50 mL), NaHCO3 (1 x 50 mL) and brine (1 x 50 mL). The remaining organic
phase was dried with MgSO4 and concentrated in vacuo to afford an off-white solid (60.3
mmol, 27.4 g, 88% yield). The crude product was recrystallized in ethanol to produce a white
crystalline solid (24.5 g, 79%). *H NMR (400 MHz, Chloroform-d) 6 7.84 — 7.76 (m, 4H), 7.38
—7.30 (m, 4H), 4.84 (dddd, J = 7.7, 6.7, 3.8, 1.5 Hz, 2H), 4.50 — 4.43 (m, 2H), 3.91 (dd, J =
9.6, 6.7 Hz, 2H), 3.72 (dd, J = 9.5, 7.6 Hz, 2H), 2.45 (s, 6H). '*C NMR (101 MHz, Chloroform-
d) 6 145.46, 133.14, 130.07, 128.13, 80.07, 77.95, 70.23, 21.85. HRMS (TOF-MS-EI") (m/z):
[M]* calculated for C20H220sS, 454.0756; found, 454.0770.

Synthesis of isoidide acetate

An oven-dried 500 mL 2-neck round bottom flask was charged with
isomannide tosylate (66.0 mmol, 30.0 g, 1.0 equiv), potassium acetate (396.0

H, O
ACO/,. - 0y,
(?% %A mmol, 38.9 g, 6.0 equiv) and 100 mL anhydrous DMF. The reaction was



heated to 140 °C and checked by TLC after 4 h to reveal remaining tosylate starting material.
Another portion of potassium acetate (15.0 g) was added and the mixture was stirred overnight
(ca. 16 h total) after which TLC analysis revealed complete consumption of the tosylate
compound. Note: we observed batch-to-batch variability for complete consumption of starting
material ranging from 2 h at 130 °C to 24 h at 140 °C. The reaction was poured into 100 mL
ice-water while it was warm (ca. 60 - 80 °C) and then transferred to a 500 mL separatory funnel.
The mixture was extracted with EtOAc (4 x 75 mL) and the combined organic fractions were
washed with water (5 x 50 mL), 5 % LIiCl (5 x 50 mL) and brine (1 x 50 mL). The resultant
organic phase was dried over MgSO4 and concentrated in vacuo to afford an off-white solid
(12.7 g, 84%) that darkened to a brown solid upon standing. The product was used without
further purification. *H NMR (400 MHz, Chloroform-d) § 5.27 — 5.13 (m, 2H), 4.63 (s, 2H),
4.00 — 3.84 (m, 4H), 2.08 (s, 6H). 3C NMR (101 MHz, Chloroform-d) 6 170.09, 85.50, 77.74,
72.72, 21.06. HRMS (TOF-MS) (m/z): [M + H]+ calculated for C10H1406 + H, 231.0869;
found, 231.0872.

Synthesis of isoidide

H, © An oven-dried 100 mL 2-neck round bottom flask was charged with isoidide
HO"'(S}"’OH acetate (60.8 mmol, 14.0 g, 1.0 equiv), 50 mL anhydrous MeOH, and sodium
o H methoxide (25 wt% solution in methanol) (5 mL, ~ 0.33 equiv). The reaction
was stirred at 22 °C for 24 h and checked by TLC to confirm consumption of the acetate.
Dowex® 50W X8 (3.0 g) was added and the mixture was stirred for 24 h. The reaction mixture
was filtered into a 100 mL round bottom flask and the DOWEX resin was rinsed with MeOH
(10 mL) and concentrated in vacuo to reveal a viscous oil. The oil was further dried overnight
(ca. 16 h) at 100 mTorr pressure to afford a white solid (8.4 g, 95%) that was used without
further purification. *H NMR (400 MHz, DMSO-ds) 6 5.13 (d, J = 3.7 Hz, 2H), 4.31 (s, 2H),
4.02 (td, J = 3.5, 1.3 Hz, 2H), 3.61 (qd, J = 9.4, 2.4 Hz, 4H). *C NMR (101 MHz, DMSO-ds)
0 87.14, 74.76, 74.01. HRMS (TOF-MS-ES*) (m/z): [M]* calculated for C¢H1004, 146.0579;
found, 146.0565.

Synthesis of isoidide-urethane monomer
H o o A 250 mL round bottom flask was charged with

2 H

\)LO/\/NTO“EQ-' o isoidide (27.3 mmol, 4.0 g, 1.0 equiv), 2-
o Lg% O N TOI/\ isocyanatoethyl acrylate (66.2 mmol, 9.34 g, 2.4
equiv), 50 mg BHT (to inhibit radical
crosslinking) and 50 mL THF. Dibutyltin dilaurate (0.16 mmol, 97.3 pL, 0.006 equiv) was
added in one portion to the reaction mixture, causing a mild exotherm. The mixture stirred at
22 °C overnight (ca. 16 h) and checked by TLC to confirm consumption of isoidide.
Approximately half the solvent volume was removed in vacuo causing some precipitate to
form. The reaction was diluted with 200 mL of cyclohexane and stirred for 1 h causing more
precipitate to form. The precipitate was filtered and washed with cyclohexane (2 x 100 mL) to
afford a white solid. The crude solid was purified using flash column chromatography (Rf =
0.6, EtOAC), eluting with 100% EtOAc to afford a white crystalline solid (8.3 g, 71%). *H
NMR (400 MHz, Chloroform-d) ¢ 6.44 (dd, J = 17.3, 1.4 Hz, 2H), 6.13 (dd, J = 17.3, 10.4 Hz,
2H), 5.88 (dd, J = 10.5, 1.4 Hz, 2H), 5.17 — 5.11 (m, 2H), 5.04 (s, 2H), 4.61 (minor rotamer),
4.25 (t, J = 5.2 Hz, 4H), 3.98 — 3.86 (m, 4H), 3.50 (g, J = 5.5 Hz, 4H). **C NMR (101 MHz,
Chloroform-d) 6 166.20, 155.19, 131.77, 128.02, 85.47, 78.29, 72.77, 63.55, 40.40. HRMS
(TOF-MS) (m/z): [M + H]" calculated for C1sH24010N2 + H, 429.1509; found, 429.1504. Anal.
Calcd for C1gH24010N2: C, 50.47; H, 5.65; N, 6.54. Found: C, 50.39; H, 5.68; N, 6.77. FTIR

3332 cm™ (N-H) 1725 cm™ (C=0 ester) 1696 cm™ (C=0 urethane).



Synthesis of isomannide-urethane monomer

0 H H O o A 250 mL round bottom flask was charged with
VLONNTO*EQ\ M ~_o0 isomannide (51.3 mmol, 7.5 g, 1.0 equiv), 2-
o gy 9 N N isocyanatoethyl acrylate (123.1 mmol, 15.9 g,
© 24 equiv), 50 mg BHT (to inhibit radical
crosslinking), 40 mL THF and 10 mL DMF. Dibutyltin dilaurate (0.10 mmol, 61.1 uL, 0.002
equiv) was added in one portion to the reaction mixture, causing a mild exotherm. The mixture
stirred at 22 °C overnight (ca. 16 h) and checked by TLC to confirm consumption of
isomannide. Approximately half of the solvent volume was removed in vacuo and then the
mixture was cooled to 0 °C, causing the product to precipitate. The product was filtered and
washed with diethyl ether (2 x 100 mL) to reveal a white solid. The crude product was
recrystallized from a mixture of n-hexane/EtOAc to yield white needles (17.5 g, 80 %). 'H
NMR (400 MHz, Chloroform-d) ¢ 6.43 (dd, J =17.3, 1.4 Hz, 2H), 6.12 (dd, J = 17.3, 10.4 Hz,
2H), 5.87 (dd, J = 10.4, 1.4 Hz, 2H), 5.16 (s, 2H) 5.13 — 5.06 (m, 2H), 4.83 (minor rotamer),
4.67 (d, J = 4.2 Hz, 1H), 4.25 (t, J = 5.3 Hz, 2H), 4.07 (dd, J = 9.2, 6.5 Hz, 1H), 3.82 — 3.74
(m, 1H), 3.51 (p, J = 5.5 Hz, 2H). 3C NMR (101 MHz, Chloroform-d) & 166.14, 155.56,
131.70, 128.03, 80.95, 74.42, 70.65, 63.57, 40.42. HRMS (TOF-MS) (m/z): [M + H]*
calculated for C1gH24010N2 + H, 429.1509; found, 429.1510. Anal. Calcd for C1sH24010N2: C,
50.47; H, 5.65; N, 6.54. Found: C, 50.97; H, 5.61; N, 6.60. FTIR 3321 cm™ (N-H) 1731 cm™
(C=0 ester) 1691 cm™ (C=0 urethane).

Representative step-growth polymerization procedure

A 50 mL round bottom flask was charged with isohexide-urethane (2.40 g, 5.61 mmol, 1.00
equiv) and a separate 20 mL scintillation vial was charged with 1,8-octanedithiol (1.00 g, 5.61
mmol, 1.00 equiv). The thiol was quantitatively transferred to the round bottom flask
containing isohexide-urethane monomer using CHCIlz (11 mL) for a final monomer
concentration of ~0.5 M. The reaction mixture was cooled to —10 °C in a brine ice-bath and
dimethylphenylphosphine (8.0 pL, 0.56 mmol, 0.01 equiv) was injected in one portion causing
an exotherm. After the exotherm, the reaction was stirred at 22 °C for 3 h and then diluted to
approximately 50 mL with CHCIs. The polymer solution was precipitated into methanol and
dried in vacuo at ambient temperature for 24 h and then at 100 °C overnight for ca. 16 h.

1HPU

Yield = 2.74 g, 84%. SEC analysis (CHCIs + 0.5% NEt3) My = 117.1 kDa, M, = 14.4 kDa, M,
= 103.8 kDa, Bm = 8.12. *H NMR (400 MHz, Chloroform-d) ¢ 5.26 (t, J = 6.0 Hz, 2H), 5.12
(s, 2H), 4.60 (s, 2H), 4.19 (t, J =5.2 Hz, 4H), 3.92 (d, J = 2.9 Hz, 4H), 3.45 (9, J = 5.6 Hz, 4H),
2.78 (td, J =7.2, 0.8 Hz, 4H), 2.63 (td, J = 7.2, 0.8 Hz, 4H), 2.57 — 2.46 (m, 4H), 1.61 — 1.53
(m, 4H), 1.44 — 1.25 (m, 8H). *C NMR (101 MHz, Chloroform-d) § 172.04, 155.30, 85.47,
78.27,72.73, 63.62, 40.27, 34.79, 32.23, 29.58, 29.18, 28.86, 27.11.

IMPU

Yield = 3.07 g, 89%. SEC analysis (CHCIs + 0.5% NEt3) Mw = 95.6 kDa, Mh= 9.9 kDa, M, =
87.1 kDa, Bm = 9.69. *H NMR (400 MHz, Chloroform-d) ¢ 5.34 (s, 2H), 5.09 (s, 2H), 4.77 —
4.57 (m, 2H), 4.28 —4.12 (m, 4H), 4.06 (dd, J =9.1, 6.6 Hz, 2H), 3.89 — 3.71 (m, 2H), 3.46 (p,
J=5.4Hz 4H), 2.77 (td, J = 7.2, 0.8 Hz, 4H), 2.62 (td, J = 7.2, 0.8 Hz, 4H), 2.57 — 2.48 (m,
4H), 1.63 — 1.51 (m, 5H), 1.44 — 1.24 (m, 8H). 3C NMR (101 MHz, Chloroform-d) ¢ 172.01,
155.64, 80.90, 74.40, 70.57, 63.63, 40.29, 34.79, 32.24, 29.59, 29.18, 28.87, 27.04.



co-l1solMso

Yield = 2.84 g, 85%. SEC analysis (CHCIz + 0.5% NEtz) Mw= 79.6 kDa, M, = 10.2 kDa, M, =
68.3 kDa, Bm = 7.81. *H NMR (400 MHz, Chloroform-d) 6 5.33 (s, 2H), 5.25 (s, 2H), 5.10 (d,
J=18.7 Hz, 4H), 4.72 — 4.54 (m, 4H), 4.26 — 4.12 (m, 4H), 4.06 (dd, J =9.1, 6.6 Hz, 2H), 3.91
(d, J=2.8 Hz, 2H), 3.76 (t, J = 8.2 Hz, 1H), 3.46 (dq, J = 10.5, 5.5 Hz, 4H), 2.77 (tdd, J = 7.2,
2.4,0.9 Hz, 4H), 2.67 — 2.58 (m, 4H), 2.52 (td, J = 7.4, 1.1 Hz, 4H), 1.57 (p, J = 7.7, 7.3 Hz,
4H), 1.44 — 1.26 (m, 8H). 3C NMR (101 MHz, Chloroform-d) 6 172.01, 155.64, 85.46, 80.90,
78.26, 74.40, 72.73, 70.57, 63.62, 40.28, 34.79, 32.24, 29.58, 29.18, 28.87, 27.10, 27.04.

co-11251M7s

Yield = 2.92 g, 86%. SEC analysis (CHCIs + 0.5% NEt3) Mw = 89.9 kDa, Mh= 9.0 kDa, M, =
72.4 kDa, Bm = 9.95.

co-11751Mas

Yield = 2.90 g, 86%. SEC analysis (CHCIs + 0.5% NEts) Mw = 81.1 kDa, My = 10.4 kDa, M, =
74.5 kDa, Bu = 7.77.

Physical blending procedure to make bl-11xIMy

I1PU and IMPU were combined in the indicated ratios (1.2 g polymer total: 0.6 g IPU + 0.6 g
IMPU; 0.3 g lIPU + 0.9 g IMPU; 0.9 g IIPU + 0.3 g IMPU) in a 20 mL scintillation vial and
dissolved in 10 mL CHCls. After the polymers were fully solubilized, the solution was poured
onto a teflon sheet (~ 10 x 10 cm) where it evaporated to dryness over several hours to afford
a blended homopolymer sample. The materials were then further dried in vacuo at 100 °C
overnight (ca. 16 h) to ensure complete solvent removal before heated compression molding.



Thermogravimetric analysis of polymer samples
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Figure S1.

Thermogravimetric analysis of polymer samples measured at a heating rate of 10 K-min™ from
ambient temperature (~22 °C) to 600 °C.



Mechanical recycling of 11PU

My (kDa) Dwm E (MPa) on (MPa) &n(%) Ur MJIm?)
ITPU 98.0 7.71 255+37 46+4 1159+130 312+49
ITPU recycled  74.0 8.68 210453 4442 1088+70 295+25

Figure S2.

Summary of 1IPU Mechanical recycling: Representative tensile curves of 3-day annealed I1PU
and recycled 11PU n = 3 (left) Normalized size exclusion chromatograms of I1PU and recycled
[1PU (CHCl3, 0.5% NEts) analysis against poly(styrene) (PS) standards (right).



Simulation of the homopolymer conformations

(a) (b)

lIiPU

Figure S3.

(a) Local conformation differences of 11PU and IMPU as a direct result of the isohexide
center. (b) Hydrogen bonding formed in the 11PU chain.



Thermomechanical characterization of copolymers
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Figure S4.

Representative tensile curves of isoidide and isomannide homopolymers and copolymers at
10 mm-min! strain rate (left). Initial heating run of 3-day annealed isoidide and isomannide
homopolymers and copolymers at a 10 K-min™* heating rate (right).

Note: Complete tensile data and heating runs of each sample can be found below.



Thermomechanical characterization of physical blends
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Figure S5.

Representative tensile curves of isoidide and isomannide homopolymers and physical blends
at 10 mm-min™ strain rate (left). Initial heating run of 3-day annealed isoidide and
isomannide homopolymers and physical blends at a 10 K-min™ heating rate (right).

Note: Complete tensile data and heating runs of each sample can be found below.



Bulk system molecular dynamics simulations
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Figure S6.

Molecular dynamics bulk simulations of isoidide and isommanide copolymers and physical
blends. Calculated interfacial surface area displayed.



Simulation details of polymer model

IPU

Amine H: +0.3 Aliphatic S: +0.05
Amine N:-0.51

Carboxyl C: +0.65
Aliphatic H on ring: +0.10 Carboxyl Double Bonded 0:-0.69
Aliphatic Con ring: -0.10 Carboxyl Single Bonded 0:-0.43

Aliphatic H: +0.13
Aliphatic C:-0.16

Figure S7.
Partial charge distribution on a polymer repeat unit (I1IPU shown).



NMR Spectra
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Figure S9.

13C NMR spectrum of isomannide tosylate (100.57 MHz, 298 K, CDCls)
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'H NMR spectrum of isoidide acetate (400 MHz, 298 K, CDCls)
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13C NMR spectrum of isoidide acetate (100.57 MHz, 298 K, CDCls)
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'H NMR spectrum of isoidide (400 MHz, 298 K, DMSO)
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13C NMR spectrum of isoidide (100.57 MHz, 298 K, DMSO)
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Figure S14.

H NMR spectrum of isoidide urethane (400 MHz, 298 K, CDCls)
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13C NMR spectrum of isoidide urethane (100.57 MHz, 298 K, CDCls)
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3C NMR spectrum of ZJMPU (100.57 MHz, 298 K, CDCls)
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13C NMR spectrum of co-I175IMzs (100.57 MHz, 298 K, CDCls).
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'H NMR spectrum of bl-11251Mzs (400 MHz, 298 K, CDCls).
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Figure S30.

1H NMR spectrum of bl-11751Mzs (400 MHz, 298 K, CDCls).



SEC data of polymers
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Figure S31.

Normalized size exclusion chromatograms of homopolymers and copolymers (CHCls, 0.5%
NEt3) analysis against poly(styrene) (PS) standards.
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Figure S32.

Normalized size exclusion chromatograms of blended homopolymers and respective
homopolymers (CHCI3, 0.5% NEt3) analysis against poly(styrene) (PS) standards.

Note. The molecular weight distributions of the blended samples have a slightly different
profile than those in Figure S30 since a different batch of IIPU and IMPU were used for
blending. The SEC profiles of the IIPU and IMPU used to prepare the blends are shown
above and values are shown in Table S1.



Rheological frequency sweeps and WLF fitting
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Figure S33.

(a) NIPU Storage and loss modulus plot of a frequency sweep between 140 °C and 170 °C (b)
IMPU Storage and loss modulus plot of I1PU film between 100 °C and 130 °C (c) IIPU Time-
temperature superposition (TTS) created from shifting data to 130 °C using WLF
superposition. (d) IMPU Time-temperature superposition (TTS) created from shifting data to
130 °C using WLF superposition.



DSC thermograms of 11PU and IMPU

(a) (b)
Cooling . —-=--=-~ T e T T T T T Cooling , m e mm e m = ——m

E " E

C- . 1 =
ke, T A -
Y= Ve e ¥ . - = N

g _ o TTee- 8 . e
Endo Endo

1% cycle 1%t cycle
l - = =2"cycle l - — -2 ¢cycle
0 50 100 150 0 50 100 150
Temperature (°C) Temperature (°C)

Figure S34.

DSC thermograms showing heating and cooling cycles of 3-day annealed polymers at a rate of
10 K-min (a) 1IPU (b) IMPU.



DSC thermograms of co-polymers
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Figure S35.

DSC thermograms showing heating and cooling cycles of 3-day annealed copolymers at a rate
of 10 K-min (a) co-1l751Mzs (b) co-11s0lMso () co-11251M7s.



DSC thermograms of physical blends
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Figure S36.

DSC thermograms showing heating and cooling cycles of 3-day annealed copolymers at a rate
of 10 K-min (a) bl-1175sIMa2s (b) bl-11s0IMso (C) bl-1l251M7s.



DSC thermograms of commercial polymer samples
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Figure S37.

DSC thermograms showing heating and cooling cycles of commercial polymer samples at a
rate of 10 K-min (a) HDPE (b) Nylon-6.



Tensile curves of 1IPU and IMPU
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Figure S38.

Stress vs strain curve for 3-day annealed polymer samples (a) 1IPU (b) IMPU. n =5



Tensile curves of copolymers
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Figure S39.

Stress vs strain curves for 3-day annealed polymer samples (a) co-ll751Mzs (b) co-l1s01Msg (C)
co-llsIM75. n =5



Tensile curves of physical blends
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Figure S40.

Stress vs strain curves for 3-day annealed polymer samples (a) bl-1175sIM2s (b) bl-11501Msg ()
bl-llo5IM75. n =4



Tensile curves of commercial polymers
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Figure S41.

Stress vs strain curves for commercial polymer samples (a) HDPE (b) Nylon-6.



Quantitative degradation calculations
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Figure S42.
Overview schematic that describes model used to predict relative degradation rate (kre) values.
12
A IMPU
10
8
6
o
~ 1PUSO-
N 1puzs- 'MPUS0
2 IMPU25 A
A pa A 1IPU A
0 -A-PLA
0.00 2.00 4.00 6.00
(damor) / [(DP)(LogP/SA)]
Figure S43.

The krer vs physical parameters for 11PU, IMPU and their copolymers as compared to PLA and
PCL.

Table S1. Summary of key data values from quantitative model.

Polymer Hydrophobicity (LogP/SA) Krel
PLA 0.0036 0.0967
IPU 0.0059 1.42
PCL 0.0096 1.7
co-ll7s1Mzs 0.0059 1.8
co-1ls0lMsg 0.0059 2.48

IMPU 0.0059 10.71




Table S2. Summary data table

My DPu TP (°C) Twb(°C) AHw® (Jg') Tasw (°C) EY(MPa) on*(MPa) oy (MPa) &bt (%) Ut (MIm™)

(kDa)
IIPU 117 812 15 141 23.9 286 320466 565 16+1 089+114 32963
IIPU-1} 98 771 - - - ; 255437 46+4 1441 1159130 312449
[IPU-2% 74 868 - ; ; . 210453 4542 14403 1088£70 295425
IMPU 95  9.69 15 ; ; 266 37403 3945 ; 1285468  187+18
co-ll;sIMps 81 9.95 18 124 15.1 271 134£5 4043 9+1 1151441 25319
co-lls)lMsy 79 7.81 16 - - 276 3.0£03  55£3 - 1658484  279+24
co-ThsiMys 89 7.77 17 - - 276 3.540.6 5411 ; 1344480 228459
bI-TsIMas - - 17 147 18.9 276 350443 4443 19+1 74051 21824
bl-lsoIMso - - 18 146 13.6 269 272410 3745 13+1 462100 123437
bI-TLsIMzs - - 19 147 7.9 258 139432 4946 5+0.5 1357+131 372470
[IPU* 123 562 - ; ] ; ] _ ] _ ]
IMPU* 64 450 - - - - - - - - -
HDPE ; ; ; 128 170.5 - 599446 28+2 24+1 11452117 234429
Nylon-6 - - 60 224 87.0 ; 21511 67+4 5542 336460 186+37

(a) The T, was obtained from 2" heating cycle from the derivative (b) The Ty was taken as the minimum of the first transition (c) Total enthalpy
of melting (AHm) was calculated by integration of all endothermic transitions. (d) Young’s modulus (e) Stress at break (f) Stress at yield (g) Strain
at break (h) Tensile toughness n > 4. Uncertainty presented as the standard deviation of samples. I Polymers for mechanical recycling where [TPU-
1 is initial pressing and [IPU-2 is a reprocessed sample. *Polymers used for physical blending.



Table S3. Equilibrium system densities
Polymer System Density (g cm™)

100 0.953

IMie0 0.968
bl-11>5IM 75 0.964
bl-11s0IMso 0.955
bI-1175IM>s 0.954
co-112sIM7s 0.958
co-1150IMso 0.958
c0-1I75IMas 0.955

Table S4. Summary of data used to calculated the specific interfacial surface area of

Polymer L@A) A (Az) \Y% (AB) Specific Interfacial Area (A_l)

System interface sample
bI-II>sIM>7s 52.965 189960.6 148582.2 1.27849
bl-IIsoIMsp  53.2169 217009.7 150712.3 1.43989
bl-1I;sIMas  53.4479 160608.8 152683.4 1.05191
co-IIsIM7s  51.7984 102135.7 138979 0.7349
collsIMsy 532108  140019.6 150677.5 0.92927
co-II;sIMas ~ 53.6005 111460.2 153995 0.72379

Table S5. Interaction parameters of polymer repeat unit (names are consistent with GAFF)

id Atom Types Mass(g/mol) ELs oLi(A) Description
(kCal/mol)

1 C 12.0107 0.086  3.39967 sp*C in Carboxyl group

2 C3 12.0107 0.1094 3.39967 sp?C in Aliphatic chain

3 HC 1.00794 0.0157 2.649533 H bonded to sp* C

4 HN 1.00794 0.0157 1.069078 H bonded to N

5 N 14.0067 0.17 3.249999 sp*N in amide groups

6 (o) 15.9994 0.21 2.959922 O double bonded in Carboxyl group

7 (O 15.9994 0.17 3.000012 O in ester/ether bond

8 SS 32.065 0.25 3.563595 sp’ S inin thio-ester and thio-ether

id Bond Types &, (kCal/mol A?) Description

1 C-C3 328.3 1.508 C-C bond between aliphatic C and carboxyl group

2 C3-N 478.2 1.345 N-C bond between aliphatic C to amino group N




3 C-0 648 1.214 O-C double bond in carboxyl group
4 C-0S 411.3 1.343 O-C single bond in carboxyl group
5 C3-C3 303.1 1.535 C-C bond between aliphatic C
6 C3-HC 337.3 1.092 C-H bond in aliphatic C chain
7 C3-N 330.6 1.46 C-N bond in amide group

8 C3-0S 301.5 1.439 C-O bond in ester bond

9 C3-SS 225.8 1.821 C-S bond in thio-ether bond
10 HN-N 410.2 1.009 N-H bond in amide group

Angle Types ko (kCal/mol rad?) 6., (degree) Description

1 C-C3-C3 63.8 110.53

2 C-C3-HC 47.2 109.68

3 C-N-C3 63.9 121.35

4 C-N-HN 49.2 118.46

5 C-0S-C3 63.6 115.14

6 C3-C-0 68 123.11

7 C3-C-0S 69.3 111.96

8 (C3-C3-C3 63.2 110.63

9 (C3-C3-HC 46.4 110.05

10 C3-C3-N 65.9 112.13

11  C3-C3-0S 67.8 108.42

12 C3-C3-SS 61.1 112.69

13 C3-N-HN 46 116.78

14 C3-0S-C3 62.1 113.41

15 (C3-SS-C3 60.6 99.92

16 HC-C3-HC 394 108.35

17 HC-C3-N 49.8 109.5

18 HC-C3-0S 50.9 108.7

19 HC-C3-SS 42.5 108.76
20 N-C-O 75.8 122.03
21 N-C-0S 74.7 115.25
22 O-C-0S 76.2 122.43

Proper Dihedral Types ka (kCal/mol) n  Description

1 C-C3-C3-HC 0.155556 1 3




2 C-C3-C3-S 0.155556 1 3
3 C3-C-0S-C3 2.7 -1 2
4 C3-C3-C3-C3 0.155556 1 3
5 C3-C3-C3-C3 0.18 1 3
6 C3-C3-C3-C3 0.25 -1 2
7 C3-C3-C3-C3 0.2 -1 1
8 C3-C3-C3-HC 0.155556 1 3
9 C3-C3-C3-HC 0.16 1 3
10 C3-C3-C3-0S 0.155556 1 3
11 C3-C3-C3-S 0.155556 1 3
12 C3-C3-N-C 0 1 2
13 C3-C3-N-C 05 -1 4
14 C3-C3-N-C 0.15 -1 3
15 C3-C3-N-C 0.53 1 1
16 C3-C3-N-HN 0 1 2
17 C3-C3-0S-C 0.383333 1 3
18 C3-C3-0S-C 0.383 1 3
19 C3-C3-0S-C 0.8 -1 1
20 C3-C3-0S-C3 0.383333 1 3
21 C3-C3-0S-C3 0.383 1 3
22 C3-C3-0S-C3 0.1 -1 2
23 C3-C3-S-C3 0.333333 1 3
24 HC-C3-C3-HC 0.155556 1 3
25 HC-C3-C3-HC 0.15 1 3
26 HC-C3-C3-N 0.155556 1 3
27 HC-C3-C3-0S 0.155556 1 3
28 HC-C3-C3-0S 0.25 1 1
29 HC-C3-C3-S 0.155556 1 3
30 HC-C3-N-C 0 1 2
31 HC-C3-N-HN 0 1 2
32 HC-C3-0S-C 0.383333 1 3
33 HC-C3-0S-C3 0.383333 1 3
34 HC-C3-S-C3 0.333333 1 3
35 N-C-OS-C3 2.7 -1 2
36 N-C3-C3-0S 0.155556 1 3




37 0-C-C3-C3 0 -1 2
38 O-C-C3-HC 0 -1 2
39 O-C-C3-HC 0.8 1 1
40 O-C-C3-HC 0.08 -1 3
41 O-C-N-C3 2.5 -1 2
42 O-C-N-HN 2.5 -1 2
43 O-C-N-HN 2.5 -1 2
44 O-C-N-HN 2 1 1
45 0O-C-0S-C3 2.7 -1 2
46 0-C-0S-C3 2.7 -1 2
47 0O-C-0S8-C3 1.4 -1 1
48 0OS-C-C3-C3 0 -1 2
49 OS-C-C3-HC 0 -1 2
50 OS-C-N-C3 2.5 -1 2
51 OS-C-N-HN 2.5 -1 2
52 0OS-C3-C3-0S 0.155556 1 3
53 0S-C3-C3-0S 0.144 1 3
54 0S-C3-C3-0S 1.175 1 2

Improper Dihedrals ka (kCal/mol) n Description
1 C-C3-N-HN 1.1 -1 2
2 C3-0-C-08 10.5 -1 2
3 N-O-C-0S 10.5 -1 2
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Overview:

The work in this chapter is very tangential from the preceding chapters. The idea arose
from the combined influence of previous work in our group relating to photocurable

terpene systems, and the reversibility of the thia-Michael reaction.

Crosslinked polymers, or networks, are an extremely important material class that offers
chemical resistance, high elasticity, thermal stability, and resistance to stress relaxation.

An increasingly growing sub-class is photocurable networks which generate a crosslinked
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material from a liquid resin upon exposure to light (typically UV). However, the prevailing
issue with networks is their lack of recyclability due to the same crosslinks that impart a
material with their desirable properties. An emergent solution is producing crosslinked
materials with dynamic bonds that can be activated upon a stimulus, called CANs
(covalent adaptable networks). Previous examples of photocurable CANs enable a
photocured structure to be re-shaped into a distinctly different shape when heated,
however there currently lacks a technique to depolymerise and recure a sample using the
same photochemical stimulus. This chapter is about the design and invention of a
photocurable network that can be depolymerised and recured via the same stimulus

without synthetic modification or addition of reactive diluents.

We designed a photocurable resin that crosslinked and forms a dynamic bond in-situ with
the network formation. These dynamic bonds in the network are in constant equilibrium
and as conditions that favour dissociation increase, such as heat, the quantity of bond
dissociation also increases. Once the equilibrium is sufficiently shifted in favour of bond
breakage, the network depolymerizes into soluble oligomers disrupting the infinite
network. Importantly, the soluble oligomers bare the same functionality that was initially

used in the curing, which enables the ability to recure.

The initial network demonstrated properties characteristic of crosslinked materials
(insoluble in solvent, no observable flow temperature, good resistance to stress
relaxation) in each of the 2 recures. There is an observed decrease in the properties
between the initial and the first recure, however the first recure and second recure display
a similar mechanical performance. Nevertheless, our findings present a modular,
photocurable resin platform that can be fabricated, depolymerized and recured on-

demand atleast 2 times.
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Chemical Recycling of photocurable resins containing reversible
thiol-Michael bonds
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ABSTRACT: The development of photocurable platforms that can both satisfy the mechanical demands of consumer application
and display reversibility required for use in a circular framework has created a myriad of new challenges within this emerging field.
A bio-sourced terpenoid structure, L-carvone, inspired the creation of a photocurable resin that formed a dynamic thiol-Michael bond
in situ. Initially, small molecule model studies were performed to assess and optimize the curing and depolymerization conditions.
The di-alkene containing L-carvone could be incorporated into a photocurable resin using a multi-arm thiol as a crosslinking agent
with a photo-initiator. Upon UV exposure, the resin formed a mechanically robust network laden with reversible Michael bonds,
which could be depolymerized into soluble oligomers regenerating the initial photocurable functionalities. The recovered oligomers
could be reformulated and recured back into a networked material, which could then depolymerized again to demonstrate its repeated
recyclability. The properties of each cycle were found to be consistent with conventional networks: insoluble in solvents, good re-
sistance to stress relaxation, maintains shape up to 170 °C. There is an observed loss of crosslinking density and mechanical strength
after the first recycle, however the second recycle displays similar properties to the first recycle. Our findings present a modular,
photocurable resin platform from a sustainable source that can be fabricated, depolymerized and recured on-demand, which represents
a significant advancement towards a circular materials economy.

Currently, polymer materials follow a linear pathway, with com-
mercial plastic materials lacking efficient recycling routes to
achieve a circular economy.! Polymer networks make up a consid-
erable portion of the non-recyclable materials market with historic
usage in thermosets, foams, rubbers, and coatings but, also, in the
emergent photocurable resin industry.? Conventional photocurable
resins are based on reactive polymers and/or monomers that un-
dergo rapid covalent crosslinking upon initiation from a light stim-
ulus to afford materials with excellent chemical resistance, dimen-
sional stability, and recoverability. The combination of on-demand,
light triggered fabrication and mechanically robust properties have
made photocurable networks key to coatings, inks and even 3D
printing applications.3® As such, it is imperative to design new pho-
tocurable resin platforms that can contribute to a more circular
economy whilst satisfying the mechanical demands that current
networks fulfill.

To realize these targets, modern solutions have focused upon cre-
ating networks laden with dynamic bonds, commonly referred to as
covalent adaptable networks (CANs).® Careful selection of the dy-
namic bonds used in CANSs allow the network to retain the robust
mechanical properties of an archetypal network material, whilst im-
parting thermal reprocessability. This technology was applied to a
photocurable system, where the resin contained a pre-formed dy-
namic thiol-anhydride bond that once crosslinked could be re-
shaped into a new part at elevated temperatures.” An alternative re-
cycling route that photocurable CANs offer is through the depoly-
merization of the dynamic network, which is usually driven by the
entropy gain of bond breaking at elevated temperatures.> & How-
ever, these depolymerized networks regenerate functionalities un-
suitable for photocuring and require synthetic modification or ad-
ditional reactive diluents to be reused in a UV-active resin.% 1
Whilst both of these CANSs technologies mark a considerable mile-
stone in developing more recyclable photocuring resins, the ability
to depolymerize to the original photocurable resin is yet to be fully
realized.

The necessary innovation is to design a system where the dynamic
network is formed in situ rather than pre-formed, thus enabling a
photocured network to be degraded back into the original function-
alities of the resin (Figure 1). The closest examples to this aim uti-
lize reversible cycloadditions such as anthracene [4+4] and cou-
marin [2+2]*2 dimerization as well as triazolinedione-napthalene
[2+4]*2 addition, however the mechanical properties of these sys-
tems are not conducive for universal consumer application.
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Figure 1. Previous work using pre-formed dynamic network versus
in-situ formed dynamic network.

We envisioned a photocurable platform that featured a dynamic
bond at each crosslink junction and could be reversed on-demand
to re-form the original photocurable functionalities. The radical-
mediated thiol-ene reaction was targeted as an optimal chemistry
to achieve this aim due to its extensive use in photocurable resins
and the various well-established dynamic sulfur-based bonds.'4
Specifically, the electron deficient B-thioether (or Michael bond)



has been reported as dynamic bond that proceeds via a dissociative
mechanism that reforms the same functionalities.’®> We hypothe-
sized a multifunctional compound containing an electron deficient
alkene could be crosslinked with a multi-arm thiol under a UV
stimulus to form the dynamic Michael bond in situ. A search of
abundant bio-sourced derivatives revealed L-carvone, a remarka-
bly underutilized terpenoid that fulfilled our requirements. The
structure consists of two alkene functionalities: an exo- di-substi-
tuted alkene, or isopropenyl group, and an endo- tri-substituted
enone group, suitably electron deficient to form the desired thiol-
Michael bond. Using this bio-sourced derivative not only offers a
cost-effective solution,*8 but shifts reliance from traditionally-used
oil derivatives to a more sustainable source.

Model reactions

Initially, we assessed the suitability of carvone in our recyclable
photocurable resin platform with a series of model reactions. L-car-
vone and methyl 3-mercaptopropionate (MMP) were mixed in bulk
with a photo-initiator (TPO-L, 1 wt%) and exposed to UV light to
simulate photocuring conditions (Figure 2a). Near visible (405 nm)
UV was used to slow reaction kinetics, due to the diminished ab-
sorption of TPO-L at that wavelength. The reaction was periodi-
cally sampled to quantify the consumption of both alkenes via *H-
NMR spectroscopy. Unsurprisingly, the less sterically hindered
exo- alkene was consumed faster and achieved a higher conversion
(99% after 30 minutes) than the enone, which was significantly
slower and achieved a poorer overall conversion (17% after 180
minutes, Figure S1, Table S1). Whilst the steric barrier of the tri-
substituted enone hindered addition, the stabilizing effect of ketone
and the a-methy| also contributed to its poor reaction rate and over-
all conversion.'”- 18 Nevertheless, the observed reactivity of the
enone highlighted its suitability in a photocurable system.

The radically mediated thiol-ene reaction typically favors the anti-
Markovnikov adduct which would yield the desired B-ketone thi-
oether for the carvone structure. However, the reversibility of the
system depended upon the formation of p-ketone thioether where
significant formation of the Markovnikov product (a-ketone thi-
oether) could limit the recyclability of the network. Further analysis
of the model reaction products identified tH-NMR peaks associated
with the desired Michael adduct. The formation of these diagnostic
peaks was plotted against the consumption of the enone and found
to form equivalently, which indicates the desired Michael bond is
the major product (Figure 2b, Figure S2).
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Figure 2. a) Scheme of the radical mediated addition of methy 3-
mercaptopropionate to L-carvone using radical initiator TPO-L (1

wt%) under 405 nm UV irradiation. b) Plot of the molar percentage
of each functionality over irradiation time monitored by *H-NMR
spectroscopy.

A key goal to this project was to create a resin that forms a robust
network material whilst maintaining the reversibility required for
recycling. Historically, dissociative bonds, such as the Michael
bonds, have been avoided in CANs due to concerns that the dy-
namic network could behave similarly to a thermoplastic, i.e. flow-
ing at high temperatures and/or solubilizing in organic solvents.'®
20 Although more recent work has suggested dissociative dynamic
networks can be equally robust,? the reversibility of the Michael
bond needed to be understood. A mono-functional thiol-Michael
adduct of carvone (CarMMP) was synthesized from a conjugate
addition of MMP to carvone. Alone, CarMMP displayed no disso-
ciation in DMF-d7, however upon addition of DBU (5 mol%) dis-
sociation at room temperature occurred rapidly, before an initial
time point could be taken (Figure 3a and Figure S3). Further time
points taken suggested that the system equilibrated before the first
time point (Figure S3). The equilibrium of CarMMP was further
investigated using variable temperature *H-NMR spectroscopy
(Figure 3b). The equilibrium constant at each temperature was cal-
culated and used to construct a Van’t Hoff plot (Figure 3b, Table
S2). The calculated activation energy (49.3 kJ mol) for CarMMP
was comparable to previously reported dynamic Michael bonds.!>
22,23 CarMMP’s observed stability in the absence of DBU sug-
gested a carvone based network would likely be robust at ambient
temperature, but could depolymerize readily upon addition of
DBU.
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Figure 3. a) Scheme for the dissociation of CarMMP in the pres-
ence of DBU b) Variable temperature 'H-NMR of CarMMP in
DMF-d7 with DBU (5 mol%) illustrating the regeneration of the
enone functionality at increasing temperature Inset Van’t Hoff plot
of the dissociation of CarMMP.

Initial material fabrication

The model studies indicated L-carvone to be a suitable candidate
for formulating a recyclable photocurable resin. For the resin sys-
tem, a 3+2 network architecture was selected for its simplicity,
where the difunctional carvone and a tri-arm thiol (trimethylolpro-
pane tris(3-mercaptopropionate)) were combined at a ratio of 3:2
respectively, to ensure equimolar equivalents of alkene and thiol
functionalities were present. It is typical to use a prepolymer within
a photocuring resin to reduce the curing time since less crosslinks
are required to form the infinite network.?* Applying a modified
technique from our previous work?*, the mixture of carvone (1.5
equiv.) and the tri-arm thiol (1 equiv.) were combined with a photo-



initiator (1 wt%) and irradiated under UV light (Scheme 1). The
considerable reactivity difference between the carvone alkenes led
to a total consumption of the propenyl functionality with only a
partial consumption of the enone (6%) after 150 min of UV irradi-
ation. As a result, the reaction could be quenched before crosslink-
ing occurred, yielding a viscous liquid prepolymer.

Formulation of the carvone resin required dilution of the prepoly-
mer with a non-reactive solvent to reduce the viscosity. The car-
vone prepolymer (70 wt%) was dissolved in dimethylcarbonate
(DMC, 30 wt%) with photo-initiator (TPO-L, 2 wt%) to produce
the initial carvone resin. Upon irradiation with UV light, source the
resin transitioned from a viscous liquid to a freestanding solid
structure, characteristic of a crosslinked polymer. Finally, the struc-
ture was post-cured in a vacuum oven at 90 °C to remove DMC and
to maximize crosslinking, which finally yielded a flexible carvone
network (Scheme 1).
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Scheme 1. Schematic depiction of the thiol-ene reaction of L-
carvone and trimethylolpropane tris(3-mercaptopropionate) to ob-
tain the carvone prepolymer and its subsequent crosslinking to ob-
tain the carvone network. The image shows the obtained network
after curing.

Depolymerization and reformulation

In order to depolymerize the formed network, pieces of the post-
cured network were added into a degassed solution (to inhibit un-
wanted oxidation) containing DBU (5 mol%) and DMF as a sol-
vent, foreseeing the need for high temperature to promote depoly-
merization (Figure 4a). Dissolution of the carvone network readily
occurred once a temperature of 140 °C was maintained for 4 h,
however the reaction was left ca. 16 h to ensure equilibrium had
been reached (Figure 4b). Even though the initial carvone network
had visibly dissolved, a minor quantity of particulates could still be
observed in the solution. These were assumed to be areas of high
crosslink density that failed to depolymerize yet represented a triv-
1al fraction of the initial material mass (ca. 0.5 wt%). Work-up of
the depolymerization reaction required the removal of DBU and
DMF, which can favor the forward Michael addition, hence it was
imperative to remove them before re-crosslinking could occur.
Precipitation into methanol was found to be effective at removing
the DBU and the majority of the DMF, however small quantities
persisted even after drying (Figure 4d). The majority of the initial
mass of the resin was recovered (55%) and resembled a slightly
orange tack, likely caused by DBU and/or thiol oxidation. Further
optimization of the depolymerization reaction and work-up proce-
dure to increase yield were not investigated.

Finally, the depolymerized network was analyzed and compared
with the initial prepolymer. 'H-NMR spectroscopy confirmed the
enone had been recovered (31%) and the depolymerized product
resembled the initial prepolymer (Figure 4d). Gel Permeation Chro-
matography (GPC) was also used to estimate the molecular weight

of the depolymerized and initial prepolymer (Figure 5a). However,
since the depolymerization was driven through equilibrium, the
molecular weight of the species is expected to be significantly
larger than the initial prepolymer. As expected, the depolymerized
network had a significantly higher molecular weight and dispersity
(Mn=5.8 kDa, D = 6.3) than the initial prepolymer (Mn = 0.9 kDa,
D = 1.4). As a result, the recycled resin formulation needed to be
adjusted to account for the higher molecular weight species. Fur-
ther dilution in DMC (45 wt%) was required to fully dissolve the
depolymerized network, but the quantity of photo-initiator (2 wt%)
remained the same.

To further evidence the dissociative nature of the Michael bond, an
analogous network was created without the electron deficient
enone in carvone. As such, networks comprised of limonene, an
equivalent terpenoid that lacks the ketone functionality, and tri-arm
thiol were fabricated and subjected to the same depolymerization
conditions. The network remained visually intact after heating at
140 °C overnight (Figure 4c), which further supports the role of the
enone in the observed depolymerization of the carvone network.
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Figure 4. a) Scheme illustrating the depolymerization of the car-
vone network to regenerate the original functionalities. b) Image of
depolymerized carvone network. ¢) Image of limonene network af-
ter depolymerization attempt. d) 'H-NMR spectra of the initial car-
vone prepolymer (fop) and depolymerized carvone network (bot-
tom).

Initial curing vs Recure 1

After demonstrating that the initial resin could be cured and depol-
ymerized into oligomers with similar composition to the original
prepolymer, the recycled resin was recured. Photorheology was
performed on the initial and recycled resins to assess their curing
profiles. A low storage modulus is observed in both resins in their
liquid phase, with a sudden increase in their stiffness upon exposure
to UV light (Figure 5b). The storage modulus eventually reaches a
plateau, characteristic of a sol-gel transition. Logically, the gelation
time is faster for the recycled resin (9 s) vs the initial resin (85 s)
since higher molecular weight prepolymers require fewer cross-
links to form the infinite network. The storage modulus at plateau
is a good indicator of the network’s mechanical stiffness. Recure 1
plateaued at a notably lower storage modulus than the initial cure,
this was attributed to a comparatively lower crosslinking density.
This was further supported by solvent swelling experiment, where
Recure 1 had a higher degree of swelling in THF (315 = 39% vs the
initial cure 239 = 3%)). due to the increased distance between cova-
lent crosslinks equating to a lower crosslink density within recure
1. We hypothesized that the lower observed crosslink density could
arise from two different factors: unwanted thiol oxidation during
depolymerization preventing the thiol-ene addition, or the for-
mation of loop defects which could reduce the network elasticity.
Quantifying these factors can be particularly challenging, and a



combination of different events are likely responsible for the ob-
served lower crosslinking density in recure 1. Nevertheless, the car-
vone network could be effectively depolymerized and recured via

the same UV stimulus without further chemical modification or di-
lution with additional reactive species.
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Larger crosslinked films for both the initial and recure 1 were fab-
ricated and post-cured to assess their thermal and mechanical dif-
ferences. Thermogravimetric analysis found both materials to be
thermally stable (T, 5% > 295 °C) with almost identical mass loss
profiles (Table S3). The glass transition temperatures (Tg) of the
post-cured networks were estimated using Differential Scanning
calorimetry (DSC). Surprisingly, the initial cure and recure 1 dis-
played a comparable Tq value which indicated a good retention of
the original thermal characteristics (Figure 5d).

A strategic advantage of using a crosslinked material is the excel-
lent dimensional and mechanical stability at high temperatures. To
ensure the initial and recured networks maintained these desirable
properties, dynamic mechanical analysis (DMA) was performed in
the tensile configuration to assess mechanical performance over a
temperature range (Figure 5e). The storage modulus and tan delta
were plotted as a function of temperature, with both networks dis-
playing the typical behavior of a crosslinked polymer.2¢ The peak
observed in the tan delta is a characteristic transition relating to Tg
and occurs at a similar temperature in both recure and initial cure,
which further supports the observation from the DSC. There is a
notable broadening of the tan delta peak in recure 1, which is com-
monly attributed to heterogeneity in the network, but it is only mar-
ginally different from the initial cure.?” The stiffness, or elasticity,
of the network can be better characterized from the storage modu-
lus. Sub Tg, both recure 1 and the initial cure maintain a comparably
high storage modulus (Initial - 2292 MPa, Recure 1 — 2202 MPa)
before rapidly decreasing until a plateau is reached at ~ 50 °C. The
recured sample has a noticeably lower storage modulus at the plat-
eau than the initial cure, reflecting similar observations in the pho-
torheology experiment (Figure 5e). Yet, the crucial property of
crosslinked networks is the existence of a sustained plateau at high
temperatures, i.e. rubbery plateau, which is observed in both the
initial and recured material. Linear plastic materials and some

CANs typically undergo a second decrease in storage modulus,
where the material begins to flow and lose its original shape. De-
spite the use of a dissociative dynamic bond, our system maintained
a rubbery plateau at high temperatures, providing an attractive
property over some previously reported CANs systems.?8

To further validate the mechanical robustness of the carvone net-
works, stress relaxation experiments were performed on recure 1
and the initial cure. Relaxation of both the initial cure and recure 1
can be observed to occur around 300 s at 100 °C, but extensive
relaxation is not observed at this temperature within this timeframe.
However, the slow and minimal relaxation observed at 100 °C for
both materials sufficiently satisfies the thermal demands of numer-
ous photocurable resin applications.

Recure 2

The carvone-based network has already demonstrated it can be
cured-depolymerized-recured via the same photochemical stimu-
lus. But to achieve a truly circular materials economy, a “closed
loop” recycling process must be established where consumer prod-
ucts can be reformulated for further use in the same application.
Hence, recure 1 must exhibit the same recyclability as the initial
carvone network to demonstrate repeat recyclability.

Polymer films of Recure 1 were subjected to the same depolymer-
ization conditions and work-up as the initial carvone network. In a
similar fashion, almost total dissolution of the network was ob-
served, with the same trivial quantities of the insoluble particulates
(ca. 0.1 wt%) observed in the reaction mixture. A similar mass and
enone recovery (Mass recover - 57%, enone recovery — 19%) of
depolymerized oligomers was achieved with strikingly similar mo-
lecular weight (Mn = 6.0 kDa, D =5.2) to the first depolymerization
(Mn =5.8 kDa, P = 6.3). These comparable molecular weights al-
lowed the same formulation to be used for the first and second re-
cure (45 wt% DMC, 2 wt% TPO-L). Following this, the curing



profile of both resins was established from photorheology. Both re-
cures possessed a similar gelation time (Recure 1- 9 s, Recure 2 —
4 s) and achieved a storage modulus of a similar magnitude (Recure
1- 0.94 MPa, Recure 2 —0.73 MPa, Figure 5b). Although this is not
surprising given the similar molecular weights of oligomers used
in each recure, it was a promising indicator that recure 1 and 2 were
mechanically similar. DMA thermograms of recure 2 demonstrated
a sustained rubbery plateau up to 170 °C at a similar storage mod-
ulus as recure 1. This not only suggests that both recures behave as
thermally stable networks, but also feature comparable mechanical
performance.

Unusually, there is a significant increase in Tgfor recure 2 vs recure
1 and initial cure, despite the lower crosslinking density in recure 1
and 2 (Table S3). A simultaneous broadening of the tan delta peak
can also be observed with each recuring cycle, which is driving the
tan delta peak to higher temperatures for the recured samples. To-
gether, these observations can be explained through network heter-
ogeneity. It has been noted that some photocured networks are het-
erogeneous and consist of regions of high crosslink density and re-
gions, or pools, of oligomer and monomer.?” Broader tan delta
peaks are characteristic of an increased heterogeneity in the net-
work and were likely intensified through repeated curing of the
same oligomers.?® However, this is not necessarily a disadvantage,
in fact the increased heterogeneity of the sample increased re-
sistance to stress relaxation in recure 1 and 2 vs the initial cure.

Conclusion

We have designed a platform utilizing radically-mediated thiol-
ene, and the unique structure of carvone, a sustainably-sourced ter-
penoid to create a recurable resin. Depolymerization and recuring
of the carvone-based network was demonstrated through 3 cycles,
and the robust mechanical properties, synonymous with cross-
linked polymers, were retained in each cycle. Whilst there are sev-
eral caveats (non-quantitative mass recovery, structural heteroge-
neity) that limit the ‘drop-in’ application of materials presented in
this study, the simplicity and modularity of the platform could be
translated to the ever-growing applications reliant on photocuring
technologies. Further investigation and study into dissociative net-
works should be encouraged so the next generation of photocuring
technologies can satisfy the circular materials economy and ad-
vance the materials field.
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General Materials and Methods. All compounds, unless otherwise indicated, were purchased from
commercial sources, and used as received. Methyl 3-mercaptopropionate was distilled and stored under a
nitrogen atmosphere in an ampoule.

NMR Spectroscopic Analysis. All NMR spectroscopy experiments were performed at 300 K on a Bruker
DPX-400 NMR instrument equipped operating at 400 MHz for *H (100.57 MHz for 13C). *H NMR spectra
are referenced to residual protio solvent (6 = 7.26 for CDClz, 6 = 2.91 for DMF-d7) and 3C NMR spectra
are referenced to the solvent signal (6 = 77.16 for CDCls, 6 = 162.7 for DMF-d7). 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 University of Birmingham on a Waters Xevo G2-XS QTof Quadrupole Time-of-Flight
mass spectrometer.

Gel permeation Chromatography (GPC). GPC measurements were performed in CHCIz on an Agilent
1260 Infinity Il Multi-Detector GPC System fitted with RI, 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 CHCIs (buffered with 0.5% NEtz) as the mobile
phase (flow rate = 1 mL-min-t, 40 °C). Number average molecular weights (Mn), weight average molecular
weights (Mw) and dispersities (Pw = Mw/Mn) were determined using Agilent GPC software (vA.02.01) against
a 15-point calibration curve (M, = 162-3,187,000 g-mol?) based on poly(styrene) standards (Easivial PS-
M/H, Agilent).

Differential Scanning Calorimetry (DSC). The thermal characteristics of the polymers were determined
using differential scanning calorimetry (STARe system DSC3, Mettler Toledo) from -50 to 180 °C at a
heating rate of 10 °C-min~! for two heating/cooling cycles unless otherwise specified. The glass transition

temperature (Tg) was determined from the inflection point in the second heating cycle of DSC.

Thermogravimetric Analysis (TGA). TGA thermograms were obtained using a TGA/DSC 1 -
Thermogravimetric Analyzer (Mettler Toledo). Thermograms were recorded under an N2 atmosphere at a
heating rate of 10 °C-min~t, from 10 - 600 °C, with an average sample weight of ca. 5 mg. Aluminium pans
were used for all samples. Decomposition temperatures were reported as the 5% weight loss temperature
(Tas%).

Fourier-transform infrared (FTIR) spectroscopy. FTIR spectra were collected out using an Agilent
Technologies Cary 630 FTIR spectrometer. 16 Scans from 600 to 4000 cm-! were taken at a resolution of

2 cm™, and the spectra were corrected for background absorbance.

Stress-Relaxation was performed on an Anton Paar MCR 302 using Anton Paar PP8 parallel-plate, a
diameter of 8 mm. Temperature was controlled with a P-PTD 200/AIR Peltier and a P-PTD 200 hood. Strain
sweeps were performed to ensure stress relaxation experiments were performed in the linear region. Stress

relaxation tests were performed at 1% strain at 50 °C, 100 °C, and 140 °C.



Photorheology. The crosslinking kinetic of the resins was examined as a function of gelation time by
photorheology using an Anton Paar MCR-302 rheometer fitted with a detachable photoillumination system
(Exfo OmniCure S1500 UV light source, broadband Hg-lamp, glass plate). Resin samples were sheared
between two parallel plates at 0.2 Hz with an amplitude of 25% for 50 sec without irradiation. After this time,
the light source was switched on and measurements were taken every 0.2 sec over the course of 2 min.
The intersection point of the storage moduli and loss moduli plots was used to determine the time of gelation

of the resin.

Dynamic Mechanical Analysis (DMA). Dynamic mechanical thermal analysis (DMTA) data were obtained
using a Mettler Toledo DMA 1 star system and analyzed 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
=50 °C and held isothermally for ca. 5 minutes. Storage and loss moduli, as well as the loss factor (ratio of
E” and E’, tan 0) were probed as the temperature was swept from -50 to 180 °C, 5 °C min™

Thermomechanical behavior was determined from three samples in this way.

Swell testing and gel fraction. Networks were taken and cut into disks (6.7 x 0.5 mm) and weighed before
being submerged in THF and allowed to swell until equilibrium swelling was reached after 24 hours. The
initial mass (Wi) and swelling mass (Ws) was used to calculate the swelling ratio (%) as shown in equation
S1. The swollen networks were resubmerged in new THF and finally dried to get the dry mass (Wa). This

was used to calculate the gel fraction (%) as shown in equation S2.

Equation S1 Swelling ratio (%) = +.* X 100

Equation S2 Gel fraction (%) = % x 100



Experimental Procedures

Synthesis of CarMMP
_0 ] o}

L-carvone (2.00 g, 1 equiv, 13.3 mmol) and methyl 3-mercaptopropionate (1.76 g, 1.1 equiv, 14.7 mmol)
were mixed in bulk at 0 °C until homogenous. DBU (19.5 uL, 1 mol%) was then added in one-portion and
the reaction was left to stir at 0 °C for 30 mins before warming to ambient temperature. The mixture was
purified using column chromatography with EtOAc/Hexanes and concentrated yielding a colorless oil (1.9
g, 50%). 'H-NMR (400 MHz, Chloroform-d) & 4.85 — 4.65 (m, 2H), 3.67 (s, 3H), 3.43 (dt, J = 4.7, 3.4 Hz,
1H), 2.94 — 2.82 (m, 1H), 2.82 — 2.70 (m, 3H), 2.64 — 2.50 (m, 2H), 2.46 (ddd, J = 13.7, 4.4, 2.1 Hz, 1H),
2.26 —2.11 (m, 2H), 1.99 (ddd, J = 13.8, 11.8, 3.2 Hz, 1H), 1.74 (s, 3H), 1.12 (d, J = 6.7 Hz, 3H). 13C NMR
(101 MHz, Chloroform-d) 6 209.67, 172.25, 147.04, 110.38, 51.93, 50.30, 48.75, 46.10, 40.75, 35.96, 34.68,
27.10, 20.89, 12.71. *H-NMR (400 MHz, DMF-d7) & 4.80 (s broad, 2H), 3.65 (s, 3H), 3.60 (dt, J = 4.9, 3.3
Hz, 1H), 3.09 — 2.98 (m, 1H), 2.89 — 2.76 (m, 3H), 2.70 — 2.57 (m, 2H), 2.45 (t, J = 13.2 Hz, 1H), 2.24 (dd,
J=13.4, 4.0 Hz, 1H), 2.20 — 2.06 (m, 2H), 1.77 (s, 3H), 1.04 (d, J = 6.7 Hz, 3H). 3C-NMR (101 MHz, DMF-
d7) 6 209.56, 172.59, 148.39, 110.27,51.77, 50.82, 48.41, 46.40, 41.53, 36.31, 35.01, 27.19, 20.60, 12.76.

MS (TOF) calculated for C14H2203S + H 271.1368; found 271.1374.
Prepolymer synthesis

L-carvone (10 g, 1.5 equiv, 66.7 mmol) and trimethylolpropane tris(3-mercaptopropionate) (17.68 g, 1 equiv,
44.4 mmol) were mixed in bulk until visible homogenous in a 100 mL RBF with a magnetic stirrer. The RBF
was wrapped in foil then TPO-L (0.277 g, 1 wt%) was added and stirred for ~ 5 min until homogenous. The
RBF was partially exposed by ripping the foil and irradiated with UV light using a fiber optic cable fitted to
an OmniCure S1500 and stirred for ca. 2 h. Progress of the reaction was monitored by H-NMR
spectroscopy for the disappearance of the propenyl group. The resulting colorless oil was poured off and

used as the carvone prepolymer. 'H-NMR (400 MHz, Chloroform-d) & 6.75 (s, broad 1H), 4.08 (s,



overlapping 6H), 2.91 — 2.56 (m, overlapping, 14H), 2.54 — 2.27 (m, overlapping, 5H), 2.27 — 1.99 (m,
overlapping, 5H), 1.78 (s, J = 1.4 Hz, 4H), 1.76 — 1.55 (m, overlapping, 3H), 1.59 — 1.33 (m, 2H), 1.01 (d, J
= 6.8 Hz, 4.3H), 0.91 (t, J = 6.5 Hz, 3H). 13C NMR (101 MHz, CDCl3) & 199.96, 171.54, 171.32, 63.96,
42.58, 40.84, 40.63, 39.29, 39.19, 38.45, 37.28, 37.15, 37.07, 34.80, 30.52, 28.41, 27.75, 27.67, 23.04,
19.77, 16.01, 15.78, 7.47. GPC analysis (CHCIs + 0.5% v/v NEts): Mw = 1.2 kDa, Mn=0.9 kDa, B = 1.4. FT-

IR: 1726 cm (C=0 ester) 1659 cm* (C=0 enone).

Radical addition of MMP to carvone model reaction

L-carvone (0.8513 g, 1 equiv, 5.68 mmol) and methyl 3-mercaptopropionate (1.4303 g, 2.1 equiv, 11.9
mmol) were mixed in bulk until visible homogenous in a glass vial. TPO-L (0.022 g, 1 wt%) was then added
in one portion and vigorously stirred. The mixture was then irradiated with UV light in a Formlabs Form Cure
405 nm curer and sampled periodically (10 s, 30 s, 60 s, 5 min, 10 min, 30 min, 1 h, 1.5 h, 2 h, 3 h) for 1H-

NMR spectroscopy.

Dynamic exchange model reaction ambient temperature

CarMMP (135 mg, 0.5 mmol) was dissolved in DMF-d7 (2 mL) in a glass vial, then DBU (3.7 pL, 5 mol%)
was added and stirred rapidly. An aliquot was taken for an initial 'H NMR spectrum. The remaining solution

was left stirring at ambient conditions and sampled periodically (30 min, 1 h, 2 h) for *H NMR spectroscopy.

Dynamic exchange model reaction variable temperature NMR

CarMMP (67.5 mg, 0.25 mmol) was dissolved in DMF-d7 (0.5 mL) and added to an NMR tube. A reference
1H NMR spectrum was taken at 298 K. DBU (1.9 pL, 5 mol%) was dissolved in DMF-d7 (0.5 mL) and added
to the NMR tube then briefly stirred. *H NMR spectrums were taken at various temperatures (50, 60, 70,

80, 90, 100 °C) after a 5-minute equilibration time at each temperature.

Depolymerization of initial cure

Shredded initial cure (10.55 g, 1 equiv, 16.9 mmol), DMF (67 mL) and DBU (126 uL, 5 mol%) were added
to an ampoule with a magnetic stirrer and stirred. Nitrogen is bubbled through the mixture for ~ 30 min

before the flask is sealed and heated at 140 °C for ca. 16 h. The reaction is removed from the heat and



filtered through fiberglass wool to remove the insoluble particulates, the residue is dried and weighed to
assess the quantity of particulates (49 mg, 0.5% of the original weight). The filtrate is precipitated into
methanol (~800 mL), centrifuged and the supernatant is discarded. The remaining orange tacky solid is
washed with additional methanol (~200 mL) then discarded. Residual solvent is removed under vacuum for
2 h to yield a tacky orange solid (5.80 g, 55%). GPC analysis (CHCIz + 0.5% v/v NEt3): Mw = 36.1 kDa, Mn

=5.8kDa, ® =6.3. FT-IR: 1727 cm'! (C=0 ester) 1697 cm! (C=0 ketone) 1667 cm (C=0 enone)

Depolymerization of Recure 1

Shredded Recure 1 (3.28 g, 1 equiv, 5.26 mmol), DMF (21 mL) and DBU (39 pL, 5 mol%) were added to
an ampoule with a magnetic stirrer and stirred. Nitrogen is bubbled through the mixture for ~ 30 min before
the flask is sealed and heated at 140 °C for ca 16 h. The reaction is removed from the heat and filtered
through fiberglass wool to remove the insoluble particulates, the residue is dried and weighed to assess
the quantity of particulates (3.7 mg, 0.1% of the original weight). The filtrate is precipitated into methanol
(~350 mL), centrifuged and the supernatant is discarded. The remaining orange tacky solid is washed with
additional methanol (~100 mL) then discarded. Residual solvent is removed under vacuum for 2 h to yield
a tacky orange solid (1.87 g, 57%) GPC analysis (CHCIz + 0.5% v/v NEt3): Mw = 31.1 kDa, Mn= 6.0 kDa,

=5.2. FT-IR: 1724 cm (C=0 ester) 1697 cm (C=0 ketone) 1666 cm (C=0 enone).

Initial carvone resin

Carvone prepolymer (7 g, 70 wt%) was added to a vial and stirred in dimethylcarbonate (3 g, 30 wt%) until
the liquid was homogenous. The vial was wrapped in foil and TPO-L (0.14 g, 2 wt%) was added, then the

vial was shaken for 1 h until the liquid was homogenous.

Resin for Recure 1

Depolymerized 1 (4.94 g, 55 wt%) was added to a vial and stirred in dimethylcarbonate (4.04 g, 45 wt%)
until the liquid was homogenous. The vial was wrapped in foil and TPO-L (0.0988 g, 2 wt%) was added,

then the vial was shaken for 1 h until the liquid was homogenous.



Resin for Recure 2

Depolymerized 2 (1.87 g, 55 wt%) was added to a vial and stirred in dimethylcarbonate (1.53 g, 45 wt%)
until the liquid was homogenous. The vial was wrapped in foil and TPO-L (0.0374 g, 2 wt%) was added,

then the vial was shaken for 1 h until the liquid was homogenous.

General curing procedure

Resins were deposited on a glass slide using a glass pipette to ensure a flat surface and even coverage.
The glass slide is positioned above the UV light source (an OmniCure S1500 fitted with a fiber optic cable)
and irradiated from beneath the glass slide. Note: this ensured thick films did not exhibit surface wrinkling
and defects over extended curing periods. The resins were inspected periodically until the surface of the
film was solid and non-tacky (typically ~1 hour for 1 mm thickness). The films were removed from the glass
slide and post-cured in a vacuum oven at 90 °C under reduced pressure for ca. 16 h to remove dimethyl

carbonate and ensure the network was sufficiently crosslinked.

Limonene resin formulation

Limonene (2 g, 1.5 equiv), trimethylolpropane tris(3-mercaptopropionate) (3.90 g, 1 equiv, 44.4 mmol) and
dimethylcarbonate (1.47 g, 20 wt%) were stirred in a vial until homogenous. TPO-L (0.03 g, 2 wt%) was
added to the mixture and rapidly stirred until dissolved. The resulting colorless liquid was cured in the same

manner as the carvone resins, as described in the general curing procedure.



Thiol-ene kinetics experiment
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Figure S1 'H NMR spectra of the addition of MMP to carvone via radical mediated thiol-ene at increasing
radiation times in CDCIs. Consumption and formation of each functionality was referenced against the

methyl ester singlet at 3.69 ppm and summarized in table S1.

Irradiation time (s) Enone (%) Propenyl (%) Thioether (%) Michael bond (%)

0 100 100 0
10 100 98 4 0
30 100 93 10 0
60 100 85 18 0
300 98 44 57 3
600 96 21 78 7

1800 88 0 95 11

3600 85 0 97 13

5400 85 0 97 13

7200 83 0 97 14

10800 83 0 97 17

Table S1 Molar percentage of the monitored functionalities in the radical addition of MMP to carvone

against UV irradiation time.



Identifying *H NMR peaks associated to the Michael product
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Figure S2 HSQC NMR spectra of CarMMP (left) and crude thiol-ene kinetics experiment 5 minutes of UV

irradiation (right) in CDCls.

Identifying peaks in the TH NMR that corresponded to the desired Michael product relied on 13C NMR due
to the presence of stereoisomers. The HSQC of the assigned CarMMP identified the 13C shift corresponding
to the a-methyl ketone of the Michael product. A further HSQC of the thiol-ene kinetics experiment taken
after 5 minutes of irradiation highlights the corresponding 'H peaks of the Michael product that can be

integrated against the consumption of the enone. Full assignment of CarMMP in CDClIs can be found below.



Dynamic exchange experiment at ambient temperature
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Figure S3 The dynamic exchange of CarMMP at ambient temperature with and without DBU (5 mol%) at

different times. Enone at 6.85 ppm quantified from the unconsumed propenyl singlet at 4.80 ppm in DMF-

dr.



Van’t Hoff plot

Calculation of the Keq for the dissociation of CarMMP in DMF-d7 with DBU (5 mol%) was achieved from
guantifying the carvone concentration at increasing temperatures. Quantifying the carvone concentration
was achieved through the integration of the characteristic enone singlet at 6.85 ppm in DMF-d7 against the
propenyl singlet at 4.80 ppm in DMF-d7 which was unconsumed in the process. Assuming the absence of
side reactions during the experiment, the concentration of Carvone and MMP will be equal. The
concentration of CarMMP can also be obtained from the known initial concentration and the concentration

of the dissociated species.

[Carvone][MMP]

¢ [CarMMP]

Equation S3 Equation for Keq Of the dissociation of CarMMP

K = [Carvone]?
¢l " ([CarMMP;,,] — [Carvone])

Equation S4 Equation for Keq using the carvone and initial CarMMP concentration

Temperature (°C)  1000/T (K") Keq  IN(Ky)

50 3.096 0.471 -0.753
60 3.003 0.672 -0.397
70 2.915 1.281 0.248
80 2.833 2.106 0.745
90 2.755 3.453 1.239
100 2.681 5.283 1.664

Table S2 Data summary used to construct the Van’t Hoff plot



Comparison of 'H NMR spectra of the depolymerized networks

, Initial prepolymer
8 9 3
s. X o o M sn v
SRS m 15 13 m 15
14
' Depolymerized 1
ﬁ
I l'll"\ \ |‘ ) \
A A Y LAY NN . YR |
‘ Depolymerized 2
| |
“ 'y f |
\H “\ | “l | ‘Mh
] IV AR Y7 L AN N A A W L O
7 6 5 a 3 2 1
ppm

Figure S4 'H NMR spectra of the initial prepolymer, depolymerized 1 and depolymerized 2 in CDClz, 400
MHz



NMR Data
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Figure S5. CarMMP *H NMR Spectrum — 400 MHz, CDCla.
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Figure S6. CarMMP 3C NMR Spectrum — 101 MHz, CDCls.
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Figure S7. CarMMP H NMR Spectrum — 400 MHz, DMF-d>.
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Figure S8. CarMMP 3C NMR Spectrum — 101 MHz, DMF-d».
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Figure S9. Carvone Prepolymer 'H NMR Spectrum — 400 MHz, CDCls.
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Figure S10. Carvone Prepolymer 33C NMR Spectrum — 101 MHz, CDCls.



DSC data
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Figure S11. DSC thermograms of a) Initial cure, b) Recure 1, ¢) Recure 2, d) Limonene network.



TGA Data
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Figure S12. TGA thermograms of carvone and limonene networks



FT-IR data of prepolymers and carvone networks
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Figure S13. FT-IR spectra of the prepolymers (top) and the post-cured network (bottom)



Photorheology
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Figure S14. Storage and loss modulus during profiles over 500s obtained from photorheology for a) Initial
cure, b) Recure 1, c) Recure 2
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Figure S16. Stress relaxation experiments conducted at 140, 100 and 50 °C for the limonene network,

initial carvone network, recure 1 and recure 2.
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Network Tg 1™ cycle Tg 2nd cycle Tan delta Gel fraction Deg_ree of Ty 5% Storage modulus @ - Storage modulus @
CC)? C) peak (°C)° (%) swelling (%) (°C)° 25 °C (Pa)d 100 °C (Pa)¢
Initial cure 1 8 12+3 89.4+0.3 239.2+29 305 2292 + 104 287+0.74
Recure 1 8 10 12+3 80.6+21 315 +38.7 295 2202 + 483 0.43 +£0.07
Recure 2 13 15 24 85.4+27 357.4+23 304 1823 0.3
Limonene 5 3 - 99.5+0.3 261.1+8.3 319 - -

Table S3 Summary of thermal and mechanical properties for the cured carvone and limonene network

2T, calculated from DSC thermograms

b Obtained from DMA thermograms

¢ Temperature at 5% weight loss obtained from TGA thermograms
d Storage modulus obtained from DMA at specified temperature



Storage modulus @ 400s (kPa)¢

Prepolymer M, (kDa)®> P2 Enone content (%) Gelation time (s)°
Initial 0.9 1.4 100 85
Depolymerized 1 5.8 6.3 31 9
Depolymerized 2 6.0 5.2 19 4

297

94

73

Table S4 Summary of the carvone prepolymers

20Obtained from GPC against polystyrene standards in chloroform.

b Calculated from *H-NMR spectroscopy

¢ Obtained from the intersection of storage and loss modulus in photorheology
4 Storage modulus from photorheology after 400s of irradiation.
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Chapter 6. Conclusion and outlook

The aim of this thesis was to further our understanding of the influences of
stereochemistry upon bulk properties of linear polymers. In chapters 2 — 4, we explored
stereochemistry around alkenes, rigid 3-membered rings and isohexide derivatives.
Chapter 5 diverged from the general theme to investigate and apply features of the thia-
Michael addition used in preceding chapters, to create a recyclable photosetting material.
This section will be used to summarise the key findings of chapters 2 - 5 and identify
trends across the chapters where appropriate. Additionally, this section will provide and

outlook upon the field and discuss future developments to further the area.

The initial challenge was to develop a technique to incorporate stereochemistry into a
linear polymer without isomerisation or other side reactions. In chapter 2, a procedure
using the thia-Michael “Click” reaction between di-thiols and di-acrylate functionalities
could be used to synthesise an alternating polymer containing either a cis or trans alkene
bond. Furthermore, the high reactivity enabled compositional control of the
stereochemistry content within the polymer backbone and was adapted for other
stereocenters in chapters 3 and 4. The high reactivity and mild reaction conditions are just
two of the many “Click” features of the thia-Michael addition which were exploited to
create polymers containing stereochemistry in this work. Leveraging other “Click” features
such as chemoselectivity and modularity would enable a greater control of microstructure
and composition in polymer chains. In turn providing us with more complex structure to

understand and exploit to tailor bulk properties for specific application.

Altering the stereochemistry within the polymer backbones generally displayed a modest
difference in the T4 of all investigated systems. Unfortunately, the lack of crystallinity
within the cyclopropane polyesters prevented mechanical characterisation, but led to a
better understanding of how the cyclopropane structure itself can inhibit polymer
crystallisation. On the other hand, the urethane-based polymers could form freestanding

films which possessed stereochemistry dependent mechanical properties. Profoundly, the
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Chapter 6. Conclusion and outlook

stereochemistry of the isohexide unit dictated the material class with one stereoisomer
produced a plastic material whilst the other stereoisomer produced an elastomeric
material. This unexpected property difference enabled control over the degradation and
mechanical behaviour by blending and copolymerising the stereoisomers in different
ratios. The bulk property control offered from simple bio-derived isohexides highlight the
importance of stereochemistry in materials. A greater understanding into the properties
produced from the stereochemistry of bio-derived sources will be crucial in designing

future plastic materials.

Polymer crystallinity is a key driving force in the resulting bulk properties of polymeric
materials. However, predicting the bulk properties of polymers with different sterecisomers
is significantly challenging with some stereoisomers displaying different property trends
depending on polymer architecture and functionality. In chapter 4, the isohexides
displayed an unexpected range of mechanical properties, unlike previously reported
isohexides systems. Molecular dynamic simulations suggested the hydrogen bonding of
the polymers was heavily influenced by the isohexide geometry and how hydrogen
bonding changed under stress. Further simulations also aided explanation for the property
differences between the blended and copolymerised analogues. Whilst computer
simulations offered a potential explanation in this example, predicting and explaining the
bulk properties of polymer materials remains a key challenge within the area.
Advancements in processing power will undoubtedly increase the ease at which polymers
can be simulated and predicting structure-property relationships will become common

place in the polymer materials community.

The project relating to chapter 5 was a tangential study that arose from the observed
reversibility of the thia-Michael addition used in preceding chapters. The designed
photocurable resin was found to be re-curable in multiple cycles and maintained typical

mechanical behaviour for a networked material. The pursuit of recyclable materials has
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begun leveraging reversible covalent bonds that can maintain robustness at operating
conditions but reverses under a given stimulus. This is a rapidly growing area in materials
chemistry and holds the potential to create a new generation of recyclable materials that

mechanically compete with previous non-recyclable systems.

Both stereochemistry and the thia-Michael addition reaction have demonstrated important
features that can be leveraged in polymer chemistry. Whilst both of these have seen
significant growth in the past decade, there is still an expanse of untapped potential that
could significantly improve current commercial materials and further our understanding of

structure-property relationships.
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