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Abstract  

Photo-active polymeric materials are valuable to a myriad of industries from 

paints and inks to binders in rocket propellers and even in healthcare and 3D 

printing. Changing the thermomechanical properties relies mostly on changing the 

functionality of monomer units, which limits the choice of possible candidate owing 

to restriction resulting from a need for biocompatibility or printability. For this reason, 

it is of high relevance to manipulate the mechanical properties without a change in 

the chemical functionality. An emerging technique in the field of thermoplastic 

polymers is now devoted to tuning the mechanical properties via the rational control 

of the backbone stereochemistry. More specifically, the thiol-ene step growth 

addition between a dithiol and a diacrylate proved to be a valuable advance for the 

implementation of cis/trans chemistry for high molecular weight thermoplastic. In 

addition to be mild enough to preclude the occurrence of unwanted crosslinking or 

isomerisation, the technique revealed itself to be versatile since the diacrylates are 

prepared from stereopure diols, enabling the preparation of cis or trans unsaturated 

or the isohexides ring-based units. In this thesis manuscript, efforts made towards 

the translation of this unique system to photo-active polymeric materials using 2 

kinds of stereopure diacrylate monomers, namely cis and trans 1,4-but-2-ene diol 

and isohexides will be described. In parallel, the synthesis of a glucose-derived 

diacrylate and dithiol will be explored in the aim at synthesising a synthetic 

polysaccharide via nucleophile catalysed thiol-Michael addition. The first chapter will 

present the state of the art and impact of stereochemistry in polymers. The second 

chapter will present the synthesis and further functionalisation of the stereopure 

diols selected for this study with a commercially available isocyanate-acrylate and 
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also the synthesis of a glucose derived dithiol. Chapter three will discuss the work 

made towards controlling the molecular weight and end groups of diacrylate 

telechelic oligomers via Michael step-growth polymerisation of the commercially 

available 1,6-hexanedithiol and the cis/trans unsaturated and isohexides-based 

diacrylate monomer. In addition, the attempt at producing a high molecular weight 

polysaccharide mimic using the same polymerisation technique will be presented. 

Finally, the fourth chapter will focus on the formulation of cis and trans unsaturated 

prepolymers into photo-active resins to produce films suitable for thermomechanical 

testing. It was found that for low curing time (< 1 min) the radical initiated crosslinking 

only occurred at the acrylate end groups and isomerisation of the internal double 

bonds was mitigated. Furthermore, for films prepared from prepolymers with low 

molecular weight (4.0 kDa) a significant difference in the thermomechanical 

properties between cis and trans films was observed as a consequence of the 

different degree of crystallinity between the two materials. However, at higher 

molecular weights (8-10 kDa), the cis polymer gains progressive crystallinity and its 

thermomechanical behaviour becomes comparable to the trans polymer network. 

Finally, the prepolymers were formulated into resins suitable for 3D printing which 

displayed both thermomechanical and degradation properties dependent on the 

backbone stereochemistry. 
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1 Introduction of stereochemistry in polymers  

1.1 Origins of stereochemistry 

The genesis of the study of the spatial arrangement of atoms within molecules, 

namely stereochemistry, originated in Paris with the pioneering work of Louis 

Pasteur on the sodium ammonium tartrates.1, 2 The driving force towards this work 

was an article from the German chemist Mitscherlich published in 1844 reporting 

that both sodium ammonium tartrate and racemate (or paratartrate) were identical 

in every aspect of their composition, crystal structure and physico-chemical 

properties.3 However, the former was optically active when the later was not. 

Pasteur, at that time convinced of a possible relationship existing between 

hemihedrism and optical activity, conjectured that the paratartrate salt were simply 

not presenting any hemihedry. In an attempt to corroborate this hypothesis, the 

scientist found that the crystallisation of  both types of tartrates results in similar 

crystals but indeed noticed that whilst the tartrate salt formed strictly identical 

hemihedral crystals, the paratartrate salt produced dissymmetric hemihedral 

crystals which he described as non-superimposable mirror-image of each other.4 

(Figure 1.1)  
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Figure 1.1. Enantiomorphous hemihedral crystals of sodium ammonium racemate 
and the corresponding structure of the tartaric acid which they contain. Figure 
adapted from reference5 with permission of John Wiley and Sons. 

Surprised by this unexpected result, Pasteur decided to manually separate the 

left-handed hemihedral crystals from the right-handed and study the optical activity 

of their respective solution. He then also discovered that the left-handed crystals 

were producing solutions that deviated polarised light to the left and the solution of 

right-handed crystals was deviating polarised light to the right with both deviations 

being identical in absolute value. Moreover, a solution made from a mixture of the 

two types of crystals in equal weight was optically inactive. These observations led 

Pasteur to propose that the rotary power of an organic solution is derived from 

molecular asymmetry which consequently produces non-superimposable mirror-

imaged structures and in 1860, he postulated that the atoms constituting the right-

handed tartaric acid could potentially be in a right-handed spiral arrangement or 

located at the apices of an irregular tetrahedron without further development. 

Nonetheless, this early work laid the foundation necessary to reform the prevailing 

structural theory which could not account for particular cases of isomerism 

encountered with chemical compound such as lactic acid, maleic/fumaric acid or 

tartaric acid. 6, 7 
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In 1874, both Van’t Hoff and Le Bel, independently proposed that the spatial 

arrangement of atoms should be considered to resolve the limitation of the then 

prevailing structural theory. 8, 9 As one of Kekulé’s former student, Van’t Hoff based 

his suggestions on the theory of a tetravalent carbon and deduced that only a 

tetrahedral arrangement of the hydrogen around the carbon atom could explain the 

number of isomers experimentally obtained for a mono-, di, tri and tetra-substituted 

methane molecule. (Figure 1.2)  

 

Figure 1.2. Schematic representation of a tetrasubstituted carbon atom in a 
tetrahedral spatial arrangement and its non-superimposable mirror-image. 

In the same communication, he further introduced the concept of the asymmetric 

carbon (“assymmetrisch koolstof-atoom”) that refers to a carbon atom bonded with 

4 different substituents, since, depending on the relative arrangement of the latter, 

two distinct tetrahedrons could be obtained which were mirror-images of each other. 

He also demonstrated, with examples taken from the literature of the time, that all 

optically active compounds possessed an asymmetric carbon. Finally, he also 

claimed that a disubstituted ethylenic compound could also give rise to 2 different 

isomers, supporting his hypothesis with previously reported studies. Le Bel’s 

proposition was published only 2 months after that of Van’t Hoff and overall led to 
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the same conclusion of a spatial tetrahedral arrangement, although he was 

considering the symmetry of the molecule as a whole instead of that of one single 

carbon atom. He also considered that the four hydrogens of ethylene were directed 

towards the corner of a squared-based pyramid, since a double substitution give 

rise to two isomers.10 

As strange as it appears today, these two communications on the importance of 

the spatial arrangement of atoms within molecules was at first received by the 

scientific community with indifference, if not with defamatory attacks towards the 

authors themselves.11 Yet, this revolutionary theory could only be proven correct by 

following experimental work and, in 1880, Meyer proposed the term stereochemistry 

to refer to the study of molecules in a three dimensional space.10, 12 

1.2 Vocabulary of stereochemistry 

Stereochemistry is a rich and complex science which necessitated the 

development of a robust system of nomenclature to avoid confusion, of which the 

basis will be briefly covered within this section but more thorough analysis can be 

found in the literature.13-16 Isomerism was the term originally proposed by Berzelius 

in 1830 to refer to the study of compound with the same empirical formula whilst 

having a different structural arrangement.10 These types of isomers are now called 

constitutional isomers, as their difference resides in their structure, which could be 

derived from a divergence in function, position of substituent or connectivity of the 

backbone. (Figure 1.3) 
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Figure 1.3. Diagram summarising the most fundamental type of isomerism in 
chemistry. 

Stereoisomerism, on the other hand, refer to the study of compounds with the 

same constitution but with a different arrangement of the atoms in the 3 dimensions. 

Hence, they are called configurational isomers. More specifically, if two molecules 

are non-superimposable mirror-image of each other, namely chiral, they are called 

enantiomers. In solution, these types of molecules can deviate the plane of polarised 

light, either to the right (dextrorotatory) or to the left (levorotatory). This should not 

be confused with the determination of their absolute configuration using the Cahn, 

Ingold and Prelog (CIP) rules17, which is required to assign priority to the 4 

substituents of an atom by molecular weight and draw the compound such as the 

smallest substituent is the furthest from the observer. (Figure 1.4) The compound 

will be assigned with the absolute configuration R (for rectus, right) if passing from 

a substituent to another in a decreasing order of priority requires to turn clockwise. 

In the opposite case, the absolute configuration is S (for sinister, left).  
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Figure 1.4. (R,S) diastereoisomer of tartaric acid using different representation to 
illustrate the assignment of the absolute configuration following the CIP rules. 

However, no correlation exists between the absolute configuration R and a 

dextrorotatory optical activity and not all molecules with an S configuration would be 

levorotatory. Enantiomers possess identical physico-chemical properties in an 

achiral environment, and their optical activity will be of the same absolute value in 

the opposite direction. A mixture of two enantiomers in equal proportion is racemic, 

in tribute to racemic acid, also known as paratartaric acid, which was the first mixture 

of this kind to be discovered. Finally, it is important to note that not all chiral 

compounds are bearing an asymmetric carbon since chirality can also arise from 

the three-dimensional arrangement of the molecule as a whole. This is the case for 

helical species such as helicenes, which enantiomers are distinguished using the 

stereodescriptor P (for plus). Starting from the observer’s closest benzene ring, the 

helice spiral is clockwise. Conversely, if the helice spiral is anti-clockwise, the 

enantiomer is referred to as M (for minus). (Figure 1.5) 
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Figure 1.5. Structural aspects of helicene and their stereodescriptors. Reprinted 
from reference18 with permission from the Royal Society of Chemistry. 

Any other stereoisomerism relationship which does not involve chiral 

compounds are referred to as diastereoisomerism. This category includes, amongst 

others; the isomerism originating around a double bond, formerly referred to as 

geometric isomerism and known nowadays as cis/trans isomerism. Since no 

rotation can occur around unsaturation, a disubstitution can either lead to the 

presence of 2 substituents on the same side of the double bond, namely the cis 

isomer, or on opposite sides for the trans isomer. Cis/trans isomerism can also occur 

in cyclic compound since no rotation is possible around a single carbon bond in this 

particular case.  

The diastereoisomerism also includes any isomeric relationships existing 

between molecules bearing an asymmetric carbon without being chiral overall. A 

typical example would be any pair of optical isomers which differ from the absolute 

configuration of one or more (but not all) asymmetric carbons such as an (R,R) and 

(R,S) configuration. In the specific case when two diastereomers have only one 

asymmetric carbon of opposite absolute configuration, they are referred to as 

epimers. For instance, β-ᴅ-mannose is an epimer of β-ᴅ-glucose. A particular kind 

of epimers, which are specifically involving the hemiacetal carbon of saccharide 



Chapter 1 - Introduction 

9 
 

rings, are known as anomers. In the specific case of glucopyranose, when the 

substituent at the C1 position of a carbohydrate is directed in the opposite direction 

that the substituent on C5, then the molecule is the α anomer, otherwise the 

molecule is the β anomer. (Figure 1.6) 

 

Figure 1.6. Illustration of the relationship between anomers, as represented by the 
α and β anomer of ᴅ-glucose, which are epimers on the hemiacetal carbon. If two 
compounds differ by the absolute configuration of only one carbon, then they are 
epimers, as it is the case for α-ᴅ-glucose and α-ᴅ-mannose. 

The term conformation was coined by Haworth in 1929 to refer specifically to the 

isomers of cyclohexane, known as boat, chair or twist.10 To date, the conformational 

isomer or conformer refers generally to any isomer originating from steric 

hinderance restricting the free rotation around a carbon single bond. This 

phenomenon is observed for instance with the butane molecule, which can only 

adopt the rotational conformation corresponding to a local minimum of potential 

energy. Hence, the eclipsed or syn configuration, where both methyls are facing one 

another has an energy barrier high enough, owing to steric repulsion, that it is highly 

disfavoured against the two bisecting or in gauche configuration or the most stable 

anti configuration, where both methyl groups are facing an opposite direction. This 

type of isomers is known as rotational isomers or rotamers when the kinetics of 

rotation is slow enough to enable experimental observation. (Figure 1.7)  
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Figure 1.7. Tortional surface potential energy diagram for n-butane. Θ represent the 
dihedral angle between second and third carbon of the molecule. Adapted from 
reference19 with permission from Elsevier. 

When the rotation around a carbon-carbon single bond is slow enough to permit 

the individual isolation of isomers, then the specific term of atropoisomer is 

employed and the stereodescriptors P and M are most commonly used. This type 

of isomerism can be observed for instance with tetrasubstituted biaryl compounds, 

such as 4,6-dinitrodiphenic acid and 4,4’,6,6’-dinitrodiphenic acid (DNDA), 1,1’-bi-

2-naphthol (BINOL), or 2,2’-bis(dimethylphosphino)-1,1’-binaphthyl (BINAP). If a 

molecule presents a case of atropoisomerism whilst being chiral, as it is the case 

for the aforementioned examples, then the two arising isomers are also enantiomer 

of each other. (Figure 1.8) 
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Figure 1.8. Structures of the atropoisomer of 4,4’,6,6’-dinitrodiphenic acid (DNDA) 
and 1,1’-bi-2-naphthol (BINOL). 

1.3 The importance of stereochemistry 

1.3.1  General advances in chemistry 

The advent of stereochemistry led to major discoveries which revolutionised the 

field of chemistry and opened a novel approach for the investigation of organic 

reaction mechanisms. Amongst others, it is notable to mention the well-known effect 

of “steric hinderance”, theorised by Meyer in the 1890’s as the reason for the poor 

yield obtain during the esterification of mesitylenecarboxylic acid.20 Another 

impactful event related to the development of stereochemistry is the observation of 

“optical cycles” by Walden occurring during the synthesis of (+)-chlorosuccinic acid 

from (-)-malic acid in the presence of phosphorus pentoxide PCl5.21 This 

phenomenon was coined as “Walden inversion” by Fisher, and was explained in 

1935, 40 years after Walden’s initial report, when Ingold and Hughes theorised that 

bimolecular nucleophilic substitution (SN2) involved a planar transition state with the 

entrance of the nucleophile and the departure of the leaving group being concerted, 

which results in the inversion of the absolute configuration of the asymmetric 

carbon.22 (Scheme 1.1) 
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Scheme 1.1. Representation of the mechanism of the Walden inversion observed 
in SN2 nucleophilic substitution. 

It is also noteworthy to mention that Fisher was one of the early chemists 

adopting the theory of Van’t Hoff and Le Bel, which led him to determine the 

configuration of numerous carbohydrates and their stereochemical relationship.10 

1.3.2 In biology 

The enantioselectivity of metabolism in micro-organisms was also discovered by 

Pasteur.23, 24 Whilst studying the fermentation processes involved in the production 

of ethanol from sugar beets, Pasteur discovered that the fermentation of ammonium 

racemate using yeasts solutions would proceed as long as the solution was 

containing the dextrorotatory enantiomer (+)-tartaric acid and would reach 

termination, leaving the levorotatory (-)-tartaric acid unfermented. Following the 

reaction progression using a light polariser, he observed that the solution exhibited 

a left-oriented rotary power, which absolute value increased until reaching a plateau 

for the total consumption of the (+) - enantiomer. This observation led him to the 

conclusion that an intrinsic relationship existed between physiological mechanism 

and the absolute configuration of an enantiomer.6 

In 1886, Piutti, whilst working on the industrial synthesis of asparagine, observed 

that the newly isolated ᴅ-asparagine had a sweet taste that its naturally occurring 

enantiomeric form ʟ-asparagine did not possess.25, 26 This was the first observation 

of the enantioselectivity of the taste sense. This led Ehrlich27 and Langley28 to 
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propose 15 years later the concept of receptors and the inherent enantioselectivity 

in biology beyond the sole enzymatic activity.29 As an example, we can cite that the 

sense of smell, based on olfactive receptors, is also enantioselective. This is 

illustrated by R -carvone smelling like spearmint, whilst the S -carvone smells like 

caraway.30 (Figure 1.9) 

 

Figure 1.9. Representation of the structure of the R and S enantiomers of carvone. 

Later, Fisher discovered that enzymatic reactions such as microbial fermentation 

were both enantio- and diastereospecificity by observing that carbohydrates such 

as ᴅ-glucose, ᴅ-galactose and ᴅ-fructose could be fermented by beer yeast but not 

their enantiomeric form and that such yeast could hydrolyse α-methyl-ᴅ-

glucopyranoside but not its anomeric form β-methyl-ᴅ-glucopyranoside. 

Furthermore, this systematic study led to the conclusion that the fermentation 

processes were the results of enzymatic activity and theorised as the “lock and key” 

model to explain the complementary spatial configurations necessary for a reaction 

to take place.29, 31 (Figure 1.10) 

 

 



Chapter 1 - Introduction 

14 
 

 

Figure 1.10. Schematic representation of the "lock and key" model. The substrate 
should have a structure complementary to that of the active site of the enzyme for 
a reaction to proceed. 

1.3.3  In polymers 

Polymer sciences, since their origin, have closely intertwined with the concept of 

stereochemistry. This does not come as a surprise since the first polymeric materials 

industrially produced were extracted from biomass. Biological systems rely heavily 

on stereospecific processes in molecular recognition, messaging, and signalling. 

Thus, bio-sourced polymers are intrinsically endowed with a stereo- and regio-

regular backbones, as exemplified by natural rubber and cellulose derivatives: two 

of the earliest industrially relevant polymers. Even during these early days of 

polymer chemistry, the regularity of polymer chains was identified to be related to 

the capacity for crystallisation within the produced material. This was suggested by 

Staudinger in 1929 when he realised that the polymerisation of indene was yielding 

amorphous polymers, which he conjectured to be caused by a lack of regio-

regularity along the chains, as two neighbouring indene rings could be either in cis 

or trans configuration.32 The relationship existing between structural regularity and 

bulk properties was corroborated long ago, particularly through the historical 

development of regio- or stereospecific polymerisation process for the production of 

regular polyolefins.33 To date, this area of research is still relevant with a focus on a 

better control over the mechanical properties solely based on leveraging the 

stereochemistry within polymers with more complex structures than common 
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polyolefins. In particular, an extraordinarily well written article thoroughly reviewed 

the topic of the enhancement of polymers through a better control over the 

stereochemistry.34 

1.4 Stereochemistry of vinylic polymers  

1.4.1 Tacticity 

In the case of vinyl polymers, which are prepared from monomers with a general 

formula CH2=CXY, where X and Y refer to two different substituents, the repeating 

units along the chain can exist as two different isomers. (Figure 1.11)  

 

Figure 1.11. Two possible configurations of the propylene stereocenter in the 
polymer chain. 

As there is no inversion possible around the axis of the polymer backbone, once 

added to the chain, the configuration is locked. Hence, the same repeating unit can 

exist in two different configurations along the polymer backbone. The linear 

distribution of the stereoisomer and their relative arrangement along the polymer 

chain is known as tacticity. When, along a polymer chain, the repeating units are in 

the same configuration (e.g R-R-R-R, or S-S-S-S) the polymer is isotactic, if they 

are randomly ordered, the polymer is atactic, and when the polymer has 

stereocenters perfectly alternating it is referred to as syndiotactic.35, 36 (Figure 1.12) 
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Figure 1.12. Stereochemistry of polypropylene and corresponding properties. 

The on demand efficient production of a specific type of tacticity has been made 

possible through constant effort towards the development of stereospecific 

polymerisation procedures. 

1.4.2 Stereocontrolled synthesis of vinyl polymers 

Before the synthesis of isotactic polypropylene, olefinic macromolecule 

containing asymmetric carbons within their backbone were without exception 

amorphous in nature and it was attributed to the random arrangement of asymmetric 

carbons differing in their absolute configurations.37 Moreover, prior to the 

development of the second generation of Ziegler-Natta catalyst, atactic 

polypropylene was only obtained as low molecular weight by-product of the 

polymerisation of isotactic polypropylene (iPP) since the first-generation catalysts 

would only produce atactic polypropylene (aPP) of low quality. However, the 

introduction of the Ziegler-Natta metallocene catalyst enabled the production of 

high-grade aPP by increasing the molecular weight from about 10 to 100 kDa, which 
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enabled the industrial usage of this type of polymer as a commodity plastic.38 Soon 

after the report of an efficient synthesis of crystalline iPP, synthetic method aiming 

at yielding crystalline polyolefins using different monomers were developed. For 

instance, 2 years after Natta’s original report on the synthesis, the crystalline form 

of poly(methyl methacrylate) PMMA was obtained via free radical and anionic 

polymerisation. Interestingly, the anionic polymerisation of methyl methacrylate was 

achieved using 9-fluorenyllithium in 1,2-dimethoxyethane at  -60 °C produced the 

isotactic form of PMMA, and only changing the solvent for toluene produced the 

syndiotactic PMMA.39 Although the synthesis of isotactic polystyrene (PS) has been 

achieved by anionic coordination by Natta in 1955, the synthesis of syndiotactic 

polystyrene was achieved only in 1986.40 In the 2000s, the research effort in 

catalysis for the polymerisation of vinyl polymers focussed on the synthesis of 

polymers with blocks of controlled stereochemistry and molecular weight.41-45 To 

date, research efforts are focussed on polymerisation processes with improved 

functional group tolerance as illustrated by a recent report of stereoselective cationic 

polymerisation of vinyl ethers offering a new procedure to obtain isotactic polyvinyl 

from a polar monomer bearing an oxygen atom outside of common acrylates and 

methacrylates.46 Research which focusses on the controlled polymerisation of polar 

monomers are also extremely relevant to enable the production of sustainable 

polymers from bio-sourced monomers, which by nature, tend to possess a structure 

containing heteroatoms.  
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1.4.3 Influence of tacticity on bulk polymers 

To date, in the case of the most common vinyl polymer such as PP, PS, or 

PMMA, the control over the arrangement of stereocenter is most efficiently achieved 

by the coordination-insertion polymerisation catalysed by transition metals47, 48 and 

led to materials with considerable differences in terms of bulk properties. For 

example, iPP is a hard thermoplastic with a melting temperature of 160°C whilst 

aPP is a wax-like, rubbery material.49 Syndiotactic polypropylene has 4 different 

crystalline forms depending on the stereoregularity and statistical disorder within the 

crystals. Its mechanical properties will depend on the crystalline organisation. Highly 

ordered and oriented fibres bestow the material with elastomeric behaviour whilst 

un-oriented compressed moulded material will behave as common hard crystalline 

polymers.50 Consequently, crystallinity has a major impact on the thermomechanical 

properties of the bulk material. Hence, tacticity, which directly correlates to the 

crystallisation abilities of vinyl polymers by providing order to the polymer structure 

has a tremendous impact on the thermomechanical properties of the bulk material. 

This relationship between tacticity and crystallinity has been exploited in the 

development of thermoplastics elastomers by alternating the tacticity of the PP 

repeating units along the backbone.44 In those materials, blocks of different tacticity 

contain crystalline domains, that forms upon cooling, play the role of physical 

crosslinks (Figure 1.13). As this network is reversible, the material is recyclable.51-

53 
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Figure 1.13. Illustration of the diverse architecture arising from the microphase 
separation between immiscible polymer blocks occurring within thermoplastic 
elastomer creating a physical crosslink. In red is represented the crystalline phase 
or hard phase and the blue represents the amorphous or soft phase. By changing 
the molecular weight of the blocks, it is possible to obtain a layered, gyroid, or worm-
like rod phase separation. Adapted from reference54 under the Creative Commons 
Attribution Licence 2020. 

1.5 Polymer systems containing cis/trans isomerism  

1.5.1 Natural rubbers and Gutta Percha 

The divergence thermomechanical properties of materials produced from 100 % 

cis or 100 % trans polymer has been well-known for over a century. Both 1,4-cis-

polyisoprene and 1,4-trans-polyisoprene can be extracted from the latex produced 

by the (sub)-tropical rubber tree (Hevea brasiliensis) or the gutta percha tree 

(Palaquium oblongifolia), respectively.55 These two bio-sourced polymers found 

industrially relevant applications as early as the 1770’s as pencil rubber for the cis 

isomer and, although the trans isomer was known in the western world since 1656, 

it is only in 1845 that the Gutta Percha Company popularised the material as a 

commodity thermoplastic for various applications such as filling for dentistry, golf 

balls, or as insulator for underwater telegraph cables.56-59 The applications for which 

natural rubber and gutta percha are used are broadly different as the cis isomer, 

once vulcanised, gives highly elastomeric soft material with a melting temperature 

Tm of 34 °C whilst its isomeric form would produce hard and brittle thermoplastic 
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with a Tm of 89 °C.60 This difference in thermomechanical properties is believed to 

originate from the higher inclination to crystallise of the trans isomer owing to a 

better chain packing ability.61 (Figure 1.14) 

 

Figure 1.14. Structure of Gutta Percha and Natural Rubber and their respective 
crystal structure illustrating the better chain packing abilities of the trans isomer. 
Adapted from reference34 with permission from Springer Nature. 

Although synthetic analogues of both of these polymers have been industrially 

produced for at least 70 years62, polymerisation processes with strong functionality 

tolerance is still an challenging research endeavour today. Thus, it is believed that 

controlling the stereochemistry within synthetic polymers could potentially lead to 

the control of the mechanical properties as exemplified by the studies carried on 

vinyl polymers.63 However recent studies demonstrated that general rules to predict 

the outcome on the bulk material properties of the presence of one isomer over the 

other cannot yet be defined with assurance, since it has been observed that 
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elastomeric properties are not always derived from the cis configuration and an all-

trans polymer is not exhibiting the properties of a hard plastic in every instance.63-66 

For this reason, it would be counterintuitive to segregate the synthesis from the 

outcome of the stereochemistry on the mechanical properties. Instead, this section 

will present the important developments towards the rational implementation of 

cis/trans unsaturation within heteroatom rich polymer backbones, and where 

possible, examples of the manipulation of the physical properties in the bulk 

materials. 

1.5.2 Challenges of synthesising polymers containing cis/trans isomerism  

The introduction of cis and trans type stereochemistry within synthetic polymers 

has presented synthetic challenges for decades since unsaturation is prone to 

isomerisation or crosslinking, which could be especially triggered in harsh 

polymerisation processes involving high temperature, high pressure, strong acid or 

base catalysts or the production of free radicals. For this reason, pure cis or trans 

chains of the same chemical structure are hard to access and is still a topic of 

ongoing research. Thus, different strategies were established towards the 

production of stereospecific cis/trans polymers, such as post-polymerisation 

isomerisation starting from isomeric-defined chains, stereoselective in-situ 

production of cis or trans unsaturation, or the use of unsaturated or rigid-rings 

stereopure monomers. These polymerisation techniques and their outcome are 

presented in the following paragraphs.  
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1.5.3 Polymer containing cis/trans isomerism through post-polymerisation 

modification 

A well-known example of the modulation of polymer chains stereochemistry is 

via the incorporation of diphenyl substituted diazene derivative, namely 

azobenzene.67 This type of molecule, are able to isomerise from trans to cis using 

UV-light irradiation, and it is possible to control the isomerisation ratio using different 

wavelengths.68 Although, increasing the strain can decrease the kinetic of the 

reaction, owing to the greater thermodynamic stability of about 50 to 55 kJ∙mol-1 of 

the trans isomer, the polymer slowly reverts back to the trans configuration once the 

irradiation is supressed.69 (Scheme 1.2) 

 

Scheme 1.2. Scheme of the trans to cis isomerisation of azobenzene occurring 
under UV irradiation. The trans isomer being the thermodynamically stable isomer, 
hence the cis to trans isomerisation occurs naturally in the absence of irradiation. 

Examples of less reversible thermal isomerisation can be found in the early 

literature: one such example where various cis/trans contents were created from the 

thermal isomerisation of a cis pure polyacetylene material.70, 71 This isomerisation 

technique is still used to date and can be triggered via thiyl radical-catalysed 

reaction,72 diethylamine basic catalysis for isomerising the activated alkenes of 

poly(propylene maleate) into poly(propylene fumarate),73 or a combination of both 

methods to obtain a polyester which could be reversibly switched from a 

configuration to the other to afford polymers with a trans ratio from 0 to 100% and 
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therefore a wide array of mechanical properties from soft elastomer to hard plastic.74 

(Figure 1.15) 

 

Figure 1.15. Illustration of the UV triggered isomerisation of trans fumarate to cis 
maleate with a 30% yield of conversion and random distribution along the polymer 
chain. This reaction requires the use of 10 mol% Benzophenone as catalyst. The 
reaction is reversible in the presence of 10 mol% diethylamine. Whilst the 100% 
trans fumarate polymer is semi-crystalline, isomerising 30% of the unsaturation to 
cis maleate led to an amorphous material. Reproduced from reference74 with 
permission from John Wiley and Sons. 

1.5.4 Polymer containing cis/trans isomerism through in-situ alkene 

synthesis 

Research in organic chemistry of small molecules is in constant development 

and a plethora of reactions have been developed throughout history that can 

perform stereoselective transformations and couplings. In order to be efficiently 

translated to polymerisation processes, reactions should be able to reach high 

conversion of a single product in a timely fashion, which led to the “craze” for 

exploring “click reactions” towards the development of novel polymerisation 

techniques ever since the original article highlighting the superiority of a few reaction 

processes was published in 2001.75 Specifically, the nucleophilic addition to alkynes 

activated by the presence of an electron-withdrawing group has long been known 

as a means to control the stereochemical outcome of the product by altering the 
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catalyst, thermal conditions, or the solvent in which the reaction is carried out.76 The 

thiolation of alkynyl esters can produce an addition product with a ratio of the cis 

and trans diastereomer correlated to to the solvent polarity. The best results both in 

terms of stereopurity and efficiency were achieved using water as solvent, which 

yielded the trans isomer in 97% purity in 5 min of reaction at room temperature. This 

reaction was not only efficient, but adhered to a majority of green chemistry 

requirements such as high atom economy and minimal by-product formation.77 

(Figure 1.16) 

 

Figure 1.16. Scheme representing the addition of thiophenol to ethyl propiolate at 
room temperature and at concentration of 0.2 M. The table above summarises the 
impact of the solvent polarity on the yield and stereochemistry of the product.77 
Reproduced from reference76 under the Creative Commons Attribution Licence 
2021. 

This concept was applied to the coupling of commercially available aliphatic 

thiols with propiolate terminated poly(ethylene glycol) (PEG) oligomers using 10 

mol% of triethylamine (Et3N) as catalyst. The obtained product exhibited a cis/trans 

ratio similar to that observed with small molecules, with a trans content spanning 
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from 2% up to 96% whilst working in benzene or water respectively.78 This method 

was successfully applied to the step-growth polymerisation of a dialkyne monomer 

and 1,6-hexanedithiol to yield high molecular weight polymers with a cis content 

which could be tuned between 32 and 80% which exhibited different mechanical 

properties. Interestingly in this system, the higher the cis content, the more 

crystalline the final material, which is the opposite trend of that observed for the 

isomers of 1,4-polyisoprene.63 (Figure 1.17) This type of reaction was then 

exploited for the manipulation of the mechanical properties of polyamides which 

displayed similar mechanical properties than Nylon 6,6.79 

 

Figure 1.17. Stress-strain curve for thiol-yne elastomer with a cis content of 80% 
(High cis, in red) and 32% (High %trans, in blue). Reproduced from reference63 
under the Creative Commons Attribution Licence 2016. 

Although, thiols are the most popular nucleophile for the stereospecific 

nucleophilic addition to activated alkenes owing to the wide array of isomeric ratios 

which could potentially be obtained, some previous reports have mentioned the 

potential to control the stereochemical outcome of the coupling of an alkyne with 
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amines. For instance, it was demonstrated that an isomer ratio of either 88% or 39% 

cis high molecular weight poly-enamines could be obtained by exchanging the 

copper(I) halide salt used as catalyst from CuCl to CuI.80 (Scheme 1.3) Moreover, 

whilst performed at room temperature without the addition of any catalyst, 100% 

trans poly-enamines could be obtained.81, 82 However control of the cis/trans ratio 

as well as molecular weight were hard to achieve, therefore studies related to their 

structure-properties relationship were not conducted. 

 

Scheme 1.3. Synthesis of polyenamines by Cu(I)-catalysed amino-yne 
polymerisation.80 Reproduced from reference80 with permission of the Royal Society 
of Chemistry. 

Lastly, the emergence of alcohol-yne reactions could also be mentioned for their 

propensity to be modulated using different trialkyl-phosphine catalysts or solvents.83 

In this particular study, however, the use of triphenyl phosphine as catalyst only 

provides small deviations, from 75% to 88%, in the cis/trans ratio of the product of 

the addition of benzyl alcohol onto methyl propionate. Whereas, using 

tributylphosphine affords the trans isomer in 100% diastereopurity using solvents of 

a broad range of polarity from benzene to tetrahydrofuran. The limited control of the 
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stereochemistry (between 75 to 100%) makes hydroxyl-yne far less versatile than 

the thiol-yne reaction described previously. This is further illustrated by the synthesis 

of poly(vinylene ether ketone) via DMAP catalysed phenol-yne polymerisation which 

only yield the trans isomer.84 (Scheme 1.4) 

 

Scheme 1.4. Phenol-yne polymerisation of 100% trans poly(vinylene ether ketone) 
using DMAP as a catalyst. Reproduced from reference84 with permission from John 
Wiley and Sons. 

Outside the nucleophilic addition to alkynes, ring opening metathesis 

polymerisation (ROMP) of norbornene or tetracyclododecene were also reported to 

produce good control over the stereochemical outcome of the product. ROMP has 

been shown to be able to yield 98% of the in-chain unsaturation as the cis 

configuration.85 More recently, excellent control over the ratio of cis/trans of poly(p-

phenylenevinylene) though stereoretentive ROMP. Using different ruthenium-based 

catalysts, the cis content along the polymer chain was varied from 50 to 99%. 
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Moreover, the photoisomerization of the all-cis conjugated polymer could afford the 

all-trans isomer after 30 min of UV light exposure at 365 nm.86 More recently, the 

same group developed stereoselective dithiolate ruthenium carbenes catalyst which 

afforded excellent control of the configuration of the in-chain double bond via acyclic 

diene metathesis (ADMET) polymerisation. This procedure was tolerant towards a 

variety of functionalities which permitted to yield a wide array of polymers such as 

polycarbonates, polyesters or even polyethers and polysulfites.65 (Figure 1.18) 

 

Figure 1.18. Preparation of unsaturated polymers with a different cis/trans content 
via ADMET using two ruthenium catalysts.65 Reproduced from reference65 with 
permission from Springer Nature. 

1.5.5 Polymer containing cis/trans isomerism from stereopure monomers 

The incorporation of stereopure monomers within the polymer backbone can be 

achieved by step-growth polymerisation techniques such as polycondensation or 

polyaddition and certainly represent a valuable technique if the selected molecules 

and its isomeric forms are individually available in high purity. 

The addition of cyclic monomers is an ingenious way of incorporating cis/trans 

type stereochemistry within a polymer chain as it removes the possibility of 
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unwanted crosslinking usually encountered with unsaturated polymers under the 

harsh reaction condition of traditional polycondensation. For example, 1,4-

cyclohexenedimethanol (CHDM) has been copolymerised with 2,5-

furandicarboxylate and ethylene glycol (EG) by transesterification in the presence 

of zinc acetate, followed by polycondensation using antimony trioxide as catalysts. 

(Figure 1.19) It has been found that the CHDM configuration was influencing the 

overall properties of the polymer. 

 

Figure 1.19. Structure of three common cyclic monomers used to impart cis and 
trans stereochemistry to polymer. 

 

Besides the crystallinity and the material toughness that increased with the trans 

content of (CHDM), the permeability of O2 and CO2 was also correlated to the 

configuration ratio and decreased with increasing trans content.87 Similarly, cyclic 

monomers such as 1,4-cyclohexanedicarboxylic acid (CHDA) and 1,4-

diaminocyclohexane (DACH), when in their trans configuration, were found to 

positively impact polyamides mechanical properties in a similar way.88 However, it 

is noteworthy to mention that CHDA is not an ideal candidate since it has been 

proved that it can isomerise in the presence of a strong acid catalyst89 or under a 

high temperature required during polycondensation.90 Although one study reported 

the possibility to control the mechanical properties by changing the cis/trans ratio 

present along the polymer backbone from 0.12 to 0.71. 91 The authors describe that 

increasing the cis content, introduces kinks in the chain, which decreases the chain-
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packing ability of the polymer. As a results, the chain disorder increased, and the 

polymer exhibits reduced crystallinity to become totally amorphous at a cis content 

of 71%. 

Another kind of ring often used in order to study the effect of stereochemistry on 

the polymer properties is the sugar-derived 1,4:3,6-dianhydrohexitols or isohexides. 

(Figure 1.20) Besides multitudes of advantages linked to their sugar-based nature 

such as being relatively cheap to produce, biocompatible and bio-sourced92, 93, their 

unique V-shaped bicyclic structures and the relative stereochemistry of their two 

hydroxyl groups makes them valuable candidates in the study of the relationship 

between stereochemistry and polymer properties.94 

 

Figure 1.20. Structure of 1,4:3,6-dianhydrohexitols or isohexides. 

As such, incorporation of isohexides have been exploited in step growth 

polymerisation of polyamides95, polyacetals96, polyesters97, 98 and 

polyureas/polyurethanes.99 In all cases, the Tg was dependant on the 

stereochemistry in the order: isosorbide<isomannide<isoidide. The main problem 

shared by those studies on isohexides, is that the mechanical properties - and how 

they are affected by the stereochemistry - is either marginally or not discussed.34 

This fortunately has been corrected by the publication of 2 recent reports. The first 

report highlights the possibility of manipulating the value of the Tg, density and 
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entanglement molar mass by varying the feed in isosorbide and isommanide 

monomer during the copolymerisation with hydroxymethyl furfural yielding 

renewable polyurethanes.100 (Scheme 1.5) 

 

Scheme 1.5. Synthesis of renewable polyurethane from hydroxymethyl furfural and 
isohexide-derived difunctional isocyanates. 

More recently, Stubbs et al. investigated the mechanical properties of poly(ester-

urethane) resulting from the copolymerisation of 1,8-octane dithiol with a diacrylate 

monomer including either a isoidide or isommanide unit. (Scheme 1.6)  

 

Scheme 1.6. Synthesis of poly(ester-urethane)s used to study the impact of the 
isohexide structure on the mechanical properties of the material. 

The study revealed that whilst the former isohexide generated tough thermoplastics, 

the later endowed the final material with soft elastomeric properties. Moreover, the 

hydrolytic degradation of the materials could be controlled individually from the 

mechanical properties by either the blending of the two kind of polymers or through 

the copolymerisation of the two isomers.101 (Figure 1.21)  
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Figure 1.21. Isomannide (IM)-derived poly(ester-urethane) exhibits the mechanical 
properties of soft elastomers whilst isoidide (II)-derived poly(ester-urethane) are 
displaying the behaviour of tough thermoplastics. The blending of the two 
isomorphous polymers yields a fast eroding tough plastic, whereas the 
copolymerisation of the two isohexides produces an elastomer which degrades 
slowly.101 Adapted from reference101 under the Creative Commons Attribution 
Licence 2022. 

Further work highlighted the dependence between the isohexide 

stereochemistry and the biodegradation rate of a similar poly(ester-urethane) 

resulting from the thiol-Michael type copolymerisation of dianydro sugar-based 

diacrylates with various dithiol.102 It should also be noted that the same technique 

was successfully applied to incorporate the cyclopropane rings within a polymer 

backbone, however the impact of cis/trans stereochemistry around the 3-membered 

ring yielded only a modest difference in the Tg.103  

Although the structure-property relationships of cis and trans commodity 

polymers such as polyisoprene and polybutadiene is well understood and 

controlled, it is not the case for the numerous other unsaturated polymer 

systems.104-106 The polycondensation of maleic and fumaric acid with an alkanediol 

(Figure 1.22) for the preparation of polyesters is another strategy developed for 
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controlling the stereochemistry of unsaturated polymers. Pure trans homopolymers 

can be easily prepared thanks to the higher energy stability of the trans 

configuration. Hence, a 100% trans configuration polymer have already found 

applications in biomaterials.107-110 However, the pure cis polymer is hard to obtain 

since the cis double bond is prone to isomerisation under the high temperatures 

required for polycondensation.110 When the pure cis poly(hexamethylene maleate) 

has been reported, the molecular weight was unfortunately too low (5 kDa) for the 

polymer to have robust mechanical performance. This is the reason why, most of 

the attention was focused on the copolymerisation of maleic and fumaric acid at 

various cis/trans ratios.109, 111 The idea was to prepare biomaterials with tuneable 

mechanical and degradation properties. However, the precise control upon the 

cis/trans isomer ratio remains a challenge as a consequence of isomerisation 

reaction affecting the cis double bond during the polymerisation process.110, 112 

 

Figure 1.22. Structure of fumaric and maleic acid 

Emergent techniques based on milder polymerisation method derived from 

“click” reactions are currently representing a breakthrough in the study of the 

influence of the stereochemistry present along a polymer backbone on the physical 

properties of the bulk material. In particular, it has been reported that the Michael 

addition thiol-ene reaction proved itself as a powerful tool to obtain stereo-controlled 

unsaturated polymers. One study reporting the successful synthesis of high 

molecular weight poly(ester-urethane), which displayed different mechanical 
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behaviour depending on the configuration of the in-chain unsaturation.64 (Scheme 

1.7)  

 

Scheme 1.7. Synthesis of unsaturated poly(ester-urethanes) from stereo-defined 
diacrylates and 1,6-hexanedithiol. 

In this specific system, both cis and trans polymers were obtained without unwanted 

crosslinking and isomerisation and both behaved has hard thermoplastic with the 

trans (E = 66 MPa) isomer exhibiting a Young’s modulus over two times that of the 

cis isomer (E = 25 MPa). (Figure 1.23) 

 

Figure 1.23. Synthesis of poly(ester-urethane) via thiol-Michael step growth 
addition between an unsaturated cis and trans diacrylate and the commercially 
available 1,6-hexanedithiol which exhibits different mechanical properties 
depending on the stereochemistry of the inner double bond.64 Adapted from 
reference64 with permission from the American Chemical Society. 

1.6 Stereochemistry in Polymer networks 
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Polymer networks are distinguishable from polymer thermoplastics through the 

existence of chemical crosslinking which permeate the whole mass of the bulk 

material and account for 15-20% of the global polymer production accounting for 

about 22 M tons per annum.113-115 Their structural particularity endows the material 

improved resistance to high temperatures and solvent and overall mechanical 

properties. For instance, it is through the formation of covalent crosslinking between 

polymer chains via vulcanisation process that the Natural Rubber gains its 

exemplary elastic behaviour and resistance to fatigue. However, owing to the 

presence of crosslinking, they are not soluble, thus the exact architecture of this 

type of material can be harder to analyse thoroughly by common analytical 

means.116 Moreover crosslinking reactions are not controlled reactions, often 

involving the presence of radicals or high temperature. Hence, the content of 

double-bonds and their stereochemistry, particularly in the case of unsaturated 

polymer networks, is inherently different from that of the feed since the harsh 

reaction conditions can induce isomerisation. For this reason studies on the impact 

of the stereochemistry on the mechanical properties of unsaturated polymer 

networks could scarcely be found and the very few examples focussing on the 

stereochemistry within networks are mainly conducted on hydrogels. The first 

method reported within the literature is the use of azobenzene photoswitches 

especially with biological application in mind.117 For example, Yan-Li Zhao and J. 

Fraser Stoddard reported in 2009 the use of deoxycholate-b-cyclodextrin derivative 

coupled with poly(acrylic acid) copolymer containing pendant azobenzene group to 

create a reversible gel through host-guest interaction controlled by light exposure. 

Thus, the gel-to-sol transition occurred whilst the gel was irradiated at 355 nm and 
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the azobenzene moiety in the trans configuration, however if subjected to a 450 nm 

wavelength light, the azobenzene is converted into the cis configuration, disrupting 

the host-guest interaction and therefore triggering the gel-to-sol phase transition.118 

(Figure 1.24).  

 

Figure 1.24. Illustration of the sol-gel phase transition mechanism occurring via 
guest-host interaction between a Deoxycholate-b-cyclodextrin derivative and a 
poly(acrylic acid) copolymer containing pendant azobenzene groups. Reproduced 
from reference118 with permission from the American Chemical Society. 

This type of reversible complexation between azobenzene and cyclodextrin has also 

been exploited in another study using poly(N-isopropylacrylamine) as the guest 

polymer which made the system temperature sensitive. Moreover, the cyclodextrin-

based dimers were connected by a disulfide bond, thus the crosslinking for the gel 

could also be triggered by redox reaction. Thus, the novelty of this particular study 

was the obtention of a multi-stimuli system with a sol-gel phase transition able to be 

triggered either by light, temperature or redox reaction.119 However, a study 

conducted by Tamesue et al. cyclodextrin-branched curdlan and either dodecamer 

of poly(acrylic acid) containing azo pendant group or azobenzene terminated dimers 

highlighted the difficulty of finding the right condition essential to the gel formation 



Chapter 1 - Introduction 

37 
 

such as the ratio of cyclodextrin units to the azobenzene groups, the morphology of 

the guest polymer or the small constant of association for the inclusion complex 

formed from cyclodextrin and azobenzene.120 Interestingly, azobenzene 

photoswitches have also been exploited to modify the stiffness of a chemically 

crosslinked hydrogel formed by the thio-michael addition between a vinylsulfone 

terminated 6-armed poly(ethylene-glycol) and a azobenzene-functionalised peptide. 

The resulting hydrogel demonstrated a cytocompatible, light-responsive alteration 

in elasticity which made it a good candidate for cell culture substrates in 

mechanobiology studies. However, although occurring slowly within 18h at 37 °C, 

the cis azo group inevitably relaxes to the thermodynamically stable trans isomer, 

moreover the reduction in stiffness imparted from the trans to cis photoisomerization 

was only in the 2% range.121 Building up from this system, I-Ning Lee et al. achieved 

a cis rich network stability of about 2 weeks with a 76% range of stiffness between 

the two isomers using acrylamide as monomer and 4,4’-Di(acrylamido)azobenzene 

crosslinker.122  

Another technique which has been employed to tune the mechanical properties of 

hydrogel relaying on the change of stereoisomer of unsaturated polymer networks 

was the use of thiol-yne click chemistry. Originally encountered within 

thermoplastics, this method enables the control over the stereochemistry of the 

unsaturation formed in situ from the manipulation of the reaction conditions. Hence, 

the reaction between an alkyne terminated and a thiol terminated 4-arm 

poly(ethylene glycol) could either give rise to the formation of a cis rich or trans rich 

network by using a strong base in a polar solvent or a weak base in an apolar solvent 

respectively.123(Scheme 1.8) 
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Scheme 1.8. Synthesis via thiol-yne click chemistry of either a cis or trans rich 
hydrogel network from the reaction of an alkyne terminated and a thiol terminated 
4-arm poly(ethylene glycol) precursors. The use of a strong base in a polar solvent 
favours a trans rich network and a cis rich network is obtained by using a weak base 
in an apolar solvent. Reproduced from reference123 under the Creative Commons 
Attribution Licence 2021. 

In the recent literature, only three occurrences of the study of the impact of 

stereochemistry on the mechanical properties within thermoset could be found. The 

first example has been carried on isohexide-base polybenzoxazine. In this study, 

thermoset networks were formed from the modification of isosorbide diol to 

isosorbide diamine which was further reacted either with biosourced phenols such 

as cardanol to obtain bisbenzoxazine monomers.124 (Scheme 1.9) This study 

revealed that the exo-endo configuration of the isosorbide unit within the polymer 

was found to influence the ring opening temperature, the maximum thermal stability, 

the glass temperature and the adhesive strength compared to the previously studied 

isomannide-containing polymer of the same structure.125 
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Scheme 1.9. Synthesis of a bisbenzoxazine monomer from a isosorbide diamine 
and cardanol via Mannich-like condensation under microwave irradiation in the 
absence of solvent. Adapted from reference124 with permission from the American 
Chemical Society. 

Moreover, the storage modulus increased from 68 MPa to 240 MPa by only 

changing the isomannide (endo-endo) to a isosorbide unit (endo-exo). This 

observation was hypothesised to be correlated to the better chain packing enabled 

by the facilitated hydrogen bonding arising from the special orientation of the 

isosorbide rigid ring. This postulation has been corroborated by a more recent study 

on the impact of the stereochemistry of 2,3-butanediol when used as chain extender 

within polyurethanes. Thus, the orientation of the pendant methyl groups in the 

meso 2,3-butane diol has been found to favour a more linear polymer chain which 

in turn supports the formation of large crystalline phases through strong hydrogen 

bonding interaction between neighbouring polymer chains in the hard segment. 

However, when the 2,3-butane diol are in (R,R) or (S,S) configuration, the methyl 

group are oriented to minimize the steric hindrance which introduced kinks within 

the polymer chain and overall disfavour H-bonding.126 (Figure 1.25)  
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Figure 1.25. Illustration of the methyl pendant group orientation in a) meso 2,3-
butanediol, which favour linear chains and in turn the formation of H-bonding 
between neighbouring chains or b) (S,S) and c) (R,R) which induce kinks within the 
chain to minimise steric hindrance. Adapted from reference126 with permission from 
the American Chemical Society. 

Finally, the third report attempting at studying the effect of stereochemistry within 

networks presented thermoset networks arising from the copolymerisation of pure 

cis or trans limonene dioxide monomers with glutaric anhydride. A slight difference 

in reactivity towards copolymerisation with glutaric anhydride could be noticed via 

DSC analysis, with the cis and trans limonene dioxide displayed an enthalpy of  

reaction of 553 and 592 J×s, respectively, indicating the higher reactivity of the trans 

stereoisomer. In addition, the trans network presented a glass transition 

temperature of 27 °C, which was almost 3 times lower than of its cis counterpart (80 

°C). However, the mechanical properties of the trans rich network could not be 

evaluated since the final network was too brittle to withstand mechanical analysis 

procedure.127 
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The ability to induce crystallinity through the control of stereoisomerism is to date 

still in its infancy and will require much more research effort to develop into a 

powerful tool to tune the mechanical properties of robust polymer networks, 

especially needed in biomedical applications or 3D printing. Thus, both these 

applications require varying a multitude of parameters within a narrow window of 

applicability mostly caused by biocompatibility or printability constraints, which 

cannot always rely on a change of monomer units. 

1.7 Conclusion 

Since the early days of polymer chemistry, the stereoregularity of the chains was 

hinted to be a major parameter influencing the mechanical properties of the final 

material. More regular backbones lead to better chain packing abilities ultimately 

resulting in enhanced crystallinity. This realisation led to synthetic investigations 

aimed towards the production of regio- and stereo-specific polymers. The study of 

polyvinyl polymers corroborated the early hypothesis that the stereochemistry within 

the polymer backbones was a parameter as important as the molecular weight on 

the mechanical properties. Regarding unsaturated polymers, the bio-sourced 

Natural Rubber and Gutta Percha or cis-1,4-polyisoprene and trans-1,4-

polyisoprene, displayed divergent thermomechanical properties. Thus, the former 

exhibits the mechanical behaviour of a soft elastomer and a temperature of melting 

Tm of 34 °C whilst the latter is a hard thermoplastic with a Tm of 89 °C. This 

remarkable impact of the isomerism on the mechanical properties inspired the 

development of stereospecific polymerisation techniques and soon, synthetic trans 

and cis-1,4-polyisoprene or 1,4-polybutadiene were produced on industrial scale. 

To date, the growing concern around the deleterious environmental impact of 
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petroleum-based polymer materials drove the research to focus on renewable 

resources which are more chemically diverse than the monomers obtained from 

petroleum which are mainly hydrocarbons. For this reason, the need for finding new 

synthetic techniques for the implementation of cis/trans stereochemistry containing 

oxygen based degradable functionalities is still of high relevance and very recently, 

various systems have been developed to that aim. However, these studies mainly 

focused on linear polymers and studies concerning chemically cross-linked polymer 

networks could scarcely be found with the very few examples focussing on the 

stereochemistry within networks mainly conducted on hydrogels. With some 

emerging applications such as 3D printing or biotechnology being restricted within 

the choices of chemical functionalities. For instance, the former requires the 

chemical structure to be UV active and displays physical properties in line with the 

printing conditions and the latter requires the fabricated materials to be 

biocompatible. For this reason, the development of ways to efficiently implement 

stereochemistry to tune the mechanical properties of the final product could be 

beneficial to these research fields. 
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1.8 Aim of the project 

 

Figure 1.26. Figure summarising the work presented in this manuscript. (a) General 
scheme of the diacrylate monomer synthesis (1) from the reaction of a diol and 2-
isocyanatoethylacrylate followed by the polymerisation (2) via nucleophilic thiol-
Michael addition with a dithiol in the presence of an excess of diacrylate to obtain 
telechelic oligomers with reactive acrylate termini. (b) Presentation of the diversity 
of diol used in this study. (c) Structure of the two dithiols used in this work. (d) Ideal 
illustration of the network formation from the radical reaction of the acrylate termini 
in the presence of a photo-initiator and UV light to create a stereopure unsaturated 
poly(ester-urethane) network. 

Within the currently available means to implement cis/trans stereochemistry 

within polymeric backbones, the thiol-Michael step growth addition has been 

highlighted as one of the most efficient and versatile techniques. High molecular 

weight poly(ester-urethanes) synthesised from the reaction of a dithiol and a 

diacrylate derived from cis and trans but-2-ene-1,4-diol or isohexides were obtained 

without the occurrence of unwanted crosslinking or isomerisation. The aim of this 

project is to explore the feasibility of synthesising diacrylate telechelic oligomers with 

good control over the molecular weight using the same monomer units with the 
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ultimate goal of forming covalently crosslinked networks with divergent mechanical 

properties. (Figure 1.26) It is hypothesised that the network structure would be ideal 

as the molecular weight between crosslinks is controlled by the molecular weight of 

the reacted oligomer. (Figure 1.26 (d)) In parallel, the feasibility of synthesising a 

synthetic polysaccharide from a glucose-derived diacrylate and dithiol will be 

explored. The second chapter of this manuscript will describe the synthesis of the 

diacrylate monomers derived from cis and trans but-2-ene-1,4-diol, and isohexides 

in addition of a glucose-based diacrylate and dithiol, with the two later monomers 

being described for the first time to our knowledge. Chapter three will present the 

attempt at forming diacrylate telechelic oligomer via nucleophilic thiol-ene addition. 

Lastly, chapter 4 will explain the efforts towards the formulation of cis and trans but-

2-ene-1,4-diol based diacrylate telechelic oligomers into a photo-active resins and 

the resulting mechanical behaviour arising from stereopure networks and the 

translation of the technology to 3D printed materials. 
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2 Di-functional monomers synthesis for thiol-ene 

step growth polymerisation 

1.10 Chapter overview 

The focus of this chapter is to present the synthesis of 6 diacrylates monomers 

for thiol-ene step growth polymerisation that will be used in subsequent chapters. 

The general scheme of the synthesis is presented in Figure 2.1 (d).  

 

Figure 2.1. Figure summarising the content of this chapter, which focusses on the 
synthesis of diacrylate monomers starting from of (a) the cis and trans or (b) 
isohexides or (c) a 1,6-glucose-derived diol. The reactions involve the 
functionalisation of each diol with a commercially available isocyanate acrylate in 
the presence of dibutyltin dilaurate (DBTDL) as catalyst (d). (e) Picture of polymers 
of similar structure containing (solid) or not (liquid) urethane bonds. obtained from 
the reaction of the same diol with either isocyanatoethylacrylate or acryloyl chloride 
respectively and polymerised via the nucleophilic thiol-Michael  

By reacting various diol precursors with the commercially available 2-

isocyanatoethyl acrylate, it was possible to synthesise 3 distinct sets of diacrylate 

monomers which would ultimately offer the possibility of studying the effect of both 

unsaturated cis/trans and rigid ring endo/exo type of stereochemistry within polymer 

networks. (Figure 2.1(a) and (b)). Moreover, to explore the feasibility of producing 

a synthetic polysaccharide via thiol-ene step growth polymerisation, both a glucose-
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derived diacrylate and dithiol have been synthesised from the corresponding 1,6-

glucose-derived diol precursor. (Figure 2.1(c))  

Usage of 2-isocyanatoethyl acrylate had the unique advantage to not only giving 

access to a wide array of diacrylate monomers from a single preparation in near 

quantitative yields, but also of incorporating urethane groups within the polymer 

backbones, which proved to be crucial in the obtention of materials possessing 

robust mechanical properties through the formation of H-bonding. Thus, a 

preliminary experiment showed that only liquid to tacky solids were obtained if the 

urethane bonds were removed from the polymer backbone by reacting acryloyl 

chloride with a diol precursor to synthesise the diacrylate monomer. (Figure 2.1(e))  

This chapter will first start by presenting the synthesis of the three non-

commercial diol precursors: trans-2-butene-1,4-diol, isoidide and the glucose 

derived diol. The choice of synthesising a 1,6-glucose-derived diol came logically 

after the synthesis of the originally planned 1,4-glucose diol gave unsatisfactory 

results both in terms of yield and purity, which would be discussed in detail below. 

Then, the general synthesis of the diacrylate will be presented and finally, the 

synthesis of the 1,6-glucose derived dithiol will be developed. 

1.11 Synthesis of trans-2-butene-1,4-diol 

Whilst cis-2-butene-1,4-diol is commercially available and inexpensive, the trans 

isomer (1) has been prepared by stereoselective reduction of 1,4-butyne diol with 

lithium aluminium hydride in THF adapted from a previously reported strategy.1 

(Scheme 2.1) 
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Scheme 2.1. Synthesis of trans-2-butene-1,4-diol 

The resultant product was purified by column chromatography to afford trans-2-

butene-1,4-diol (1) in 44 to 51% yield on a 10 g scale and 35% yield on a 30 g scale. 

The yield obtained for this synthesis are lower than already reported (98%). Firstly, 

for safety reasons, the reaction was performed at room temperature overnight 

instead of at reflux for 3 h as indicated in the original 2 g scale procedure. In addition, 

the formation of aluminium salts occurs during the work up, in combination with an 

increased reaction scale causes the washing stage to be more challenging and 

resulted in a lower yield.  

Analysis of the product by 1H NMR spectroscopy in d6-DMSO confirmed the 

stereo-purity of the compound, showing only one characteristic resonance peak in 

the vinylic proton region at δ = 5.67 ppm (trans) and none at δ = 5.47 ppm (cis).2 

(Figure 2.2) 

 

Figure 2.2. 1H NMR (400 MHz, 298 K, d6-DMSO) spectrum of trans-2-butene-1,4-
diol (1). 
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1.12 Synthesis of Isoidide  

Isoidide is one of the three 1,4:3,6-dianhydrohexitol or isohexides isomers along 

with isosorbide and isomannide. These three diols are particularly interesting owing 

to their peculiar geometric configuration. The structure is comprised of two cis-fused 

tetrahydrofuran rings that are in a V-shaped configuration, with a 120° angle 

between the rings. In addition, hydroxyl groups oriented in endo, are able to form 

hydrogen bonding with the ethereal oxygen of the neighbouring ring, providing them 

with increased nucleophilicity. This particular arrangement is observed on the only 

endo hydroxyl in isosorbide and both hydroxyl groups in isomannide, whilst it is not 

observed on isoidide since both hydroxyl groups are exo oriented.3 (Figure 2.3). 

Thus, isohexides, owing to their uncommon V-shape and 2 chiral centers, were 

interesting candidates to explore the impact of endo/exo type stereochemistry within 

our polymer system. 

 

Figure 2.3. Structure of the three isohexide isomers. 

Isosorbide and isomannide are industrially obtained from the sequential 

dehydrogenation and double dehydration of their sugar precursor ᴅ-glucose and ᴅ-

mannose respectively and, are both commercially available.3-5 Isoidide, was 

obtained from the epimerisation of isomannide in three synthetic steps following a 

procedure previously optimised within the group.6 First, the hydroxyl groups are 
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tosylated using p-methanetoluenesulfonyl chloride in dichloromethane, offering a 

better leaving group for the following nucleophilic substitution using potassium 

acetate in dimethylformamide. After this reaction, the original exo/exo 

stereochemistry of isomannide is inverted to endo/endo, providing an acetylated 

isoidide (3). The final step consists in deprotecting the hydroxyl groups via 

deacetylation in the presence of sodium methoxide in methanol, otherwise known 

as the Zemplèn transesterification, to give isoidide (4). (Scheme 2.2) These 

reactions have been easily scaled up to 30 g in yield from 78 to 90%. 

 

Scheme 2.2. Synthesis of isoidide (4). 

 As the only by-product of the deprotection stage is methyl acetate, isoidide 

is obtained after acidification of the reaction media using a proton exchange resin 

and evaporation of the solvent under vacuum without the need for further 

purification. Comparing the 1H NMR spectra of the product and the starting material 

confirmed the obtention of isoidide. (Figure 2.4) Thus, the resonance signal of 

hydroxyl protons shifted from δ = 4.76 ppm (isomannide) to δ = 5.11 ppm (isoidide 

4) and the methylene protons displayed a stronger splitting pattern are both 

evidence of the different spatial environment surrounding the protons.  
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Figure 2.4. Comparison of the 1H NMR (400 MHz, 298 K, d6-DMSO) spectra of 2.4 
Glucose-derived diol 

Glucose is the most abundant representative of the monosaccharide family and 

is industrially obtained from the enzymatic hydrolysis of corn starch.7 Owing to its 

natural origin, inexpensiveness, innocuousness, and remarkable stereochemical 

and structural characteristics (Figure 2.5), research effort towards its polymerisation 

started as early as the 1950’s 8 and is still relevant to this day.9-14 
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Figure 2.5. (a) Structure of α-ᴅ-glucopyranose in the most stable chair configuration 
showing the conventional numbering of the carbons within a pyranose ring. (b) 
Scheme representing the equilibria existing between the cyclic and linear form of 
glucose in solution, illustrating that the anomeric oxygen is engaged in a hemiacetal, 
explaining it electrophilicity leading it to be a good leaving group. On the left, the 
glucose unit is represented in the clearer stereochemical view. 

Although the electrophilic characteristic of the anomeric oxygen has been 

exploited for the formation of linear polycondensates from unprotected glucose in 

the presence of an acid catalyst 15 (Error! Reference source not found.), the 

obtention of regio-regular glycoside bonds relies on the appropriate 

protection/deprotection strategy towards the synthesis of a glucose-based 

difunctional monomer.11, 16, 17 

 

Scheme 2.3. Reaction scheme of the polycondensation of unprotected α-ᴅ-glucose 
and a representation of the structure of the products obtained: the linkage between 
glucose units is non regio-specific as the hydroxyl on C1 is able to react with one of 
the four non anomeric free hydroxyls. 
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The incorporation of glucose moieties into our monomer system necessitated 

the synthesis of a sugar diol and, amongst the variety of diols that could be derived 

from glucose, attention was focussed at first upon the obtention of a 1,4-glucose-

derived diol. This configuration offers, once polymerised, the potential to mimic the 

backbone connectivity observed in cellulose, known for enhancing the mechanical 

properties of the polymer through better chain packing.18, 19 (Figure 2.6) 

 

Figure 2.6. (a) Structure of the desired 1,4-glucose-derived diol and (b) Structure of 
cellulose, where the glucose units are linked through a 1,4-β-glycosidic bond, 
affording regioregularity to the polymer chain. 

1.13 Synthesis pathways to 1,4-glucose-derived diol 

The synthesis of a synthon bearing free hydroxyl groups on the 1st and 4th 

position can be potentially achieved by: (i) the sequential benzylation and hydrolysis 

of β-cyclodextrin20 (Figure 2.7 (a)), (ii) the selective benzoylation of methyl-α-ᴅ-

glucopyranoside on the 2nd, 3rd, and 6th position21, 22 followed by the cleavage of the 

methyl group on the first position (Figure 2.7 (b)), or by (iii) following a well-

established 4-step synthesis starting from α-ᴅ-glucopyranoside.10 (Figure 2.7 (c)) 
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Figure 2.7. Reaction scheme of the synthesis of a 1,4-glucose-derived diol via (a) 
benzylation and hydrolysis of β-cyclodextrin, (b) selective acylation of methyl α-ᴅ-
glucopyranoside followed by hydrolysis of the glycosidic bond, (c) traditional 4 step 
protection/deprotection strategy starting from methyl α-ᴅ-glucopyranoside. 

Although the first option seemed ideal, the purification process involves two 

columns and a slow recrystallisation, which would be tedious to achieve on a scale 

required for our application. The second option has been considered, but quickly 

abandoned because of the inability to cleave the methyl ether protecting the 

anomeric hydroxyl group in the presence of benzoyl groups decorating the 

remaining hydroxyls.23, 24 Hence, the choice has been made to follow the route 

involving the multi-step synthesis, which offered the crucial advantages of being 

largely documented and easily scalable. In addition, the incorporation of a 

benzylated 1,4-diol has already been investigated for the synthesis of polycarbonate 

materials,10 thus, using this compound in our polymer system opens the possibility 

of investigating the monomer behaviour with a different polymerisation as well as 

comparing the bulk characteristics of the obtained polymers. 
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1.13.1 Synthesis of 2,3,6-tri-O-benzyl-ᴅ-glucopyranoside (1,4-glucose diol). 

Starting from the commercially available methyl α-ᴅ-glucopyranoside (5), the 

1,4-glucose diol (9) has been obtained in 4 synthetic steps following routine 

protection/deprotection strategies in carbohydrate chemistry (Scheme 2.4). 

 

Scheme 2.4. Multi-step synthesis of 2,3,6-tri-O-benzyl-ᴅ-glucopyranoside (1,4-
glucose diol) (9). 

First, the 1,3-diol, occupying the 4th (C4) and 6th carbon (C6) of the sugar ring 

(5), is selectively protected by acetalation to give compound (6). Introduction of a 

benzylidene acetal on a glucose ring can be achieved by (i) reaction with 

benzaldehyde and zinc chloride as originally reported 25, 26 or by (ii) transacetalation 

using benzaldehyde dimethyl acetal in the presence of a Lewis acid catalyst such 

as p-toluenesulfonic acid, camphor-10-sulfonic acid or boron trifluoride etherate.27 

The main disadvantage of these two methods lies in the requirement of a large 

excess of benzaldehyde, which is commonly used as the reaction solvent.28 Being 

interested in carrying out this reaction on large scale: improving the atom economy 

of this reaction to reduce waste and allow for easier purification has been a key 

factor in selecting a synthetic procedure. Hence, the decision was made to follow 

more recent literature, claiming that the use of iodide29 or a heterogeneous catalysis 

such as sulfuric acid immobilised on silica,30 improves substantially the reaction 
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efficiency whilst only requiring a stochiometric ratio of the reactants and minimizing 

the work up. Unfortunately, the first method led to the preparation of the benzylidene 

acetal glucose derivative (6) in only 18% yield after 4 days of reaction. Following the 

second preparation, the reaction completion has never been reached. Surprisingly, 

none of these two reports mentioned the need of heating or performing the reaction 

under vacuum, which constitutes a logical means to remove the methanol produced 

during the reaction and thereby drive the equilibrium towards the formation of 

product (6). Hence, inspired by a previous report 27, 31 the reaction was performed 

on a rotary evaporator at 60 °C using only 1.2 equivalents of benzaldehyde dimethyl 

acetal and 0.003 equivalent of camphor-10-sulfonic acid and allowed the 

preparation of methyl 4,6-O-benzylidene-α-ᴅ-glucopyranoside (6) in 89% yield 

within 4 hours on a scale up to 60 g of the starting material. The successful 

protection has been confirmed by the apparition of the characteristic resonance 

signals of both benzyl protons at δ = 7.49 and δ = 7.37 ppm and a methine proton 

at δ = 5.52 ppm on the 1H NMR spectrum of the product. (Figure 2.8)  

 

Figure 2.8. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of methyl 4,6-O-
benzylidene-α-ᴅ-glucopyranoside (6). 
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Whilst two methine signals could be expected theoretically from the formation of 

a new stereogenic centre, the reversibility of the transacetalation permit the 

obtention of a diastereopure compound (6) with the phenyl group located in the more 

thermodynamically stable equatorial position.32 

In addition, the apparition of 4 signals corresponding to aromatic carbons between 

δ = 137.2 and δ = 126.5 ppm and a deshielded methine carbon at δ = 102.1 ppm 

on the 13C NMR spectrum of the product supported the previous conclusion. (Error! 

Reference source not found.)  

 

Figure 2.9. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of methyl 4,6-O-
benzylidene-α-ᴅ-glucopyranoside (6). 

Next, the secondary alcohols located on the 2nd (C2) and 3rd (C3) carbon of the 

sugar rings were benzylated using benzyl bromide in the presence of sodium 

hydroxide following a previously reported procedure.10 Modifying the original 

procedure by decreasing the equivalents of benzyl bromide and sodium hydroxide 

from 6 to 2.5 and opting for a purification by recrystallisation instead of column 

chromatography allowed the obtention of the fully protected methyl 2,3-di-O-benzyl-

4,6-O-benzylidene-α-ᴅ-glucopyranoside (7) in 75% yield on a 45 g scale of starting 
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material. The alcohol on C4 is then deprotected by regioselective cleavage of the 

benzylidene acetal to a benzyl ether on C6 in the presence of sodium 

cyanoborohydride and aluminium chloride. This reduction method afforded methyl 

2,3,6-tri-O-benzyl-α-D-glucopyranoside (8) in 85% yield on a 25 g scale of the 

benzylidene acetal. The cleavage of the benzylidene acetal has been confirmed by 

the disappearance of the resonance signal corresponding to the methine at δ = 5.52 

ppm and δ = 102.1 ppm on the 1H and 13C NMR spectra of the product, respectively. 

(Figure 2.10)  

 

Figure 2.10. 1H NMR (400 MHz, 298 K, CDCl3) and 13C NMR (101 MHz, 298 K, 
CDCl3) spectra of methyl 2,3,6-tri-O-benzyl-α-ᴅ-glucopyranoside (8). 

Moreover, analysis of the 1H - 13C Heteronuclear Multiple Bond Correlation 

(HMBC) NMR spectrum revealed that only the protons on C2, C3 and C6 of the 
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sugar ring were correlating with the methylene carbons present on the benzyl 

protecting groups. The absence of this type of correlation for the proton on C4, 

clearly indicates the presence of a free hydroxyl on this carbon. (Figure 2.11) 

 

Figure 2.11. Enlargement of the 1H-13C HMBC spectra of methyl 2,3,6-tri-O-benzyl-
α-ᴅ-glucopyranoside (8). 

The final synthetic step consists of the cleavage of the O-glycosidic bond, 

resulting in the obtention of a free hydroxyl group on C1. Interestingly, the anomeric 

carbon is distinguishable from the other carbons within the sugar ring as it is 

engaged in an asymmetric acetal with an exocyclic oxygen atom being more 

reactive than the endocyclic. Such structural features confer the unique ability to 

perform the deprotection of the anomeric hydroxyl whilst leaving the cyclic structure 

of the saccharide intact, as the endocyclic oxygen remains unreactive.33 Moreover, 

it also explains why a methyl group can be cleaved in the presence of the less stable 

benzyl groups, which cannot be achieved on usual polyols with hydroxyls of 



Chapter 2 – Synthesis of difunctional monomers 

69 
 

equivalent reactivity.23 The most popular method to deprotect the anomeric centre 

is by electrophilic solvolysis, namely hydrolysis and acetolysis.34, 35  

 

1.13.2 2.4.3 Deprotection of the anomeric carbon: Hydrolysis 

However, against all expectations, attempts at deprotecting methyl 2,3,6-tri-O-

benzyl-α-ᴅ-glucopyranoside by traditional methods using strong acid catalyst such 

as hydrogen chloride 36 and sulfuric acid 37 at 100 °C yielded the targeted 1,4-

glucose-derived diol (9) as minor product. (Scheme 2.5 (a)) Using strontium chloride 

as co-catalyst, which according to a previous study has been found to improve the 

yield and purification process of glycosides hydrolysis 38, led to the same 

experimental observation: the targeted compound remains the minor product. 

(Scheme 2.5 (b)). 

 

Scheme 2.5. Product obtained from both (a) Hydrolysis of methyl 2,3,6-tri-O-benzyl-
α-ᴅ-glucopyranoside (8) in the presence of aqueous H2SO4 or HCl 0.1 M in acetic 
acid at 110 °C following traditional hydrolysis conditions and (b) hydrolysis of (8) 
using 0.1 equiv. of strontium chloride as cocatalyst in addition of aqueous HCl 1 M 
in acetic acid at 70 °C. 

The major product obtained from both hydrolysis method has been identified as 

being a mixture of α and β anomer of 2,3,6-tri-O-benzyl-4-acetyl-ᴅ-glucopyranose 

(10) in approximatively a 65:35 ratio as indicated by the presence of two singlets at 
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δ = 1.76 ppm (α) and δ = 1.75 ppm (β) on the 1H NMR spectrum of this compound, 

characteristic of the acetate protons. The presence of the resonance signals 

corresponding to acetate peaks at δ = 21.0 ppm (methyl) and δ = 169.9 ppm 

(carbonyl) were also identified on the 13C carbon NMR spectrum of the compound. 

(Figure 2.12)  

 

Figure 2.12. 1H NMR (400 MHz, 298 K, CDCl3) and 13C NMR (101 MHz, 298 K, 
CDCl3) spectrum of 2,3,6-tri-O-benzyl-4-acetyl-ᴅ-glucopyranose (10). 

In addition, the carbonyl group of the acetate correlates with the proton on C4 

as seen on the 1H-13C HMBC NMR spectrum of compound (10), which further 

confirmed the obtention of the aforementioned structure. (Figure 2.13) 
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Figure 2.13. Enlargement of the 1H-13C HMBC spectrum of 2,3,6-tri-O-benzyl-4-
acetyl-ᴅ-glucopyranose (10). 

Moreover, not only the targeted 1,4-glucose-derived diol (9) was the minor 

product of hydrolysis, the separation of the targeted compound from the crude by 

column chromatography proved to be particularly challenging owing to the presence 

of at least one free hydroxyl group on all compounds which tended to streak on silica 

gel. For these reasons, even after optimisation, hydrolysis afforded the targeted 1,4-

glucose-derived diol (9) as a 65:35 ratio of α and β anomers with a maximum yield 

of 30% in an 88% purity as determined by 1H NMR spectroscopy. Further purification 

by two sequential recrystallisations afforded the pure α anomer in a 16% yield. 

(Figure 2.14) 
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Figure 2.14. 1H NMR spectra (400 MHz, 298 K, CDCl3) of (a) 2,3,6-tri-O-benzyl-ᴅ-
glucopyranoside (9) as a racemic mixture of the α and β anomer, in a 65/35 ratio 
and (b) 2,3,6-tri-O-benzyl-α-ᴅ-glucopyranose. Insert (i) shows a picture of the 
smearing behaviour of the targeted compound on silica gel. Insert (ii) shows the 
fluffy crystal aspect of the α 1,4-glucose-derived diol (9). 

Unfortunately, the hydrolysis reactions produced unsatisfactory results for the 

deprotection of methyl 2,3,6-tri-O-benzyl-α-ᴅ-glucopyranoside (8), both in terms of 

yield and work up efficiency, which required to be high in order to pursue the 

synthesis towards the obtention of a 1,4-glucose-derived diol (9) on a scale large 

enough to accommodate material production and analysis. Consequently, whilst 

looking for avenues to improve the deprotection yield, the removal of the methyl 

protecting group via acetolysis has been explored. 
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1.13.3 2.4.4 Deprotection of the anomeric carbon: Acetolysis 

The principle of acetolysis relies on the exchange of the methyl group for an 

acetyl group, which is known to be easily cleaved by Zemplén deacetylation in 

quantitative yields.39 Unfortunately, carrying out the acetolysis by reacting the 

glucoside derivative in the presence of a 0.1 M solution of H2SO4 in acetic anhydride 

at  -10 °C led to the complete deprotection of the starting material to yield ᴅ-glucose 

and benzyl alcohol. (Scheme 2.6 (a)) Overcoming this issue necessitated the 

finding of milder reaction conditions, and in the next attempt, the reaction was 

carried out in a mixture of Ac2O and CHCl3 (1:7) instead of pure Ac2O. However, 

this modification experimentally resulted in the same outcome and only glucose and 

benzyl alcohol were recovered.  

 

Scheme 2.6. Schemes of (a) acetolysis of methyl 2,3,6-tri-O-benzyl-α-ᴅ-
glucopyranoside (8) in the presence of H2SO4 0.1 M in acetic acid at -10 °C and (b) 
acetolysis of (8) in milder conditions, using H2SO4 0.015 M in a mixture of Ac2O 
and AcOH (2:3). 

Next, the concentration of H2SO4 was decreased 7 folds, from 0.1 M to 0.015 M. 

In these conditions, methyl 2,3,6-tri-O-benzyl-α-ᴅ-glucopyranoside (8) is acetylated 

on C4 after 5 mins of reaction at room temperature to give (13) in quantitative yield 

whilst increasing the temperature to 30 °C and leaving the reaction running for 13 h 
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led to the successful acetolysis at the anomeric carbon. However, this reaction is 

non regio-selective and occurs simultaneously on both C1 and C6 hydroxyls, 40 

affording triacetate (14) in a α to β ratio of 80/20 before purification and 95/5 after 

recrystallisation (Scheme 2.6 (b)). The structure of this single reaction product has 

been confirmed by 1H, 13C and 1H-13C HMBC NMR spectroscopy using the same 

method exposed earlier for the starting material (8). Thus, upon examination of the 

1H and 13C NMR spectra of (5), the disappearance of the methyl resonance signal 

at δ = 3.31 ppm and δ = 55.4 ppm has been accompanied by the appearance of 

resonance signals around δ = 2 ppm and δ = 21 ppm, corresponding respectively 

to the methyl protons and carbons of 3 acetate groups. (Figure 2.15) 
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Figure 2.15. 1H NMR (400 MHz, 298 K, CDCl3) and 13C NMR (101 MHz, 298 K, 
CDCl3) spectra of acetyl 2,3-di-O-benzyl-4,6-acetyl-α-ᴅ-glucopyranoside (14). 

In addition, the resonance signals around δ = 170 ppm corresponding to the 

carbonyls, were identified to be correlating with the protons on C1, C4 and C6 of the 

sugar ring by analysis of the 1H-13C HMBC NMR spectrum. (Figure 2.16) 
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Figure 2.16. Enlargement of the 1H-13C HMBC spectra of acetyl 2,3-di-O-benzyl-
4,6-acetyl-α-ᴅ-glucopyranoside (14). 

Synthesising a 1,4-glucose-derived diol from triacetate (14) could be achieved 

by sequential deacetylation via methanolysis followed by selective protection of the 

primary hydroxyl on C6 using a bulky group such as trityl chloride or tert-

butyldimethylsilyl chloride (Figure 2.7).40-42 However, the resultant increase of the 

steric hindrance around the C4 hydroxyl is likely to be incompatible with the ultimate 

objective of introducing a thiol on this specific position. Indeed, the conventional 

approach for the synthesis of a thiol derivative of glucose is achieved through the 

displacement of a sulfonate ester or halo group by a thiol precursor such as 

potassium thioacetate or potassium thiocyanate which occurs via a bimolecular 

nucleophilic substitution (SN2) mechanism.43, 44 
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Scheme 2.7. Potential preparation method of a 1,4-glucose-derived diol by 
sequential deacetylation and selective protection of the primary alcohol using trityl 
chloride (TrCl) to give compound (16) or tert-butyldimethylsilyl chloride (TBDMSCl) 
to give compound (17). 

For this reason, the displacement of stable C4 sulfonate does not occur when a 

trityloxy group is present on C6 45 (Figure 2.17 (a)) and are known to be challenging 

to achieve on the particularly stable C4 sulfonate groups in the presence of 

benzyloxy protecting groups (Figure 2.17 (b)).46, 47 To overcome this issue, 

trifluoromethanesulfonic anhydride is commonly used as sulfonating agent (Figure 

2.17 (c)). 47-49 Yet, the acidic conditions necessary for the introduction of the more 

reactive triflate would simultaneously lead to the removal of the trityl or tert-

butyldimethylsilyl (TBDMS) protecting group.23 Lastly, an alternative synthetic route 

toward the installation of a thiol on C4 could be envisioned starting from 1,4-glucose-

derived diol (8) by displacement of an iodine using potassium thioacetate. 50, 51 

However, a report of the iodination of C4 in the presence of a TBDMS protecting 

group on O6 and its further displacement with potassium acetate as presented on 

Figure 2.17 (d) could only be found once in the literature.52 Moreover, the iodination 

of C1 required to follow different procedure than for C4.53 For these reasons, this 

method was left unexplored to instead work toward the obtention of the less 

synthetically challenging 1,6-glucose derived diol. 
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Figure 2.17. Schemes representing the synthesis of C4 sulfonates glucose 
derivatives and the outcome of their subsequent nucleophilic displacement using 
potassium thio-acetate when the glucose ring is bearing (a) a trityloxy or (b) a 
benzyloxy on C6. (c) the trifluoromethanesulfonyl is a better leaving group than 
sulfonyl halides and can be displaced on C4 using potassium acetate. However, its 
introduction is incompatible with the presence of a trityloxy or tert-
butyldimethylsilyloxy group which are labile in acidic conditions. 

1.13.4 Synthesis of 2,3,4-tri-O-benzyl-D-glucopyranoside (1,6-glucose 

derived diol) 

As an alternative to the 1,4-glucose-derived diol, the choice was made to work 

toward the synthesis of 1,6-glucose-derived diol instead, since the C1 and C6 

hydroxy exhibit a similar reactivity towards acetolysis. 1,6-glucose-derived diol (20) 

was easily obtained on scale in 3 synthetic steps starting from commercially 
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available and inexpensive α-ᴅ-glucopyranoside (5) following well establish 

carbohydrate chemistry.10 (Scheme 2.8) 

 

Scheme 2.8. Multi-step synthesis of 2,3,4-tri-O-benzyl-D-glucopyranoside (1,6-
glucose derived diol) (20). 

Firstly, the 4 unprotected hydroxyls are benzylated using benzyl bromide and 

sodium hydride in DMF to afford the fully protected derivative (18) in 76% yield on 

scales up to 35 g. The only by-products identified from the analysis of the crude 

were benzyl alcohol and surprisingly a mixture of α and β methyl tetra-O-benzyl-ᴅ-

glucopyranoside in a 50/50% ratio, which means that against all expectations, the 

cleavage of the glycosidic bond has occurred appreciably within the conditions of 

the reaction.(Appendix Figure A45- A46) The following acetolysis of compound 

(18), as mentioned during the discussion on the acetolysis of methyl 2,3,6-tri-O-

benzyl-α-ᴅ-glucopyranoside (8), allows to cleave simultaneously the O-glycosidic 

bonds and the primary benzyl ether to yield the 1,6 glucose derived diacetate (19).40 

The yield obtained was highly dependent not only on the reaction scale but also on 

the temperature at which the reaction and the neutralisation steps are carried out. 

Performing the reaction at - 10 °C for 16 h and maintaining a negative temperature 

during quenching with sodium hydrogen carbonate afforded a yield as high as 98% 

with a ratio of 80/20 α to β anomer on a 20 g scale. Conversely, leaving the reaction 
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to run at room temperature for 4 h after the addition of H2SO4 and allowing the 

temperature to increase significantly during the neutralisation step causes the 

formation of various over-acetylated by-products, which leads to a decrease in yield 

of about 50%. (Figure 2.18and Appendix Figure A53 to A56). This has been 

experienced on scales of 35 g and above, whilst maintaining a controlled 

temperature becomes more challenging owing to a diminished efficiency in heat 

dissipation. 

 

Figure 2.18. Structure of the identified by-products generated during the acetolysis 
of methyl 2,3,4,6-tetra-O-α-ᴅ-glucopyranoside. The structures were coherent with 
the literature.54 

The installation of temporary acetate groups on C1 and C2 permitted to obtain 

1,6-glucose-derived diol (20) via selective deprotection of the acetate groups in 98% 

yield on scale up to 42 g as a 65/35 ratio of α to β anomer. Moreover, the only by-

product of the deprotection stage being methyl acetate, which is easily removed 

under vacuum, hence extensive purification was unnecessary. The success of the 

deprotection step and the structure of 1,6-glucose diol (20) has been corroborated 

by 1H, 13C and 1H-13C HMBC NMR spectroscopy. Consequently, no resonance 

signals corresponding to acetate groups could be observed on the 1H NMR 

spectrum of the products at δ = 2.16 ppm (COCH3, αC1), δ = 2.06 ppm (COCH3, 

βC1) and δ = 2.03 ppm (COCH3, C6) or on the 13C NMR spectrum at δ = 21.0 ppm 

(COCH3, C6), δ = 21.2 ppm (COCH3, C1), δ = 169.2 ppm (COCH3, βC1), δ = 169.5 
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ppm (COCH3, αC1) and δ = 170.8 ppm (COCH3, C6). In addition, the integration of 

benzyl protons accounted for the presence of 3 benzyl groups within the molecule. 

(Figure 2.19) 

 

Figure 2.19. 1H NMR (400 MHz, 298 K, CDCl3) and 13C NMR (101 MHz, 298 K, 
CDCl3) spectra of 2,3,4-tri-O-benzyl-D-glucopyranoside (1,6-glucose derived diol) 
(20). 

Finally, the location of the free alcohol on the sugar ring was verified by 1H-13C 

HMBC NMR spectroscopy of the compound. Only the protons on C2, C3 and C6 of 

the sugar ring correlated with the methylene carbon of a benzyl group, which 

confirmed the presence of free hydroxyl group on C1 and C6. (Figure 2.20) 
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Figure 2.20. Enlargement of the 1H-13C HMBC spectrum of 2,3,4-tri-O-benzyl-D-
glucopyranoside (1,6-glucose-derived diol) (20). 

1.14 Diacrylate synthesis 

The diols of interest which synthesis has been discussed in the previous 

sections of this chapter served the ultimate purpose of providing precursors for the 

formation of diacrylate monomers suitable for thiol-Michael step-growth 

polymerisation with the intend to study if the mechanical properties of the final 

polymer network could be impacted by (i) a change from cis to trans configuration 

of unsaturated polymers (Error! Reference source not found. (a)) or (ii) the effect 

of a change in endo/exo type configuration of locked V-shaped isohexides bicyclic 

rings. (Error! Reference source not found. (b)). In addition, a glucose derived 

diacrylate was designed to explore the ability of integrate a sugar ring within a 
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polymer using Michael step-growth polymerisation (Error! Reference source not 

found. (c)). 

 

Figure 2.21. General reaction scheme of the synthesis of diacrylate monomer 
starting from 2-isocyanatoethyl acrylate and either (a) cis or trans diol, (b) 
Isohexides or (c) 1,6-glucose derive diol in THF, using dibutyltin (IV) dilaurate 
(DBTDL) as catalyst. 

The functionalisation of the diol precursors presented in Figure 2.21 was carried 

out by reacting each diol with the commercially available 2-isocyanatoethyl acrylate 

in THF (0.5 M) to obtain the corresponding diacrylate monomer following a 

previously reported procedure.6, 55, 56 The choice of using 2-isocyanatoethyl acrylate 

instead of the more available acryloyl chloride stemmed from a preliminary study 

indicating that the presence of urethane bonds were essential to achieve adequate 

mechanical robustness through H-bonding. The reaction is catalysed by 

dibutyltin(IV) dilaurate (DBTDL) which is an organotin Lewis acid known to favour 

the diol/isocyanate reaction over the isocyanate/water side reaction57 making this 

procedure easier since tedious moisture-free Schlenk techniques are redundant. 

Moreover, this procedure allowed the synthesis of a diacrylate monomer, starting 

from a variety of diol precursors on scales ranging from 7 to 60 g with little to no 

synthetic adaptations. The only noticeable experimental differences resided in the 

reaction time and the relative reactivity of the final monomers. For instance, the 
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unsaturated cis and trans diacrylates were obtained after 3 hours and were very 

prone to premature crosslinking and as such, the reaction temperature during the 

reaction and drying step was kept below 0 °C. On the contrary, the synthesis of both 

the isohexides and 1,6-glucose-derived diacrylate only reached completion after 12 

h minimum, and a negative temperature was not necessary. In addition, no 

premature crosslinking was observed with either the isohexides or 1,6-glucose-

derived diacrylate and qualitatively, the relative sensitivity of monomers was 

observed to follow the order: unsaturated diacrylate > isohexide derived diacrylate 

> 1,6-glucose-derived diacrylate. Nevertheless, this reaction was quantitative for all 

the 6 monomers tested and did not cause substantial issues. Whilst the section on 

the cis and trans diacrylate synthesis will be presenting in detail the NMR 

characterisation and some technical specifics inherent to the presence of a double 

bond which can isomerise. The section about the isohexides and 1,6-glucose-

derived diacrylates will only briefly present the characterised 1H NMR spectrum of 

the synthesised diacrylates. 

1.14.1 Synthesis cis/trans diacrylates 

The success of the synthesis has been substantiated by the presence of the 3 

resonance signals characteristic of acrylate groups at δ = 6.40 ppm, δ = 6.09 ppm 

and 5.84 ppm on the 1H NMR spectra of both the cis and trans diacrylate; the 

integration were consistent with the presence of two functionalities per in chain-

alkene (Figure 2.22). These observations were in accordance with a previous 

report.55 Moreover, the functionalisation of the unsaturated diols proceeded without 

side reactions involving the internal alkene. As seen on the 1H NMR spectra of both 

the cis and trans diacrylate monomers (Figure 2.22), the vinylic and allylic protons 
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around the unsaturated stereocenter, labelled g and f respectively, have different 

signals depending on the isomer. For the cis monomer, the vinylic proton appears 

at δ = 5.73 ppm and the allylic proton at δ = 4.67 ppm, whilst they shift to δ = 5.83-

5.84 ppm and δ = 4.57 ppm respectively when the unsaturated isomer is in its trans 

configuration. These signals are crucial in distinguishing the different isomers from 

one another by 1H NMR spectroscopy, as all other protons within the monomers 

have a similar signal irrespectively of the stereochemistry of the unsaturation. 

 

Figure 2.22. a) 1H NMR (400 MHz, CDCl3, 298 K) spectra of cis diacrylate monomer 
(24) (top) and trans diacrylate monomer (25) (bottom). b) Table summarising the 
signal and the integration for each proton of the diacrylate monomer. [a] Signal and 
integration values were determined via the analysis of the cis and trans diacrylate 
monomer 1H NMR spectra. 

As there is no overlap in between the signal characteristic of the isomers g and 

f, the presence of any isomerisation and/or loss of double bonds will coincide with 

the appearance of two different peaks for both g and f in the former case and with 

an integration value lesser than the unity in the latter. Thus, by observing the 
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presence of only one peak for g and f and that these same protons integrated for 1 

on both the cis and trans diacrylate monomer 1H NMR spectra (Figure 2.22), it is 

possible to conclude that, this reaction allows a conversion of near 100% in less 

than 3 h without causing either unwanted isomerisation or crosslinking which makes 

it a highly efficient, mild reaction that allowed the possibility for scale up to 60 g.  

Interestingly, performing Differential Scanning Calorimetry (DSC) of the 

diacrylate (Figure 2.23) highlighted that the stereochemistry has also a noticeable 

impact on the physical properties of the monomers itself. Whilst the trans diacrylate 

monomer crystallises and has a melting point at 77 °C, the cis diacrylate monomer 

is a powder with a melting point of 41 °C. However, the first heating DSC scans of 

both unsaturated monomer (Figure 2.23) also present an exothermic event at 100 

°C (cis) and 120 °C (trans), which is likely related to uncontrolled, thermally 

promoted radical homopolymerisation of the diacrylate monomers, otherwise known 

as crosslinking reactions. 
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Figure 2.23. DSC thermograms for 1st heating cycle of cis and trans monomers. 
DSC thermal ramp was carried out under N2 with a heating rate of 10 °C·min−1. 

This phenomenon has been experimentally observed since the addition of 

DBTDL produces an exotherm which could initiate uncontrolled crosslinking; hence 

it is critical to keep the reaction at temperature below 0 °C during the synthesis and 

the drying of the monomer. 

1.14.2 Synthesis isohexide-derived diacrylates 
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Figure 2.24. 1H NMR (400 MHz, CDCl3, 298K) spectrum of the isohexides-derived 
acrylate monomers. From top to bottom: isosorbide-derived diacryalte (26), 
isomannide-derived diacrylate (27) and isoidide-derived diacrylate (28). 

The 1H NMR spectra of isohexides-derived diacrylate were each presenting the 

3 resonance signals characteristic of acrylate groups at δ = 6.40 ppm, δ = 6.09 ppm 

and δ = 5.84 ppm with integrations indicating the presence of two functionalities if 

compared to the integration of the methine h1 or h2. (Figure 2.24). Moreover, these 

results were consistent with the literature.6, 56 Interestingly, these monomers were 

challenging to dry. For instance, the 1H NMR spectrum presented were collected 
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from the analysis of monomers which were left drying over phosphorus pentoxide 

for 7 days, yet all the water could not be removed in these conditions. 

1.14.3 Synthesis of 1,6-glucose diacrylate 

The 1H NMR spectrum of the 1,6-glucose-derived diacrylate showed the 

same resonance signals characteristics for the acrylate end group at δ = 6.40 ppm, 

δ = 6.09 ppm and δ = 5.84 ppm. In addition, comparing their corresponding 

integration with the anomeric proton b, confirmed the successful functionalisation of 

both hydroxyl groups (Figure 2.25). Interestingly, whilst the starting material was a 

mixture of α and β anomer in a 65.35 ratio, the 1,6-glucose-derived diacrylate has 

been obtained as the pure β anomer.  

 

Figure 2.25. 1H NMR (400 MHz, CDCl3, 298 K) spectrum of the 1,6-glucose-derived 
diacrylate (29). 

1.15 Glucose derived dithiol synthesis 

Both the C1 and C6 hydroxyls are known to share similarities in terms of 

reactivity, being both more reactive than the four other hydroxyl groups.40 This 

particularity offers the tremendous advantage for potential one pot functionalisation 
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as both C1 and C6 could be reacted under the same reaction conditions. The 

preparation of both 1-glucose-derived dithiol and 6-glucose-derived dithiol have 

precedence in the literature and the procedures are diverse. Thus 1-glucose-derived 

thiol or 6-glucose-derived thiol are most commonly prepared by Mitsunobu 

condensation in the presence of diethyl azodicarboxylate and triphenyl phosphine58, 

59 or by the displacement of a sulfonate or halo compound.60, 61 The latter synthetic 

method was adopted due to potential challenges removing triphenylphosphine 

impurities and the explosive nature of diethyl azodicarboxylate (DEAD) used in the 

Mitsunobu transformation would be hazardous on this scale. The last step only 

consists in the straightforward deprotection of the thiols via Zemplèn deacetylation 

Scheme 2.9). 

 

Scheme 2.9. Multi-step synthesis of 2,3,4-tri-O-benzyl-1,6-dithio-ᴅ-glucopyranose 
(1,6-glucose-derived dithiol) (32). 

Whilst a 1,6-di-sulfonated glucose derivative was expected as a product from the 

reaction of diol (20) with 4 equivalents of methanesulfonyl chloride and triethylamine 

in dichloromethane, the combination of both 1H and 13C NMR and mass 

spectroscopy analysis indicated the presence of only one mesylate group and a 

chlorine atom within the product obtained after 1h of reaction (Figure 2.26 (a)). 
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Figure 2.26. (a) Scheme illustrating the expected and obtained product from the 
reaction of the 1,6-glucose derived diol (20) with methanesulfonyl chloride and (b) 
1H NMR spectrum of the crude product from the reaction (30). (c) After 24h of 
reaction, the compound is recovered enantiopure as the β anomer. 

The signal characteristic of a methyl group (h, δ = 2.98 ppm) can be observed on 

the 1H NMR spectrum of product (30). Leaving the reaction for 24 hours resulted in 

the disappearance of the resonance signal corresponding to the β anomeric proton. 

Thus, increasing the reaction time yielded the improvement of the anomeric purity 

from 80% to 97%, however the attempt at a second mesylation reaction of product 

(30) remained unsuccessful, as once again, only one signal corresponding to a 

methyl group could be observed on the 1H NMR spectra (Figure 2.26 (b) and (c)). 

As a mono-mesylated compound was not expected and this reaction does not seem 

to have precedence in the literature, the structure of the reaction product (30) 

required to be determined. First, by comparing the 1H and 13C NMR spectrum of the 

product (30) to that of the starting diol (20), significant downfield shifts could be 

observed for C1 and C6 and related protons, suggesting the presence of electron 
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withdrawing groups on these two carbons. (Table 2.1) As chlorination is a well-

known side reaction occurring whilst working with methanesulfonyl chloride 44, 62, 

the first consideration has been the presence of a chlorine within the product. Mass 

spectroscopy analysis corroborated this assumption as the mass found was 

identical to the calculated mass of 545.1414 (m/z) [M - H]+. 

Table 2.1. Comparison of the resonance signals of protons and carbons in C1 and 
C6 of α 1,6-glucose-derived diol (20) and sulfonated product (30) prior to its 
structure determination. 

 

Finally, the relative position of the sulfonate and chlorine on the sugar ring has been 

determined by observing the correlation existing between the methyl (h) and C6 (g) 

protons on the 1H-13C HMBC of compound (24) (Figure 2.27). Whilst this exact 

structure was not expected, it is still theoretically possible to allow simultaneous 

nucleophilic displacement at C1 and C6 as both chlorine and mesylate are better 

leaving groups than hydroxyls. The simplicity of this transformation is highlighted by 

the near quantitative yield (98%), lack of by-products and impressive atom 

economy, even on scales up to 35g. 
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Figure 2.27. Enlargement of the 1H-13C HMBC NMR spectrum of product (24). 

Mechanistically, the anomeric hydroxyl is known to be by far the best leaving 

group. For this reason, it has been conjectured that the double mesylation occurs, 

however, in apolar solvent, the chlorine is nucleophile enough to displace the 

mesylate leaving group on C1. Furthermore, the reverse reaction does not occur 

since the nucleophilicity of the mesylate is not high enough to displace a chlorine. 

Then, after isolation, compound (30) was reacted with potassium thioacetate in 

either acetone or DMF at reflux temperature gave a 1,6-glucose-derived 

dithioacetate (31) as major product in an 8/92 α to β ratio with 20% of cyclic thio-

ether (27) as a single by-product. (Scheme 2.10 and Appendix Figure A57 to A58) 
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Scheme 2.10. Products obtained from reacting compound (30) with potassium 
thioacetate in refluxing acetone: 1,6-glucose-derived dithioacetate (8/92 α to β ratio) 
(31) and 1,6-glucose-derived thio-ether (33) in a 80/20 ratio of product to by-product. 
All ratios were determined from the relative integration of the anomeric proton signal 
of the distinct compound on the 1H NMR spectrum of the crude. 

The presence of the two sulfur atoms has first been suggested by observing the 

substantial shift for both C1 and C6 carbons for the dithioacetate (31) compared to 

the diacetate (19). Thus, a shift over δ = 30 ppm upfield could be observed for both 

C1 and C6 carbon and a shift over δ = 1 ppm could be observed for the 

corresponding protons whilst comparing compound (30) to (19) 1H and 13C NMR 

spectra. (Table 2.2) Mass spectrometry analysis corroborated the presence of 2 

thiols within compound (31) as the mass found was identical to the calculated mass 

of 589.1707 (m/z) [M + Na]+. 

Table 2.2. Comparison of the resonance signals of protons and carbons in C1 and 
C6 of β-1,6-glucose derived diacetate (19) and dithioacetate (31). 

 

This reaction has been scaled up to 42 g of the starting material, unfortunately, 

the separation of compound (31) from compound (33) proved to be particularly 

challenging, causing the yield after purification to range between 30 and 50% only. 
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Since the α anomer was only representing 6% of the crude, the dithioacetate was 

obtained as the pure β anomer after purification. (Figure 2.28) 

 

Figure 2.28. 1H NMR (400 MHz, 298 K, CDCl3) and 13C NMR (101 MHz, 298 K, 
CDCl3) spectra of acetyl 2,3,4-tri-O-benzyl-1,6-dithio-6- acetyl-ᴅ-glucopyranoside 
(31). 

Once the 1,6-dithioacetate (31) has been obtained pure and after optimisation 

of the reaction conditions, both thiols were successfully deprotected by Zemplèn 

deacetylation as determined from observing the disappearance of the resonance 

signal characteristic of the acetate groups at δ = 2.34 and δ = 2.38 ppm or at δ = 

31.0 (methyl), δ = 192.6 (carbonyl, C1) and δ = 195.1 ppm (carbonyl, C6) on 

respectively the 1H and 13C NMR spectra of the 1,6-dithiol (32). (Error! Reference 

source not found.) The desired 1,6-dithiol (32) has been obtained at a 90% yield as 
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the pure β anomer before purification. Unfortunately, the purity required for step-

growth polymerisation needs to meet the highest of standards, thus the purification 

of this compound has been explored without significant success as the 1,6-dithiol 

seems to be unstable on silica, and purification by recrystallisation returned a 

compound of the same purity at a maximum of 50% yield. Moreover, the formation 

of intra and inter molecular disulfides was also observed. (Appendix Figures A59-

60) 

 

Figure 2.29. 1H NMR (400 MHz, 298 K, CDCl3) and 13C NMR (101 MHz, 298 K, 
CDCl3) spectra of 2,3,4-tri-O-benzyl-1,6-dithio-β-ᴅ-glucopyranose (32). 

1.16 Conclusion 

In conclusion 6 different diacrylates were successfully synthesised from reacting 

various diol precursors with 2-isocyanatoethyl acrylate. Whilst the synthesis of the 

unsaturated trans diol and isoidide was straightforward on scale up to 30 g with 

adjustment of previously reported procedures, the synthesis of a glucose derived 
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diol proved to be challenging on scales large enough for material synthesis. 

Furthermore, all hydroxyls have different reactivities which is impacted by its relative 

position on the sugar, the neighbouring protecting group, and its axial or equatorial 

configuration. For this specific reason all glucose diols are not equal in accessibility 

and reactivity, which led to abandoning the synthesis of the 1,4-glucose-derived diol 

to focus on the synthesis of the more accessible 1,6-glucose-derived diol precursor. 

During the synthetic journey towards this dithiol, was discovered an unusually high 

yielding asymmetric functionalisation of a benzyl protected 1,6-glucose-derived diol 

with mesylate chloride. Further investigation into the limits of this reaction could 

provide a useful derivative for asymmetric sugar synthesis, and furthermore uncover 

a previously unreported transformation. Since this was not theme of the thesis, 

further work was not undertaken within this area. 

From these synthetised diacrylate and dithiol monomers, it is expected to carry 

thiol-ene step-growth polymerisation to study the impact of the two types of 

stereochemistry, namely cis/trans and endo/exo and also the feasibility of 

synthesising a polysaccharide mimic via nucleophilic thiol-ene step-growth 

polymerisation. 
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1.18 Appendices 

1.18.1 Materials and methods 

Materials 

Cis/trans monomer synthesis 

Tetrahydrofuran (THF, ≥99.9%), lithium aluminum hydride (LiAlH4, 95%) and 

dibutyltin (IV) dilaurate (DBTDL, 95%) were purchased from Sigma-Aldrich 

company. But-2-yne-1,4-diol (99%) and cis-2-butene-1,4-diol (97%) were 

purchased from Acros Organics. 2-isocyanatoethyl acrylate (>99.8%) was 

purchased from TCI chemicals. Unless stated otherwise, all compounds were used 

as received. 

Isohexides monomer synthesis 

Dibutyltin (IV) dilaurate (DBTDL, 95%), dimethylaminopyridine (DMAP, ≥99%), 

p-toluenesulfonyl chloride (TsCl, 99%), potassium acetate (KOAc, ≥99%) and 

sodium methoxide (MeONa, 25wt% in MeOH) were purchased from Sigma-Aldrich 

company. Anhydrous methanol (MeOH, 99.9%), dichloromethane (CH2Cl2, 99%), 

N,N’-dimethylformamide (DMF, 99.5%) and tetrahydrofuran (THF, ≥99.5%) were 

purchased from Fisher Scientific. 2-isocyanatoethyl acrylate (>99.8%) and 

Isomannide (>98%) were purchased from TCI Chemicals. Triethylamine (Et3N, 

99%) and methanol (MeOH, 99.8%) were purchased from VMR Chemicals. 

Isosorbide (≥99%) was kindly provided by Roquette (Polysorb®). Isosorbide was 

recrystallised twice in ethyl acetate/hexanes before use. All other compounds were 

used as received. 
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Glucose derived monomer synthesis 

Benzylidene acetal (95%), sodium hydride (NaH, 60% in mineral oil), 

tetrabutylammonium iodide (TBAI, ≥98%), acetic anhydride (Ac2O, ≥98%), sodium 

methoxide (MeONa, 25wt% in MeOH), acryloyl chloride (≥98%), potassium 

thioacetate (KSAc, 98%) and dibutyltin (IV) dilaurate (DBTDL, 95%) were purchased 

from Sigma-Aldrich. Anhydrous DMF (Extra Pure, SLR), DMF (99.5%), glacial acetic 

acid (AcOH, Extra Pure, SLR), H2SO4 (96% solution in water, Extra Pure), 

Potassium hydroxide (KOH, ≥86%), toluene (≥99.8%), tetrahydrofuran (THF, 

≥99.5%) and dichloromethane (CH2Cl2, 99%) were purchased from Fisher 

Scientific. Benzyl bromide (BnBr, 99%), sodium cyanoborohydride (NaBH3CN, 

95%), methanesulfonyl chloride (MsCl, 98%) and camphor-10-sulfonic acid (CSA) 

were purchased from Alfa Aesar. Methanol (MeOH, ≥99.8%) and triethylamine 

(Et3N, 99%) were purchased from VMR Chemicals. Aluminium chloride (AlCl3, 

≥99%) was purchased from Honeywell (Fluka®). 2-isocyanatoethyl acrylate 

(>99.8%) was purchased from TCI Chemicals. Methyl-α-ᴅ-glucopyranoside (≥99%) 

was purchased from Acros Organics. Where specified, both anhydrous 

tetrahydrofuran and toluene refers were purified and dried by a PureSolv MD 5 

purification system. Benzyl Bromide was purified by distillation prior to use. All other 

compounds were used as received. 

Purification 

Diethyl ether (Et2O, ≥99.7%), hydrochloric acid (HCl, 36% solution in water), 

lithium chloride (LiCl, 95%), dichloromethane (CH2Cl2, 99%), absolute ethanol 

(EtOH, 99.8%), sodium hydroxide (NaOH, ≥97%), sodium Chloride (NaCl, ≥99.5%) 
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and sodium hydrogen carbonate (NaHCO3, ≥99%) were purchased from Fisher 

Scientific. Magnesium sulfate (MgSO4, 98%), Dowex® 50WX8 (100-200 mesh), 

Cyclohexane (99.7%) were purchased from Sigma-Aldrich. Ethyl acetate (EtOAc, 

≥99.9%), hexane (≥99.5%) and triethylamine (Et3N, 99%) were purchased from 

VMR Chemicals. Silica (SiO2, 60Å, 40-60 μm) was purchased from Apollo Scientific. 

Celite S (untreated, dried) was purchased from Scientific Laboratory Supplies. 

Characterisation 

Deuterated dimethyl sulfoxide (d6-DMSO, ≥99.9%) was purchased from Sigma-

Aldrich Company. Deuterated chloroform (CDCl3, >99.8%) was purchased from 

Apollo Scientific. TLC plates (Silica gel 60 F254) were purchased from Merck. 

TLC stain preparation 

The anisaldehyde/H2SO4 was prepared by adding H2SO4 (10 mL) and glacial 

AcOH (2 mL) to a solution composed of EtOH (95% solution in water, 180 mL) and 

anisaldehyde (10 mL). 

The potassium permanganate stain was prepared by dissolving KMnO4 (1.5 g), 

K2CO3 (10 g) in a solution of NaOH (10% solution in water, 1.25 mL) and water (200 

mL). 

Methods  

Determination of the anomeric configuration  

Regarding the assignment of the anomeric proton as α or β, the method 

employed throughout this chapter consisted in careful assessment of the 1H NMR 

spectra of the targeted compound. Thus, it is generally accepted that the anomeric 
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protons, in either α or β configuration resonate at a lower field than the other protons 

present on the sugar ring. This is due to the inductive effect of the internal oxygen 

atom. Moreover, equatorial protons are known to generally resonate at lower field 

than their axial counterpart. Consequently, it is possible to resolve the signals 

corresponding to the different anomers via 1H NMR spectroscopy. In addition, it is 

also possible to tell the two configurations apart by determination of the coupling 

constant of the doublets corresponding to the anomeric proton resonance signal. 

Hence, in the β configuration, the adjacent protons will have a dihedral angle of 180 

° and the coupling constant will generally be comprised between 7 to 10 Hz, whilst 

in the α configuration, the dihedral angle between adjacent proton is equal to 60 ° 

and therefore, the coupling constant will be of lower values, usually encompassed 

between 2 to 4 Hz.1 

 Nuclear magnetic resonance spectroscopy (NMR)  

NMR spectroscopy of monomers were recorded at 298 K on a Bruker AVANCE 

NEO console spectrometer equipped with a 5 mm BBFO smart probe operating at 

400 MHz for 1H and 100.57 MHz for 13C, respectively. Chemical shifts of 1H NMR 

spectra were referenced to the solvent residual proton (δ = 7.26 ppm for CHCl3 in 

CDCl3, δ= 2.50 ppm for DMSO-d5 in DMSO-d6) and 13C NMR spectra were 

referenced to the solvent resonance signal (δ= 77.16 ppm for CDCl3, δ= 39.52 ppm 

for DMSO-d6). The data obtained were processed and analyzed using MestReNova 

12.0.3 software. The resonance multiplicities are described as s (singlet), d 

(doublet), t (triplet), q (quartet) or m (multiplet). 

Mass spectrometry analysis 
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Mass spectrometry was performed by University of Birmingham School of 

Chemistry Analytical facility. 

1.18.2 Synthetic procedures 

Synthesis of trans-butene-1,4-diol (1) 

 

In a 2 L round bottom flask equipped with a magnetic stirrer, 800 mL of 

tetrahydrofuran (THF) was added, and the flask was cooled down to -10 °C with a 

brine/ice bath. Lithium aluminum hydride (LiAlH4, 15.9 g, 418 mmol, 1.2 equiv.) is 

suspended in the THF. In a separate 1 L flask, a solution of but-2-yne-1,4-diol (30 

g, 348 mmol, 1 equiv.) in THF (400 mL) is prepared and added to the suspension of 

LiAlH4 via cannula transfer over 1 h. After the addition, the reaction mixture is left 

stirring for 48 h at 22 °C. The reaction is then cooled to -10 °C and quenched by 

addition of an aqueous solution of NaOH (3 M) until no gas evolution is observed 

and subsequently left stirring for 1 h. The reaction mixture is filtered to remove the 

aluminum salts and washed with warm THF. The filtrate is concentrated in vacuo 

and purified by vacuum distillation at 130 °C to afford a colorless oil (10.4 g, 123 

mmol, 35%). Characterizing data is consistent with that reported previously. 2 1H 

NMR (400 MHz, 298 K, DMSO-d6, ppm) δ 5.67 (m, 2H, CH=CH), 4.64 (t, J = 5.6 Hz, 

OH), 3.92 (m, CH2). 13C NMR (101 MHz, 298 K, DMSO-d6, ppm) δ 129.9, 61.1. 

Overview - Synthesis of isoidide  
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Synthesis of tosylated isomannide (2) 

 

An oven-dried 500 mL 2-neck round bottom flask was charged with CH2Cl2 (200 

mL), isomannide (30.0 g, 205.4 mmol, 1 equiv.), triethylamine (52.0 g, 513.5 mmol, 

2.5 equiv.) and dimethylaminopyridine (2.51 g, 20.54 mmol, 0.1 equiv.). The reaction 

media is cooled down to -10 °C using a brine/ice bath, and p-toluenesulfonyl chloride 

(82.24 g, 431.4 mmol, 2.1 equiv.) is added dropwise over 1 h using a dropping 

funnel. The reaction is left stirring overnight (ca. 16 h) before being transferred in a 

separating funnel and washed with 1 M HCl solution (1×150 mL), water (3×150 mL), 

saturated NaHCO3 solution (1×150 mL) and brine (1×150 mL). The organic phase 

is dried over MgSO4 and the solvent is removed under vacuum to afford a white 

solid. The crude solid is ground into a powder using a pestle and mortar and purified 

by recrystallisation in ethanol (81.9 g, 180.1 mmol, 88% after 2 sequential 

recrystallisations). Characterisation data is consistent with that reported previously.3 

1H NMR (400 MHz, 298 K, CDCl3, ppm) δ 7.83 – 7.77 (d, J = 8.5, 2.1 Hz, 4H, 

CCHCHCCH3), 7.36 – 7.31 (m, 4H, CCHCHCCH3), 4.87 – 4.81 (m, 2H, 

CHCHOCH2), 4.48 – 4.45 (m, 2H, CH2OCHCOH), 3.91 (dd, J = 9.5, 6.7 Hz, 2H, 
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CHOCHHO), 3.72 (dd, J = 9.5, 7.7 Hz, 2H, CHOCHHO), 2.44 (s, broad, 6H, 

CHCH3). 13C NMR (101 MHz, 298 K, CDCl3, ppm) δ 145.4, 133.2, 130.1, 128.1, 

80.1, 78.0, 77.5, 77.2, 76.8, 70.2, 21.8. 

Synthesis of acetylated isoidide (3) 

 

A 500 mL round bottom flask was charged with DMF (270 mL), tosylated 

isomannide (74.0 g, 163 mmol, 1 equiv.) and potassium acetate (322 g, 977 mmol, 

6 equiv.). A waterless condenser (Findenser®) is fitted to the round bottom flask and 

the reaction is heated at 135 °C and left stirring overnight (ca. 16 h). Once the 

reaction media returned to room temperature, the reaction media is diluted with 250 

mL of water, placed in a separating funnel and extracted with EtOAc (3×250 mL). 

The volume of the organic phase is reduced to approximatively 300 mL under 

vacuum before being washed with water (3×200 mL), 5 wt% LiCl solution (2×200 

mL) and brine (1×200 mL). The organic phase is then dried over MgSO4 and the 

solvent removed under vacuum to afford a white solid which is used without further 

purification (29.3 g, 127.4 mmol, 78.2%). Characterisation data is consistent with 

that reported previously.3 1H NMR (400 MHz, 298 K, CDCl3, ppm) δ 5.18 (m, 2H, 

CHCHOCH2), 4.62 (s, broad, 2H, CH2OCHCHO), 3.92 (m, 4H, CHOCH2O), 2.07 (s, 

6H, CH3). 13C NMR (101 MHz, 298 K, CDCl3, ppm) δ 170.1, 85.5, 77.7, 77.5, 77.2, 

76.8, 72.7, 21.0. 

Synthesis of isoidide (4) 
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A 500 mL round bottom flask is charged with anhydrous MeOH (400 mL), 

acetylated isoidide (29.3 g, 127.4 mmol, 1 equiv.) and sodium methoxide (25 wt% 

in MeOH, 9.5 mL, 34.7 mmol, 0.3 equiv.). The reaction is left stirring at room 

temperature. After 45 mins, no traces of acetylated isoidide could be seen on a TLC 

(50/50 EtOAc/Hexane, stained with a potassium permanganate solution), indicating 

the completion of the reaction. Dowex® 50W X8 resin is added to the reaction media 

and left stirring for an additional hour. Once the pH reached neutrality, the reaction 

media is filtered, and the solvent is removed under vacuum to afford a white solid 

which is used without further purification (16 g, 114.3 mmol, 90%). Characterisation 

data is consistent with that reported previously.3 1H NMR (400 MHz, 298 K, DMSO-

d6, ppm) δ 5.11 (d, J = 3.6 Hz, 2H, OH), 4.31 (s, 2H, OCHCHOCH2), 4.02 (m, 2H, 

OCHCHOCH2), 3.60 (m, 3.4 Hz, 4H, CHOCH2O). 13C NMR (101 MHz, 298 K, 

DMSO-d6, ppm) δ 87.2, 74.8, 74.0, 40.2, 39.9, 39.7, 39.5, 39.3, 39.1, 38.9. 

Overview - Synthesis of 1,4-glucose-derived diol (9) 
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Synthesis of methyl 4,6-O-benzylidene-α-ᴅ-glucopyranoside (6) 

 

Methyl-α-ᴅ-glucopyranoside (60.9 g, 314.0 mmol, 1 equiv.) and camphor-10-

sulfonic acid (250 mg, 1.08 mmol, 0.0034 equiv.) are placed in an oven-dried 1 L 

round bottom flask and dried at 100 °C under vacuum for 3 h. Then, anhydrous DMF 

(200 mL) and benzaldehyde dimethyl acetal (48.5 g, 318.7 mmol, 1.01 equiv.) are 

added to the reaction vessel. The round bottom flask is then fitted to a rotary 

evaporator equipped with a solvent trap. The water bath is set at 60 °C, the vacuum 

at 100 mbar and the rotation at medium speed. After 2 h, some methyl-α-ᴅ-

glucopyranoside could still be seen on TLC (80/20 EtOAc/Hexane, stained with an 

anisaldehyde/H2SO4 solution), therefore benzylidene acetal (4.5 g, 29.6 mmol, 

0.094 equiv.) is added to the reaction media. After a total of 4 h, the reaction is 

stopped, quenched with Et3N and the solvent removed under vacuum to afford a 

white solid. The crude solid is purified by recrystallisation in a mixture of EtOAc and 

Hexane to yield methyl 4,6-O-benzylidene-α-ᴅ-glucopyranoside (78 g, 277 mmol, 

89% yield). Note: Another work up method consisted in the removal of the solvent 

under vacuum until the formation of a precipitate before the addition of water and a 

saturated solution of NaHCO3. The crude is stirred in the basic aqueous phase at a 

temperature of 100 °C until total dissolution of the precipitate is observed. Upon 

cooling, the targeted compound precipitates, which can be collected by filtration. 

Further drying afford pure methyl 4,6-O-benzylidene-α-ᴅ-glucopyranoside. 

Recrystallisation of the compound is also possible in water, ethanol 95%, ethanol, 
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dichloromethane/hexane. Characterisation data is consistent with that reported 

previously.4 1H NMR (400 MHz, 298 K, CDCl3, ppm) δ 7.52 – 7.46 (m, 2H, ArH, 

ortho), 7.41 – 7.33 (m, 3H, ArH, meta and para), 5.52 (s, 1H, CH acetal bridge), 4.78 

(d, J = 3.9 Hz, 1H, H-1), 4.31 – 4.26 (m, 1H, H-6), 3.92 (t, J = 9.3 Hz, 1H, H-3), 3.84 

– 3.70 (m, 2H, H-5, H-6), 3.62 (dd, J = 9.2, 3.9 Hz, 1H, H-2), 3.48 (t, J = 9.3 Hz, 1H, 

H-4), 3.45 (s, 3H, CH3). 13C NMR (101 MHz, 298 K, CDCl3, ppm) δ 137.2, 129.4, 

128.5, 126.5, 102.1, 99.9, 81.1, 77.5, 77.2, 76.8, 73.0, 71.9, 69.1, 62.5, 55.7. HRMS 

(TOF-MS-ES+) (m/z): [M+H]+ calculated for C28H30O6H, 463.2121; found, 463.2107. 

Synthesis of methyl 2,3-di-O-benzyl-4,6-O-benzylidene-α-ᴅ-

glucopyranoside (7) 

 

Methyl 4,6-O-benzylidene-α-ᴅ-glucopyranoside (45.03 g, 159.5 mmol, 1 equiv.), 

freshly distilled benzyl bromide (68.2 g, 399 mmol, 2.5 equiv.) and potassium 

hydroxide (22.37 g, 399 mmol, 2.5 equiv.) are suspended in anhydrous toluene (400 

mL) in an oven-dried 1 L round bottom flask equipped with a Dean-Stark apparatus 

and a waterless condenser (Findenser®). Then, the temperature is increased to 110 

°C. After ca. 16 h of reaction, no traces of 4,6-O-benzylidene-α-ᴅ-glucopyranoside 

could be observed by TLC (20/80 EtOAc/Hexane, stained with an 

anisaldehyde/H2SO4 solution), indicating the completion of the reaction. The 

reaction media is diluted in dichloromethane (500 mL) and washed with water 

(3×500mL) and brine (1×500mL). The organic phase is then dried over MgSO4 and 

the solvent removed under vacuum to afford a white solid. The crude is purified by 
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recrystallisation in Hexane (600 mL) to yield methyl 2,3-di-O-benzyl-4,6-O-

benzylidene-α-ᴅ-glucopyranoside (54.2 g, 117 mmol, 73%). Characterisation data 

is consistent with that reported previously.5 1H NMR (400 MHz, 298 K, CDCl3, ppm) 

δ 7.52 – 7.46 (m, 2H, ArH, ortho), 7.43 – 7.24 (m, 13H, ArH, meta and para), 5.56 

(s, 1H, CH acetal bridge), 4.92 – 4.71 (m,4H, CH2 benzyl), 4.60 (d, J = 3.7 Hz, 1H, 

H-1), 4.27 (dd, J = 10.1, 4.7 Hz, 1H, H-6), 4.05 (t, J = 9.3 Hz, 1H, H-3), 3.87 – 3.80 

(m, 1H, H-5), 3.71 (t, J = 10.2 Hz, 1H, H-6), 3.61 (t, J = 9.4 Hz, 1H, H-4), 3.57 (dd, 

J = 9.3, 3.7 Hz, 1H, H-2), 3.41 (s, 3H, CH3). 13C NMR (101 MHz, 298 K, CDCl3, ppm) 

δ 138.9, 138.3, 137.6, 129.1, 128.6, 128.5, 128.4, 128.3, 128.2, 128.1, 127.7, 126.2, 

101.4, 99.4, 82.3, 79.3, 78.8, 77.5, 77.2, 76.8, 75.5, 73.9, 69.2, 62.5, 55.5. HRMS 

(TOF-MS-ES+) (m/z): [M+Na]+ calculated for C14H18O6Na, 305.1014; found, 

305.1010. 

Synthesis of Methyl 2,3,6-tri-O-benzyl-α-ᴅ-glucopyranoside (8) 

 

Methyl 2,3-di-O-benzyl-4,6-O-benzylidene-α-ᴅ-glucopyranoside (23.5 g, 50.6 

mmol, 1 equiv.), sodium cyanoborohydride (28.6 g, 456 mmol, 9 equiv.), anhydrous 

THF (500 mL) and 3Å molecular sieves (activated, 40 mL) are placed in an oven-

dried 1 L round bottom flask and left stirring at room temperature for 45 mins. Then, 

the reaction is cooled down to 0 °C and aluminium chloride (60.72 g, 455 mmol, 9 

equiv.) is added. Then, the reaction is left stirring at room temperature overnight (ca. 

13 h). TLC analysis (30/70 EtOAc/Hexane, stained with an anisaldehyde/H2SO4 
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solution) indicated the completion of the reaction. The reaction mixture is diluted in 

dichloromethane, quenched with saturated NaHCO3 solution and filtered on a pad 

of celite. The organic phase is then washed with saturated NaHCO3 solution, water 

and brine before being dried over MgSO4 and concentrated under vacuum. The 

crude yellow oil is purified by chromatography column (7.5 cm width, 20 cm length, 

30/70 EtOAc/Hexane) to afford methyl 2,3,6-tri-O-benzyl-α-ᴅ-glucopyranoside as a 

colourless oil (20 g, 43.1 mmol, 84.6%). Characterisation data is consistent with that 

reported previously.5 1H NMR (400 MHz, 298 K, CDCl3, ppm) δ 7.48 – 7.17 (m, 15H, 

ArH), 5.01 – 4.65 (m, 4H, CH2 benzyl), 4.64 (d, J = 3.5 Hz, 1H, H-1), 4.63 – 4.52 (m, 

2H, CH2 benzyl), 3.79 (m, 1H, H-3), 3.74 – 3.67 (m, 3H, H-4, H-6), 3.61 (m, 1H, H-

5), 3.54 (dd, J = 9.6, 3.6 Hz, 1H, H-2), 3.39 (s, 3H, CH3). 13C NMR (101 MHz, 298 

K, CDCl3, ppm) δ 138.9, 138.2, 138.1, 128.7, 128.6, 128.5, 128.2, 128.1, 128.1, 

128.0, 127.8, 127.7, 98.3, 81.6, 79.7, 77.5, 77.2, 76.8, 75.5, 73.7, 73.3, 70.8, 70.0, 

69.6, 55.4. HRMS (TOF-MS-ES+) (m/z): [M+NH4]+ calculated for C27H30O6NH4, 

482.2526; found, 482.2526. 

Synthesis of 2,3,6-tri-O-benzyl-ᴅ-glucopyranose (9) 

 

Methyl 2,3,6-tri-O-benzyl-α-ᴅ-glucopyranoside (5.0 g, 10.8 mmol, 1 equiv.) is 

dissolved in glacial acetic acid (25 mL) in an oven-dried 2-neck 100 mL round 

bottom flask equipped with a waterless condenser (Findenser®) under constant 

nitrogen flux. The mixture was left stirring at room temperature until the total 
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dissolution of methyl 2,3,6-tri-O-benzyl-α-ᴅ-glucopyranoside, then the temperature 

is raised to 110 °C and a solution of H2SO4 (0.27 mL, 5.07 mmol, 0.5 equiv.) 

preliminarily diluted in distilled water (5 mL) is added dropwise over the course of 5 

mins. The reaction is stopped after 2h30, once only faint traces of the starting 

material could be observed on TLC (30/70 EtOAc/Hexane, stained with an 

anisaldehyde/H2SO4 solution). The reaction is then quenched with NaOH 1 M 

solution (60 mL) and extracted with dichloromethane (3×50 mL). The organic phase 

is washed with brine (3×100 mL) and water (1×100 mL), dried over MgSO4 and 

concentrated under vacuum to afford a brown oil. The crude is purified by 

chromatography column (30/70 EtOAc/Hexane, dry loading) and recrystallisation in 

a mixture of hexane and EtOAc (90:10) to yield 2,3,6-tri-O-benzyl-ᴅ-glucopyranose 

as a mixture of α and β anomers (65% α, 35% β, 1.2 g, 2.7 mmol, 24.7%) Further 

purification by recrystallisation (Hexane/EtOAc 90/10) affords 2,3,6-tri-O-benzyl-ᴅ-

glucopyranose as pure α anomer (0.8 g, 1.7 mmol, 16%) . Characterisation data is 

consistent with that reported previously.5 α anomer :1H NMR (400 MHz, 298 K, 

CDCl3, ppm) δ 7.40 – 7.27 (m, 15H, ArH), 5.22 (d, J = 3.5 Hz, 1H, H-1), 4.98 (d, J = 

11.4 Hz, 1H, CH2 benzyl, C-3), 4.80 – 4.66 (m, 3H, CH2 benzyl, C-3, C-2), 4.63 – 

4.50 (m, 2H, CH benzyl, C-6), 4.00 (m, 1H, H-5), 3.80 (t, J = 9.2 Hz, 1H, H-3), 3.67 

(d, J = 4.1 Hz, 2H, H-6), 3.60 (m, 1H, H-4), 3.55 (dd, J = 9.4, 3.5 Hz, 1H, H-2). 13C 

NMR (101 MHz, 298 K, CDCl3, ppm) δ 138.8, 138.0, 137.9, 128.7, 128.7, 128.6, 

128.6, 128.5, 128.2, 128.1, 128.2, 128.0, 127.9, 127.9, 91.4, 81.2, 79.8, 77.5, 77.2, 

76.8, 75.5, 73.8, 73.2, 71.0, 70.2, 69.8. HRMS (TOF-MS-ES+) (m/z): [M+NH4]+ 

calculated for C27H30O6NH4, 468.2386; found, 468.2390. 
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Overview - Synthesis of 1,6-glucose diol (20) 

 

Synthesis of methyl 2,3,4,6-tetra-O-benzyl-α-ᴅ-glucopyranoside (18) 

 

NaH (60% in mineral oil, 44.2 g, 1.10 mol, 9 equiv.) is suspended in DMF (600 

mL) in an oven-dried 3-neck 1 L round bottom, under a constant nitrogen flux. Then, 

the reaction media is cooled down to -20 °C using an ice/methanol bath and methyl-

α-ᴅ-glucopyranoside (23.4 g, 121 mmol, 1 equiv.) is added. The reaction media is 

left stirring for 30 mins, then TBAI (4.01 g, 14.4 mmol, 0.1 equiv.) and benzyl 

bromide (85.7 g, 501 mmol, 4 equiv.) are added. The cooling bath is removed, and 

the temperature is allowed to return to 22 °C. After stirring at room temperature for 

3 h, no traces of methyl- methyl-α-ᴅ-glucopyranoside could be detected on TLC 

(30/70 EtOAc/Hexane, stained with an anisaldehyde/H2SO4 solution, Rf product = 

0.65), indicating the completion of the reaction. The reaction media is cooled down 

to -20 °C using an ice/methanol bath and quenched by slowly adding a saturated 

NaHCO3 solution. The reaction media is then partitioned into 2 fractions, that both 
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are extracted in diethyl ether (3×500 mL). The organic phases are collected, and 

the total volume decreased to approximatively 500 mL by removing the solvent 

under vacuum. The obtained organic phase is then washed with water (3×500 mL) 

and brine (1×500 mL) before being dried over MgSO4 and concentrated under 

vacuum. The afforded crude oil is purified by chromatography column (gradient 

eluant from 90/10 EtOAc/Hexane to 50/50, 8.5 cm width, 20 cm length) to yield 

methyl 2,3,4,6-tetra-O-benzyl-α-ᴅ-glucopyranoside as a yellow oil (54.1 g, 97.5 

mmol, 81%). Note: It is possible to perform the reaction on the open atmosphere. 

However, without Schlenk techniques, the yield decreases to values comprised 

between 72 to 76%. Characterisation data is consistent with that reported 

previously.5 1H NMR (400 MHz, 298 K, CDCl3, ppm) δ 7.41 – 7.23 (m, 18H, ArH), 

7.17 – 7.09 (m, 2H, ArH, ortho, C-3), 5.04 – 4.44 (m, 9H, H-1, CH2 benzyl), 3.99 (t, 

J = 9.2 Hz, 1H, H-3), 3.78 – 3.70 (m, 2H, H-5, H-6), 3.68 – 3.60 (m, 2H, H-4, H-6), 

3.56 (dd, J = 9.6, 3.6 Hz, 1H, H-2), 3.38 (s, 3H, CH3). 13C NMR (101 MHz, 298 K, 

CDCl3, ppm) δ 139.0, 138.4, 138.3, 138.1, 128.7, 128.6, 128.5, 128.5, 128.5, 128.3, 

128.1, 128.1, 128.0, 127.8, 127.8, 127.7, 98.4, 82.3, 80.0, 77.8, 77.5, 77.2, 76.8, 

75.9, 75.2, 73.6, 73.5, 70.2, 68.6, 55.3. HRMS (TOF-MS-ES+) (m/z): [M+Na]+ 

calculated for C35H38O6Na, 577.2566; found, 577.2563. 

Synthesis of acetyl 2,3,4-tri-O-benzyl-6-acetyl-ᴅ-glucopyranoside (19) 

 



Chapter 2 – Synthesis of difunctional monomers 

118 
 

Methyl 2,3,4,6-tetra-O-benzyl-α-ᴅ-glucopyranoside (54.1 g, 97.5 mmol, 1 equiv.) 

is dissolved in a mixture of acetic acid (150 mL) and acetic anhydride (150 mL) in a 

1 L round bottom flask. The reaction media is cooled down to 0 °C using a water/ice 

bath and concentrated H2SO4 (4 mL, 4.7 mmol, 0.05 equiv.) is added dropwise over 

the course of 45 mins. The cooling bath is removed, and the temperature is allowed 

to return to 22 °C. After stirring at room temperature for 4 h, only faint traces of 

methyl-α-ᴅ-glucopyranoside could be detected on TLC (30/70 EtOAc/Hexane, 

stained with an anisaldehyde/H2SO4 solution, Rf product = 0.52). The reaction 

media is cooled down to -20 °C using a methanol/ice bath and quenched with 

saturated NaHCO3 (400 mL). The reaction media is then partitioned into 3 fractions, 

that are each extracted in dichloromethane (3×500 mL). The organic phases are 

collected, and the total volume decreased to approximatively 500 mL by removing 

the solvent under vacuum. The obtained organic phase is then washed with water 

(3×500 mL) and brine (1×500 mL) before being dried over MgSO4 and concentrated 

under vacuum. The afforded crude oil is purified by chromatography column (30/70 

EtOAc/Hexane, 8.5 cm width, 32 cm length) to yield acetyl 2,3,4-tri-O-benzyl-6-

acetyl-ᴅ-glucopyranoside as a yellow oil (80% α, 20% β, 35.5 g, 66.4 mmol, 68%). 

Note: The temperature should be carefully monitored during the addition of H2SO4 

and during the quenching. An increase of temperature above 22 °C will induce the 

formation of more by-products. Characterisation data is consistent with that reported 

previously.5 α anomer: 1H NMR (400 MHz, 298 K, CDCl3, ppm) δ 7.42 – 7.20 (m, 

15H, ArH), 6.32 (d, J = 3.6 Hz, 1H, H-1), 5.03 – 4.54 (m, 6H, CH2 benzyl), 4.32 – 

4.22 (m, 2H, H-6), 3.98– 3.90 (m, 2H, H-3, H-5), 3.67 (dd, J = 9.6, 3.6 Hz, 1H, H-2), 

3.57 (m, 1H, H-4), 2.15 (s, 3H, CH3, acetate, C-1), 2.03 (s, 3H, CH3, acetate, C-6). 
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13C NMR (101 MHz, 298 K, CDCl3, ppm) δ 170.8, 169.5, 138.6, 137.7, 137.6, 128.7, 

128.67, 128.6, 128.3, 128.3, 128.2, 128.2, 128.0, 127.9, 89.8, 81.8, 79.0, 77.5, 77.2, 

76.8, 76.7, 75.9, 75.4, 73.4, 71.2, 62.8, 21.2, 21.0. HRMS (TOF-MS-ES+) (m/z): 

[M+Na]+ calculated for C31H34O8Na, 557.2151; found, 557.2149. 

Synthesis of 2,3,4-tri-O-benzyl-ᴅ-glucopyranoside (20) 

 

Acetyl 2,3,4-tri-O-benzyl-6-acetyl-ᴅ-glucopyranoside (42.9 g, 97.5 mmol, 1 

equiv.) is dissolved in a mixture of THF (480 mL) and MeOH (190 mL) in a 1 L round 

bottom flask. After total dissolution of the starting material, the temperature of the 

reaction media is decrease to -10 °C, using a methanol/ice bath, and MeONa (25% 

in MeOH, 18 mL, 65.7 mmol, 0.7 equiv.) is added. Then, the methanol/ice bath is 

removed, and the reaction is left stirring while the temperature is allowed to increase 

to 0 °C. After 45 mins, no traces of acetyl 2,3,4-tri-O-benzyl-6-acetyl-ᴅ-

glucopyranoside could be detected on TLC (30/70 EtOAc/Hexane, stained with an 

anisaldehyde/H2SO4 solution, Rf product = 0.08), indicating the completion of the 

reaction. The reaction is quenched with saturated NaHCO3 (200 mL) and extracted 

in EtOAc (1×500 mL). The organic phase is washed with water (3×500 mL) and 

brine (1×500 mL) before being dried over MgSO4 and concentrated under vacuum. 

The colourless crude oil is further dried on high vacuum to afford 2,3,4-tri-O-benzyl-

ᴅ-glucopyranoside as an off-white solid (65% α, 35% β, 35.4 g, 78.7 mmol, 98%). 

This compound is used without further purification. Note: Another work up method 
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consist in adding 10 g of Dowex® 50W X8 resin, leave the reaction stirring overnight, 

filter and concentrate. Purifying the crude by chromatography column does not 

improve the purity and decrease the yield to 80%. Characterisation data is 

consistent with that reported previously.5 α anomer: 1H NMR (400 MHz, 298 K, 

CDCl3, ppm) δ 7.39 – 7.25 (m, 15H, ArH), 5.19 (t, J = 3.1 Hz, 1H, H-1), 4.99 – 4.57 

(m, 6H, CH2 benzyl), 3.99 – 3.91 (m, 2H, H-3, H-5) 3.83 (m, 2H, H-6), 3.54 (m, 2H, 

H-2, H-4), 3.25 (d, broad, J = 2.8 Hz, 1H, OH, C-1), 1.84 (t, broad, J = 6.5 Hz, 1H, 

OH, C-1). 13C NMR (101 MHz, 298 K, CDCl3, ppm) δ 138.7, 138.6, 138.4, 138.2, 

138.0, 137.9, 128.7, 128.6, 128.6, 128.6, 128.6, 128.3, 128.2, 128.1, 128.1, 128.1, 

128.0, 127.9, 127.8, 91.4, 81.7, 80.3, 77.6, 77.5, 77.2, 76.8, 75.8, 75.2, 73.5, 71.2, 

62.0. HRMS (TOF-MS-ES+) (m/z): [M+Na]+ calculated for C27H30O6Na, 473.1940; 

found, 473.1946. 

Synthesis of trans diacrylate monomer (25) 

  

An oven-dried 100 mL round bottom flask is charged with THF (25 mL) and 

freshly distilled trans 2-butene-1,4-diol (1) (7.28 g, 82.74 mmol, 1 equiv.). The 

mixture is degassed under N2 for 30 min and cooled down to -10 °C using a brine/ice 

bath. Then, 2-isocyanatoethyl acrylate (24.5 g, 173 mmol, 2.1 equiv.) and 

dibutyltin(IV) dilaurate (0.104 g, 0.165 mmol, 0.002 equiv.) are added consecutively 

to the reaction mixture. After the addition, the reaction is left stirring at -10 °C for an 

additional 30 min before warming to 22 °C. As the reaction progressed, precipitate 

is often observed, however it could be solubilized by either heating the mixture to 
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40 °C or by adding additional THF. The reaction completion is monitored using thin 

layer chromatography (TLC) (90/10 EtOAc/Hexane, stained with potassium 

permanganate, Rf product = 0.7) and usually complete after 3 h at 22 °C. The solvent 

is removed in vacuo at -8 °C using a Schlenk line and the isolated crude product is 

purified by recrystallisation in a mixture of EtOAc/Hexane at ca. 50 °C followed by a 

hot filtration step to remove insoluble reaction by-products. Note: heating the 

acrylate product can induce undesirable crosslinking, hence care should be taken 

to not heat the compound (or a solution of the compound) over ca. 50 °C or for an 

extended period of time. The target compound is isolated as a white crystalline solid 

(26.6 g, 71.8 mmol, 88.4%). Characterizing data is consistent with that reported 

previously.6 1H NMR (400 MHz, 298 K, CDCl3, ppm) δ 6.42 (dd, J = 17.3, 1.4 Hz, 

2H, CHH=CHC(O)O), 6.12 (dd, J = 17.3, 10.5 Hz, 2H, CHH=CHC(O)O), 5.85 (d, J 

= 1.4 Hz, 2H, CHH=CHC(O)O), 5.84 – 5.83 (m, 2H, CH2CH=CHCH2), 5.07 (s, 2H, 

NH), 4.57 (s, 4H, CH2CH=CHCH2), 4.24 (t, J = 5.3 Hz, 4H, NHCH2CH2O), 3.49 (dt, 

J = 5.4, 5.5 Hz, 4H, NHCH2CH2O). 13C NMR (101 MHz, 298 K, CDCl3, ppm) δ 166.1, 

156.2, 131.5, 128.3, 128.0, 64.6, 63.6, 40.3. HRMS (TOF-MS-ES+) (m/z): [M+Na]+ 

calculated for C16H22N2O8Na, 393.1274; found, 393.1282. 

Synthesis of cis diacrylate monomer (24) 

An oven-dried 100 mL round bottom flask is charged with THF (25 mL) and cis-2-

butene-1,4-diol (7.58 g, 86.12 mmol, 1 equiv.). The mixture is degassed under N2 

for 30 min and cooled down to -10 °C using a brine/ice bath. Then, 2-isocyanatoethyl 
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acrylate (25.5 g, 180 mmol, 2.1 equiv.) and dibutyltin(IV) dilaurate (0.108 g, 0.172 

mmol, 0.002 equiv.) are added to the reaction mixture. The reaction is stirred at -10 

°C for an additional 30 min, then warmed to 22 °C and monitored by TLC (90/10 

EtOAc/Hexane, stained with potassium permanganate solution, Rf product = 0.7). 

The reaction is usually complete after 3 h at 22 °C and the solvent is removed under 

vacuum at -8 °C using a Schlenk line to afford a white solid. The crude solid is 

ground into a powder using a pestle and mortar and purified by recrystallisation in a 

mixture of EtOAc/Hexane at 50 ˚C followed by a hot filtration step. Note: heating the 

acrylate product can induce undesirable crosslinking, hence care should be taken 

to not heat the compound or a solution of the compound) over ca. 50 °C or for an 

extended period. The title compound is afforded as a white crystalline solid (28.7 g, 

77.6 mmol, 90%). Characterisation data is consistent with that reported previously. 

6 1H NMR (400 MHz, 298 K; CDCl3, ppm) δ 6.42 (dd, J = 17.3, 1.4 Hz, 2H, 

CHH=CHC(O)O, 6.12 (dd, J = 17.3, 10.4 Hz, 2H, CHH=CHC(O)O), 5.86 (dd, J = 

10.4, 1.4 Hz, 2H CHH=CHC(O)O), 5.73 (s, b, 2H, CH2CH=CHCH2), 5.05 (s, 1H, 

NH), 4.67 (d, J = 4.3 Hz, 4H, CH2CH=CHCH2), 4.23 (t, J = 5.3 Hz, 4H, NHCH2CH2O), 

3.49 (dt, J = 5.3, 5.5 Hz, 4H, NHCH2CH2OC).13C NMR (101 MHz, 298 K, CDCl3, 

ppm) δ 166.2, 156.3, 131.6, 128.4, 128.1, 63.7, 60.7, 40.3. HRMS (TOF-MS-

ASAP+) (m/z): [M+H]+ calculated for C16H22N2O8H, 371.1454; found, 371.1465. 

Synthesis of isosorbide- derived diacrylate monomer (26) 
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An oven-dried 250 ml 2-neck round bottom flask is charged with THF (60 mL), 

recrystallised isosorbide (17.51 g, 119.8 mmol, 1 equiv.) and 2-isocyanatoethyl 

acrylate (35.46 g, 251.5 mmol, 2.1 equiv.). Once the isosorbide is fully dissolved, 

dibutyltin(IV) dilaurate (0.1512 g, 0.24 mmol, 0.002 equiv.) is added to the reaction 

media. The reaction completion was usually reached after 3 to 4 h, when no traces 

of isosorbide could be observed by TLC (80/20 EtOAc/Hexane, stained with 

potassium permanganate solution, Rf product = 0.53). The solvent is removed under 

vacuum to afford a white solid. The crude solid is ground into a powder using a 

pestle and mortar and purified by recrystallisation in a mixture of hexane and ethyl 

acetate (50 mL and 200 mL respectively) at 55 °C. Note: During the reaction, the 

gelation of the reaction media is often observed. Adding more THF (40 mL) resolves 

this solubility issue. The title compound is afforded as a white crystalline solid (43.7 

g, 102.1 mmol, 85% after 2 sequential recrystallisations). Characterisation data is 

consistent with that reported previously. 7 1H NMR (400 MHz, 298 K, CDCl3, ppm) 

δ 6.43 (dd, overlapping, J = 17.3, 1.3 Hz, 2H, CHH=CHC(O)O), 6.12 (dd, 

overlapping, J = 17.3, 10.4, Hz, 2H, CHH=CHC(O)O), 5.87 (dd, overlapping, J = 

10.4, 1.5 Hz, 2H, CHH=CHC(O)O), 5.23 – 5.03 (m, 4H, CHOC(O)NH), 4.76 (t, 

broad, J = 4.8 Hz, 1H, CH2OCHCHO), 4.49 (d, J = 4.4 Hz, 1H, CHOCHOCH2), 4.24 

(t, J = 5.5,Hz, 4H, NHCH2CH2O), 4.07 – 3.92 (m, 3H, OCH2CHO and CHOCHHO), 

3.71 (m, 1H, CHOCHHO), 3.50 (m, 4H, NHCH2CH2O). 13C NMR (101 MHz, 298 K, 

CDCl3, ppm) δ 166.1, 155.6, 155.3, 131.7, 128.0, 86.0, 81.1, 78.8, 77.5, 77.2, 76.8, 

74.6, 73.9, 70.1, 63.5, 40.4. 

Synthesis of isomannide-derived diacrylate (27) 
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An oven-dried 250 ml 2-neck round bottom flask is charged with THF (100 mL), 

isomannide (17.51 g, 119.8 mmol, 1 equiv.) and 2-isocyanatoethyl acrylate (35.48 

g, 251.6 mmol, 2.1 equiv.). To achieve total dissolution of isomannide, DMF (30 mL) 

is added to the reaction media. Then, dibutyltin(IV) dilaurate (0.1512 g, 0.24 mmol, 

0.002 equiv.) is diluted in THF (10 mL) and then is added to the reaction media. The 

reaction completion is usually reached after 24 h, when no traces of isomannide 

could be observed by TLC (80/20 EtOAc/Hexane, stained with potassium 

permanganate solution, Rf product = 0.48). The solvent is removed under vacuum 

to afford a white solid. The crude solid is ground into a powder using a pestle and 

mortar and purified by recrystallisation in a mixture of hexane and ethyl acetate (150 

mL and 350 mL respectively) at 60 °C. Notes: The isomannide will not dissolve in 

THF at room temperature (22 °C) at the concentration of 1.2 M unless some DMF 

is added. The title compound is afforded as a white crystalline solid (41.2 g, 96.3 

mmol, 80% after 2 sequential recrystallisations). Note: The reaction can still reach 

completion without the complete solubilisation of isomannide in 24 

h.Characterisation data is consistent with that reported previously. 7 1H NMR (400 

MHz, 298 K, CDCl3, ppm) δ 6.42 (dd, J = 17.3, 1.4 Hz, 2H, CHH=CHC(O)O), 6.11 

(dd, J = 17.3, 10.4 Hz, 2H, CHH=CHC(O)O), 5.86 (dd, J = 10.5, 1.4 Hz, 2H, 

CHH=CHCOH), 5.22 (s, broad, 2H, NH), 5.13 – 5.06 (m, 2H, CHCHOCH2), 4.66 (d, 

broad, J = 3.8 Hz, 2H, CH2OCHCOH), 4.24 (t, J = 5.3 Hz, 4H, NHCH2CH2O), 4.05 

(dd, J = 9.2, 6.5 Hz, 2H, CHOCHHO), 3.76 (dd, J = 9.2, 6.5 Hz, 2H, CHOCHHO), 
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3.50 (m, 4H, NHCH2CH2O). 13C NMR (101 MHz, 298 K, CDCl3, ppm) δ 166.1, 155.6, 

131.7, 128.0, 81.0, 77.5, 77.2, 76.8, 74.4, 70.6, 63.5, 40.4. 

Synthesis of isoidide-derived diacrylate (28) 

 

An oven-dried 100 ml 2-neck round bottom flask is charged with THF (30 mL), 

isoidide (4.75 g, 33.9 mmol, 1 equiv.) and 2-isocyanatoethyl acrylate (10.04 g, 71.2 

mmol, 2.1 equiv.). Once the isoidide is fully dissolved, dibutyltin(IV) dilaurate (0.043 

g, 0.00678 mmol, 0.002 equiv.) is added to the reaction media. Then, the reaction 

is left stirring at room temperature overnight (ca. 16 h). Once no traces of isoidide 

could be observed by TLC, most of the solvent is removed under vacuum and 

cyclohexane (200 mL) is added to the crude, causing the formation of a white 

precipitate. The crude is left stirring in cyclohexane before being filtered. The 

afforded white solid is washed with cyclohexane and purified by recrystallisation in 

a mixture of hexane and ethyl acetate at 60 °C (11.6 g, 27.11 mmol, 80%). 

Characterisation data is consistent with that reported previously.3 1H NMR (400 

MHz, 298 K, CDCl3, ppm) δ 6.37 (dd, J = 17.3, 1.4 Hz, 2H, CHH=CHC(O)O), 6.06 

(dd, J = 17.3, 10.5 Hz, 2H, CHH=CHC(O)O), 5.81 (dd, J = 10.5, 1.4 Hz, 2H, 

CHH=CHC(O)O), 5.23 – 4.73 (m, 4H, CHOC(O)NH), 4.54 (s, broad, 2H, 

CH2OCHCOH), 4.18 (t, broad, J = 5.2 Hz, 4H, NHCH2CH2O), 3.96 – 3.77 (m, 4H, 

CHOCH2O), 3.43 (q, J = 5.5 Hz, 4H, NHCH2CH2O). 13C NMR (101 MHz, 298 K, 

CDCl3, ppm) δ 166.2, 155.2, 131.7, 128.0, 85.5, 78.3, 77.5, 77.2, 76.8, 72.8, 63.5, 

40.4. 
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Synthesis of 1,6-glucose diacrylate (29) 

 

An oven-dried 100 mL round bottom flask is charged with THF (38 mL), 2,3,6-

tri-O-benzyl-ᴅ-glucopyranoside (7.3 g, 16.2 mmol, 1 equiv.) and 2-isocyanatoethyl 

acrylate (4.8 g, 34.1 mmol, 2.1 equiv.). The reaction media is cooled down to 0 °C 

using a water/ice bath and dibutyltin(IV) dilaurate (0.030 g, 0.032 mmol, 0.002 

equiv.) is added to the reaction mixture. After 10 mins of stirring at 0 °C, the water/ice 

bath is removed, allowing the temperature to return to 22 °C. The reaction is left 

stirring overnight (ca. 12 h). TLC analysis indicated the completion of the reaction 

as no traces of starting material could be detected (80/20 EtOAc/Hexane, stained 

with a potassium permanganate solution, Rf product = 0.68). The solvent is removed 

under vacuum to afford a white solid. The crude is purified by chromatography 

column (80/20 EtOAc/Hexane) and recrystallisation in a mixture of ethyl acetate and 

hexane to yield the 1,6-glucose diacrylate monomer as a white solid (100% β, 7.1 

g, 9.7 mmol, 60%). 1H NMR (400 MHz, 298 K, CDCl3, ppm) δ 7.38 – 7.21 (m, 15H, 

ArH), 6.42 (d, J = 17.3, 0.9 Hz, 2H, CHH=CHC(O)O), 6.11 (dd, overlapping, J = 

10.4, 2.9 Hz, 2H, CHH=CHC(O)O), 5.85 (dd, overlapping, J = 3.5, 1.4 Hz, 2H, 

CHH=CHC(O)O), 5.57 (d, J = 8.2 Hz, 1H, H-1), 5.02 (m, 2H, NH), 4.92  – 4.58 (6H, 

CH2 benzyl), 4.38 – 4.27 (m, 2H, H-6), 4.23 (dt, J = 12.0, 5.3 Hz, 4H, NHCH2CH2O), 

3.75 (t, J = 9.0 Hz, 1H, H-3), 3.63 (m, 1H, H-5), 3.59 – 3.38 (m, 6H, H-2, H-4, 

NHCH2CH2O). 13C NMR (101 MHz, 298 K, CDCl3, ppm) δ 166.1, 154.2, 138.3, 



Chapter 2 – Synthesis of difunctional monomers 

127 
 

138.2, 137.7, 131.8, 131.6, 128.7, 128.6, 128.5, 128.4, 128.2, 128.1, 128.0, 127.9, 

95.2, 84.8, 81.2, 77.5, 77.2, 76.8, 76.0, 75.2, 75.2, 74.1, 63.7, 63.4, 40.4, 40.3. 

HRMS (TOF-MS-ES+) (m/z): [M+Na]+ calculated for C39H44N2O12Na, 755.2792; 

found, 755.2802. 

Overview - Synthesis of 1,6-glucose dithiol (32) 

 

 

Synthesis of 2,3,4-tri-O-benzyl-6-O-methanesulfonyl-α-ᴅ-glucopyranosyl 

chloride (30) 

 

2,3,4-tri-O-benzyl-ᴅ-glucopyranoside (37.8 g, 84 mmol, 1 equiv.) is dissolved in 

dichloromethane (200 mL) in a 500 mL round bottom flask. After total dissolution of 

the starting material, the temperature of the reaction media is decrease to -60 °C, 

using an acetone/dry ice bath and Et3N (47 mL, 336 mmol, 4 equiv.) is added to the 

reaction vessel. Then, methanesulfonyl chloride (26 mL, 336 mmol, 4 equiv.) is 
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added dropwise over the course of 1 h. The cooling bath is removed, allowing the 

temperature to return to 22 °C. After 24 h, no traces of 2,3,4-tri-O-benzyl-ᴅ-

glucopyranoside could be seen on TLC (30/70 EtOAc/Hexane, stained with an 

anisaldehyde/H2SO4 solution, Rf product = 0.37), indicating the completion of the 

reaction. The temperature of the reaction media is decreased to -10 °C using a 

brine/ice bath. The reaction is quenched with saturated NaHCO3 (200 mL). The 

organic phase is collected and washed with water (1×200 mL) and brine (1×200 mL) 

before being dried over MgSO4 and concentrated under vacuum to afford 2,3,4-tri-

O-benzyl-6-O-methanesulfonyl-α-ᴅ-glucopyranosyl chloride as a yellow oil (100% α, 

45 g, 83.1 mmol, 99%). This compound is used without further purification. Note: 

Purifying the crude by chromatography column (30/70 EtOAc/Hexane) does not 

improve the purity and decrease the yield to 98%. The reaction reaches completion 

after 2-3 h, however, leaving the reaction stirring for 24 h, afford 100% of the α 

anomer. 1H NMR (400 MHz, 298 K, CDCl3, ppm) δ 7.91 – 6.82 (m, 15H, ArH), 6.01 

(d, J = 3.8 Hz, 1H, H-1), 5.05 – 4.58 (m, 6H, CH2 benzyl), 4.44 (dd, J = 11.3, 3.8 Hz, 

1H, H-6), 4.35 (dd, J = 11.4, 2.0 Hz, 1H, H-6), 4.21 – 4.15 (m, 1H, H-5), 4.07 (t, J = 

9.2 Hz, 1H, H-3), 3.71 (dd, J = 9.4, 3.8 Hz, 1H, H-2), 3.59 (dd, J = 10.2, 8.9 Hz, 1H, 

H-4), 2.98 (s, 3H, CH3 mesylate). 13C NMR (101 MHz, 298 K, CDCl3, ppm) δ 138.3, 

137.6, 137.3, 128.9, 128.8, 128.7, 128.6, 128.4, 128.3, 128.3, 128.2, 128.1, 128.0, 

92.7, 81.2, 79.8, 77.5, 77.2, 76.8, 76.0, 75.7, 75.5, 73.2, 71.8, 67.6, 37.8. HRMS 

(TOF-MS-ES-) (m/z): [M - H]+ calculated for C28H3035ClO7S, 545.1414; found, 

545.1414.  
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Synthesis of acetyl 2,3,4-tri-O-benzyl-1,6-dithio-6- acetyl-ᴅ-

glucopyranoside (31) 

 

2,3,4-tri-O-benzyl-6-O-methanesulfonyl-α-ᴅ-glucopyranosyl chloride (42 g, 74.2 

mmol, 1 equiv.) is dissolved in DMF (400 mL) in a 1 L round bottom flask. Then, 

potassium thioacetate (51 g, 447 mmol, 6 equiv.) is added to the reaction vessel. A 

waterless condenser (Findenser®) is fitted to the round bottom flask and the 

temperature of the reaction increased to 90 °C. After 1 h 45, no starting material 

could be detected on TLC (30/70 Et2O/Hexane, stained with an anisaldehyde/H2SO4 

solution, Rf product = 0.16), indicating the completion of the reaction). The reaction 

media is cooled down to 0 °C using a water/ice bath and quenched with saturated 

NaHCO3 (400 mL). The reaction media is then partitioned into 3 fractions, that are 

each extracted in Et2O (3×500 mL). The organic phases are collected, and the total 

volume decreased to approximatively 500 mL by removing the solvent under 

vacuum. The obtained organic phase is then washed with water (2×500 mL) and 

brine (1×500 mL) before being dried over MgSO4 and concentrated under vacuum 

to afford a burgundy oil. The crude is purified by chromatography column (30/70 

Et2O/Hexane) and recrystallisation in a mixture of EtOAc (80 mL) and Hexane (400 

mL) to yield acetyl 2,3,4-tri-O-benzyl-1,6-dithio-6- acetyl-ᴅ-glucopyranoside as 

brown-red crystals (100% β, 18.0 g, 31.8 mmol, 43%). It is possible to purify the 

crude by recrystallisation only, however, the yield decrease to 35% and the product 

recovered as a mixture of α and β anomer in a 35:65 ratio. α anomer: 1H NMR (400 
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MHz, 298 K, CDCl3, ppm) δ 7.41 – 7.22 (m, 15H, ArH), 5.12 (d, J = 10.2 Hz, 1H, H-

1), 4.93 – 4.61 (m, 6H, CH2 benzyl), 3.75 (t, J = 8.9 Hz, 1H, H-3), 3.60 (ddd, J = 9.8, 

7.0, 3.0 Hz, 1H, H-5), 3.54 – 3.45 (m, 2H, H-2, H-6), 3.40 (t, J = 9.2 Hz, 1H, H-4), 

3.04 (dd, J = 13.8, 7.0 Hz, 1H, H-6), 2.38 (s, 3H, CH3, thioacetate, C-1), 2.34 (s, 3H, 

CH3, thioacetate, C-6). 13C NMR (101 MHz, 298 K, CDCl3, ppm) δ 195.13, 192.59, 

138.31, 137.83, 137.80, 128.65, 128.62, 128.52, 128.36, 128.12, 127.99, 127.95, 

127.92, 86.65, 81.66, 80.44, 80.11, 78.45, 77.48, 77.16, 76.84, 75.92, 75.56, 75.35, 

31.04, 30.98, 30.67. HRMS (TOF-MS-ES+) (m/z): [M+Na]+ calculated for 

C31H34O6S2Na, 589.1708; found, 589.1707. 

Synthesis of 2,3,4-tri-O-benzyl-1,6-dithio-ᴅ-glucopyranose (32) 

 

Acetyl 2,3,4-tri-O-benzyl-1,6-dithio-6-acetyl-ᴅ-glucopyranoside (10 g, 17.7 

mmol, equiv.) is dissolved in a mixture of THF (150 mL) and MeOH (50 mL) in a 500 

mL round bottom flask. After total dissolution of the starting material, the 

temperature of the reaction media is decrease to -10 °C, using a methanol/ice bath, 

and MeONa (25% in MeOH, 5 mL, 18.3 mmol, 1 equiv.) is added dropwise over 5 

mins. Then, the methanol/ice bath is removed, and the reaction is left stirring while 

the temperature is allowed to return to room temperature. After 1h15, no traces of 

Acetyl 2,3,4-tri-O-benzyl-1,6-dithio-6- acetyl-ᴅ-glucopyranoside could be detected 

on TLC (30/70 EtOAc/Hexane, stained with an anisaldehyde/H2SO4 solution, Rf 

product = 0.8), indicating the completion of the reaction. The reaction is quenched 
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with saturated NaHCO3 (100 mL) and extracted in EtOAc (3×150 mL). The organic 

phase is washed with water (3×150 mL) and brine (1 NH4150 mL) before being dried 

over MgSO4 and concentrated under vacuum to afford a brown oil. The crude is 

purified by chromatography column (30/70 EtOAc/Hexane) and recrystallised 

(EtOAc/Hexane) to afford 2,3,4-tri-O-benzyl-1,6-dithio-ᴅ-glucopyranoside as a white 

crystalline solid (100% β, 2.75 g, 5.7 mmol, 32%). Note: Monitoring the reaction by 

1H NMR proved to be more convenient than by thin layer chromatography as the 

product and the starting materials have the same Rf in (30/70 EtOAc/Hexane). 1H 

NMR (400 MHz, 298 K, CDCl3, ppm) δ 7.41 – 7.25 (m, 15H, ArH), 4.99 – 4.63 (m, 

6H, CH2 benzyl), 4.55 (dd, J = 9.5, 8.0 Hz, 1H, H-1), 3.68 (t, J = 8.8 Hz, 1H, H-3), 

3.61 (t, J = 9.1 Hz, 1H, H-4), 3.44 (ddd, J = 9.2, 6.3, 2.8 Hz, 1H, H-5), 3.37 (dd, J = 

9.5, 8.7 Hz, 1H, H-2), 2.92 (ddd, J = 14.1, 8.5, 2.8 Hz, 1H, H-6), 2.64 (ddd, J = 14.1, 

8.4, 6.3 Hz, 1H, H-6), 2.28 (d, J = 8.0 Hz, 1H, SH, C-1), 1.68 (t, J = 8.4 Hz, 1H, SH, 

C-6). 13C NMR (101 MHz, 298 K, CDCl3, ppm) δ 138.37, 137.94, 137.83, 128.70, 

128.64, 128.62, 128.41, 128.17, 128.15, 127.93, 127.88, 86.49, 85.09, 79.86, 79.79, 

79.27, 77.48, 77.16, 76.84, 75.86, 75.84, 75.33, 26.45. HRMS (TOF-MS-ES+) (m/z): 

[M+NH4]+ calculated for C27H30O4S2NH4, 500.1943; found, 500.1938. 
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1.18.3 NMR spectra of monomer diols and intermediates 

1H and 13C NMR spectra of trans butene-1,4-diol (1) 

 

Figure A 2.1. 1H NMR (400 MHz, 298 K, d6-DMSO) spectrum of the trans-2-butene-
1,4-diol (1). 

 
Figure A 2.2. 13C NMR (101 MHz, 298 K, d6-DMSO) spectrum of the trans 2-butene-
1,4-diol (1) 
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1H and 13C NMR spectra of tosylated isomannide (2) 

 

Figure A 2.3. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of tosylated isomannide 
(2). 

 
Figure A 2.4. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of the tosylated 
isomannide (2). 
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1H and 13C NMR spectra of acetylated isoidide (3) 

 

Figure A 2.5. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of acetylated isoidide (3). 

 

Figure A 2.6. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of the acetylated isoidide 
(3). 
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1H and 13C NMR spectra of isoidide (4) 

 

Figure A 2.7. 1H NMR (400 MHz, 298 K, d6-DMSO) spectrum of isoidide (4). 

 
Figure A 2.8. 13C NMR (101 MHz, 298 K, d6-DMSO) spectrum of the isoidide (4). 
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1H, 13C and 2D NMR spectra of methyl 4,6-O-benzylidene-α-ᴅ-glucopyranoside 

(6) 

 

Figure A 2.9. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of methyl 4,6-O-
benzylidene-α-ᴅ-glucopyranoside (6). 

 
Figure A 2.10. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of methyl 4,6-O-
benzylidene-α-ᴅ-glucopyranoside (6). 
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1H, 13C and 2D NMR spectra of methyl 2,3-di-O-benzyl-4,6-O-benzylidene-
α-ᴅ-glucopyranoside (7) 

Figure A 2.11. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of methyl 2,3 di-O-
benzyl-4,6-O-benzylidene-α-ᴅ-glucopyranoside (7). 

 

Figure A 2.12. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of methyl 2,3 di-O-
benzyl-4,6-O-benzylidene-α-ᴅ-glucopyranoside (7). 
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1H, 13C and 2D NMR spectra of methyl 2,3,6-tri-O-benzyl-α-ᴅ-
glucopyranoside (8) 

 

Figure A 2.13. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of methyl 2,3,6-tri-O-
benzyl-α-ᴅ-glucopyranoside (8). 

 
Figure A 2.14. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of methyl 2,3,6-tri-O-
benzyl-α-ᴅ-glucopyranoside (8). 
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1H, 13C and 2D NMR spectra of 2,3,6-tri-O-benzyl-α-ᴅ-glucopyranose (9) 

 
Figure A 2.15. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of 2,3,6-tri-O-benzyl-α-
ᴅ-glucopyranose (9). 

 
Figure A 2.16. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of methyl 2,3,6-tri-O-
benzyl-α-ᴅ-glucopyranose (9). 
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1H, 13C and 2D NMR spectra of methyl 2,3,4,6-tetra-O-benzyl-α-ᴅ-
glucopyranoside (18) 

 

Figure A 2.17. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of methyl 2,3,4,6-tetra-
O-benzyl-α-ᴅ-glucopyranoside (18). 

 
Figure A 2.18. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of methyl 2,3,4,6-tetra-
O-benzyl-α-ᴅ-glucopyranoside (18). 
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1H, 13C and 2D NMR spectra of acetyl 2,3,4-tri-O-benzyl-6-acetyl-ᴅ-
glucopyranoside (19) 

 

Figure A 2.19. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of acetyl 2,3,4-tri-O-
benzyl-6-acetyl-ᴅ-glucopyranoside in a 90/10 α to β anomer ratio (19). 

 

Figure A 2.20. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of acetyl 2,3,4-tri-O-
benzyl-6-acetyl-ᴅ-glucopyranoside in a 90/10 α to β anomer ratio (19). 
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1H, 13C and 2D NMR spectra of 2,3,4-tri-O-benzyl-ᴅ-glucopyranoside (20) 

 
Figure A 2.21. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of 2,3,4-tri-O-benzyl-ᴅ-
glucopyranose in a 65/35 ratio of α to β anomer (20). 

 
Figure A 2.22. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of 2,3,4-tri-O-benzyl-
ᴅ-glucopyranose in a 65/35 ratio of α to β anomer (20). 
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1.18.4 NMR spectra of diacrylate monomers  

1H and 13C NMR spectra of the cis diacrylate (24) 

 
Figure A 2.23. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of the cis diacrylate 
(24). 

 
Figure A 2.24. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of the cis diacrylate 
(24). 
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1H and 13C NMR spectra of the trans diacrylate (25) 

 
Figure A 2.25. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of the trans diacrylate 
(25). 

 
Figure A 2.26. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of the trans diacrylate 
(25). 
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1H and 13C NMR spectra of the isosorbide diacrylate (26) 

 

Figure A 2.27. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of the isosorbide-
derived diacrylate (26). 

 
Figure A 2.28. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of the isosorbide-
derived diacrylate (26). 
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1H and 13C NMR spectra of the isomannide diacrylate (27) 

 
Figure A 2.29. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of the isomannide-
derived diacrylate (27). 

 
Figure A 2.30. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of the isomannide-
derived diacrylate (27). 
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1H and 13C NMR spectrum of the isoidide diacrylate monomer (28) 

 

Figure A 2.31. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of the isoidide-derived 
diacrylate (28). 

 
Figure A 2.32. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of the isoidide-derived 
diacrylate (28). 
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1H, 13C and 2D NMR spectra of 1,6-glucose-derived diacrylate monomer 
(29) 

 
Figure A 2.33. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of the 1,6-glucose-
derived diacrylate (29). 

 
Figure A 2.34. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of the 1,6-glucose 
derived diacrylate (29). 
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1.18.5 NMR spectra of the 1,6 glucose dithiol (32) and intermediates 

1H, 13C and 2D NMR spectra of 2,3,4-tri-O-benzyl-6-O-methanesulfonyl-α-ᴅ-

glucopyranosyl chloride (30) 

 

Figure A 2.35. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of 2,3,4-tri-O-benzyl-6-
O-methanesulfonyl-α-ᴅ-glucopyranosyl chloride (30). 

 
Figure A 2.36. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of 2,3,4-tri-O-benzyl-
6-O-methanesulfonyl-α-ᴅ-glucopyranosyl chloride (30). 
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1H, 13C and 2D NMR spectra of acetyl 2,3,4-tri-O-benzyl-1,6-dithio-6- acetyl-
β-ᴅ-glucopyranoside (31) 

 

Figure A 2.37. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of acetyl 2,3,4-tri-O-
benzyl-1,6-dithio-6- acetyl-β-ᴅ-glucopyranoside (31). 

 
Figure A 2.38. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of acetyl 2,3,4-tri-O-
benzyl-1,6-dithio-6- acetyl-β-ᴅ-glucopyranoside (31). 
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1H, 13C and 2D NMR spectra of 2,3,4-tri-O-benzyl-1,6-dithio-ᴅ-
glucopyranose (32) 

 

Figure A 2.39. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of 2,3,4-tri-O-benzyl-
1,6-dithio-ᴅ-glucopyranose (32). 

 
Figure A 2.40. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of 2,3,4-tri-O-benzyl-
1,6-dithio-ᴅ-glucopyranose (32). 
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1.18.6 NMR spectra of selected by-products from studied reaction 

1H, 13C and 2D NMR spectra of spectrum of 2,3,6-tri-O-benzyl-ᴅ-
glucopyranose (9) (racemic 65/35 α to β) 

 

Figure A 2.41. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of 2,3,4-tri-O-benzyl-ᴅ-
glucopyranose (9) in a 65/35 ratio of α to β anomer. 

 
Figure A 2.42. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of 2,3,4-tri-O-benzyl-
ᴅ-glucopyranose (9) in a 65/35 ratio of α to β anomer. 
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1H, 13C and 2D NMR spectra of 2,3,6-tri-O-benzyl-4-acetyl-ᴅ-glucopyranose 
(6) 

 
Figure A 2.43. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of 2,3,6-tri-O-benzyl-4-
acetyl-ᴅ-glucopyranose (6). 

 
Figure A 2.44. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of 2,3,6-tri-O-benzyl-
4-acetyl-ᴅ-glucopyranose (6). 
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1H and 13C spectra of benzyl alcohol (12) 

 

Figure A 2.45. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of benzyl alcohol (12), 
recovered during the acetolysis of methyl 2,3,6-tri-O-benzyl-α -ᴅ-glucopyranoside 
(8). 

 
Figure A 2.46. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of benzyl alcohol (12), 
recovered during the acetolysis of methyl 2,3,6-tri-O-benzyl-α -ᴅ-glucopyranoside 
(8). 
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1H, 13C and 2D NMR spectra of methyl 2,3,4-tri-O-benzyl-4-acetyl-α-ᴅ-
glucopyranoside (13). 

 
Figure A 2.47. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of methyl 2,3,4-tri-O-
benzyl-4-acetyl-α-ᴅ-glucopyranoside (13). 

 
Figure A 2.48. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of methyl 2,3,4-tri-O-
benzyl-4-acetyl-α-ᴅ-glucopyranoside (13). 
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1H, 13C and 2D NMR spectra of acetyl 2,3-di-O-benzyl-4,6-di-acetyl-ᴅ-
glucopyranoside (14) 

 

Figure A 2.49. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of acetyl 2,3-di-O-
benzyl-4,6-di-acetyl-ᴅ-glucopyranoside (14). 

 
Figure A 2.50. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of acetyl 2,3-di-O-
benzyl-4,6-di-acetyl-ᴅ-glucopyranoside (14). 
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1H, 13C and 2D NMR spectra of methyl 2,3,4,6-tetra-O-benzyl-ᴅ-
glucopyranoside (18) (racemic 50/50 α to β) 

 

Figure A 2.51. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of methyl 2,3,4,6-tetra-
O-benzyl-ᴅ-glucopyranoside (18) in a 50/50 ratio of α to β anomer. 

 

Figure A 2.52. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of methyl 2,3,4,6-tetra-
O-benzyl-ᴅ-glucopyranoside (18) in a 50/50 ratio of α to β anomer. 
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1H, 13C and 2D NMR spectra of acetyl 2,4-di-O-benzyl-3,6-di-acetyl-ᴅ-
glucopyranoside (22) 

 

Figure A 2.53. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of acetyl 2,4-di-O-
benzyl-3,6-di-acetyl-ᴅ-glucopyranoside (22). 

 
Figure A 2.54. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of acetyl 2,4-di-O-
benzyl-3,6-di-acetyl-ᴅ-glucopyranoside (22). 
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1H, 13C and 2D NMR spectra of acetyl 3,4-di-O-benzyl-2,6-di-acetyl-ᴅ-
glucopyranoside and acetyl 2,3-di-O-benzyl-4,6-di-acetyl-ᴅ-glucopyranoside 
(21 and 23) 

 

Figure A 2.55. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of acetyl 3,4-di-O-
benzyl-2,6-di-acetyl-ᴅ-glucopyranoside and acetyl 2,3-di-O-benzyl-4,6-di-acetyl-ᴅ-
glucopyranoside (21 and 23). 

 
Figure A 2.56. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of acetyl 3,4-di-O-
benzyl-2,6-di-acetyl-ᴅ-glucopyranoside and acetyl 2,3-di-O-benzyl-4,6-di-acetyl-ᴅ-
glucopyranoside (21 and 23). 
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1H, 13C and 2D NMR spectra of 1,6-anhydro-6-deoxy-6-thio-2,3,4-tri-O-
benzyl-β-D-glucopyranose (33) 

 
Figure A 2.57. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of 1,6-anhydro-6-deoxy-
6-thio-2,3,4-tri-O-benzyl-β-D-glucopyranose (33). By-product of the synthesis of 
1,6-dithioacetate (31). 

 
Figure A 2.58. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of 1,6-anhydro-6-
deoxy-6-thio-2,3,4-tri-O-benzyl-β-D-glucopyranose (33). By-product of the 
synthesis of 1,6-dithioacetate (31). 
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1H, 13C and 2D NMR spectrum of a 1,6 glucose derived disulfide 

 

Figure A 2.59. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of a 1,6-glucose-derived 
disulfide as an example of intramolecular disulfide formation occurring whilst 
working with the 1,6-glucose-derived dithiol (32). 

 
Figure A 2.60. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of a 1,6-glucose-
derived disulfide as an example of intramolecular disulfide formation occurring whilst 
working with the 1,6 dithiol (26). 
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3 Synthesis of telechelic poly(ester-urethane) 

oligomers via thiol-Michael step-growth addition 

3.1 Introduction 

For decades, oligomers were merely deemed as undesirable by-products of 

polymerisation reactions.1 Although, the concept of reacting an end-functionalised 

oligomer with another bifunctional molecule was exploited in 19372, when Otto 

Bayer reported for the first time the possibility of synthesising polyurethanes by 

reacting hydroxyl terminated polyols prepolymers with diisocyanates3, this type of 

polyaddition relies on polyethers synthesised from epoxides, which are naturally 

bearing terminal hydroxyl groups, the research towards purposely functionalising 

oligomers with reactive groups at both chain ends flourished only in the 1960’s. At 

this period of time, Uraneck et al. reported synthetic methods of yielding hydroxyl or 

carboxyl terminated polybutadiene oligomers and proposed the name “telechelic” - 

from the Greek “telos” (far) and “chelos” (claws) - as an adjective to describe this 

novel type of polymers, which have been specifically devised to bear reactive group 

at both extremities.4  

Most interestingly, the primary goal of this pioneering work was to propose a 

solution to eliminate the formation of dangling chains, which are present in 

industrially-produced rubber vulcanisates and has been theorised to be detrimental 

to the strength of the resultant elastomer by Flory 14 years earlier.5 And 9 years 

later, the same authors demonstrated that networks originating from the curing for 

telechelic poly(butadiene-co-styrene) in the presence of peroxides or sulfur-
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containing accelerators where indeed showing enhanced strength and elongation 

at break compared to traditional rubbers of the same chemical composition.6 

Soon after, this new technology has been exploited by the rubber industry to 

formulate telechelic liquid natural rubbers (LNR) to produce crosslinked materials 

for mechanically-demanding applications such as tyres, V-belts or footwear in a 

more time and cost effective manner since the compounding step of highly viscous 

natural rubber (NR) was no longer required.7 Telechelic oligomers have also 

contributed to other significant advances in materials science. For instance, the 

possibility to obtain telechelic oligomers of controlled chain length via living 

polymerisation was exploited to synthesise ideal networks, i.e with a known 

molecular weight between crosslinks (Mc) and crosslinking density, which led to a 

better understanding of structure/property relationships within elastomeric 

networks.8-13 Another major interest for telechelics oligomers is the production of 

multiphase materials of controlled morphologies by a combination of non-miscible 

oligomers with different backbone chemistries, which lead to the further 

development of thermoplastic elastomers.14-19 In this specific application, the 

telechelic oligomers are usually referred to as “macromonomers” which is still a 

pertinent research topic to date.20 The coating industry has also adopted the use of 

telechelic oligomers instead of high molecular weight polymer in response of 

regulations limiting the amount of volatile organic compounds (VOC) emissions, as 

their low viscosity allow for the formulation requiring only 30% of solvent as opposed 

to 70%.21-23 

Since radiative chemistry took off in the same era with the ground-breaking work 

of Chapiro and Charlesby, this is without surprise that telechelic oligomers found 
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industrially relevant applications in the field of photo-curable resins,24-26 which 

received a particular interest from the research community both for environmental 

and economic grounds.27 Thus, in addition to being solvent-free, photo-initiated 

curing processes are endowed with being ultra-fast and proceed at room 

temperature, which offers the tremendous advantage of time and energy saving 

compared to more traditional thermal curing systems.28 

The most abundant functionalities formulated within UV reactive resins are the 

cationic-initiated epoxides or vinyl ethers and the radical-initiated acrylates, with the 

latter being largely preferred for their greater reactivity.29 Whilst early aliphatic 

acrylic resins presented some major disadvantages such as brittleness and 

shrinkage of the produced material cause by the inhomogeneity of the formed 

network, or low curing depths restricting its usage to thin films applications 

(protective coating, inks, varnishes, and paint), constant research efforts towards 

the development of more reactive initiators or the introduction of a variety of 

chemical structures within the polymeric backbone led to the overall improvement 

of the mechanical properties of the cured material.30 As a result, UV-curable 

acrylate-based resins soon penetrated the market of engineering plastics such as 

dental composites as early as 198631 and, owing to advantageous viscosity and 

rapid curing time, were the basis which contributed to the advent of additive 

manufacturing. Thus, such resins are mentioned as ideal in the 1984 Charles Hull’s 

patent on stereolithography-based 3D printing32, and the commercialisation of the 

first stereolithography (SLA) printer by 3D systems® only followed 2 years later.33, 34 

Since then, acrylate-based resin systems have been the topic of the ever-growing 

research effort and are nowadays ubiquitous in our everyday life. As such, they are 
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to be found in a broad variety of industries such as coatings35 for heat sensitive 

substrates (paper or wood36) but also metal or plastic surfaces37, 38, dentistry39, 

adhesives40-42, ink-jet printing inks43, 44 or stereolithography-based 3D printing45, 46, 

to only name a few.  

Acrylate-based resins are still the topic of intensive research, with the main 

challenge currently being to improve the sustainability of the curing process by either 

developing photoinitiators sensitive to sunlight47-49 or incorporating bio-sourced 

polymer precursors.50-56 Yet, monomers derived from the biomass are more often 

than not bearing temperature sensitive reactive groups such as acetals or 

unsaturation prone to isomerisation, which makes their handling and incorporation 

within polymers more challenging than the current monomers originating from 

petroleum feedstock.57 Thus, this is still relevant to explore new ways of producing 

telechelic oligomers with a controlled molecular weight but also allowing the 

orthogonal introduction of sensitive functions within the polymer backbone. And the 

exploitation of click reactions such as thiol-ene Michael addition has long ago 

revealed itself as a promising mean to fulfil these specifications.58-60 

3.2 Overview of this chapter  

This chapter presents the oligomerisation via thiol-ene step-growth polyaddition 

of the 6 diacrylates which synthesis is detailed in chapter 2. The general principle of 

the study is illustrated in Figure 3.1. The diacrylates are copolymerised via thiol-

Michael step-growth polymerisation with a dithiol in the presence of a base catalyst 

such as 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) or dimethylphenylphosphine 

(DMPP) at ambient temperature (Figure 3.1 (a) and (e)). 
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Figure 3.1. Overview of this chapter which focusses on (a) the synthesis of acrylate-
based telechelic oligomers via thiol-Michael step growth polyaddition were R 
represent either (b) the cis or trans diol, (c) from left to right, isosorbide, isommanide 
and isoidide or (d) a 1,6-glucose-derived diol. Both unsaturated- and isohexide-
derived diacrylate monomer were reacted with 1,6-hexane dithiol whilst the 1,6-
glucose-derived diacrylate has been reacted first with a 1,6-glucose-derived dithiol 
(f,bottom) then with 1,6-hexane dithiol (f, top). 

This exact procedure has been proven adequate for the implementation of 

sensitive cis and trans alkene functionality into high molecular weight linear 

thermoplastic without the occurrence of isomerisation or crosslinking.61 In addition, 

isohexides have also been successfully incorporated into long chain linear polymers 

using this method.62, 63 Thus, it was judicious to study the feasibility of producing low 

molecular weight acrylate-terminated telechelic oligomers via nucleophilic catalysed 

thiol-ene addition to later form photoset networks. Ultimately, the effect of either 

cis/trans or rigid ring endo/exo stereochemistry within chemical crosslinked 

networks could potentially be studied. (Figure 3.1 (b) and (c)) In parallel, the 

likelihood of synthesising a polysaccharide mimic by reacting the 1,6-glucose-

derived diacrylate (Figure 3.1 (d)) with at first the 1,6-glucose dithiol and later with 

1,6-hexane dithiol (Figure 3.1 (f)) has been investigated. The unique adaptability of 

this synthetic method is highlighted by the extremely diverse polymer backbones 

that could potentially be obtained, since the central group of the diacrylate (R) or the 

dithiol (Z) could virtually represent an infinite possibility of structures. Moreover, this 
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reaction can be performed under an ambient atmosphere, e.g in the presence of air 

and moisture even though thiols should be kept under nitrogen both for storage 

stability and purity concerns. The chapter will first start with the polymerisation of 

the cis/trans diacrylates, which will be taken as an opportunity to present the method 

used to experimentally control the molecular weight of the oligomers as well as 

ensuring the presence of acrylate termini. In addition, the choice of determining the 

average molecular weight by number (Mn) by 1H NMR spectroscopy will then be 

discussed, and the general method presented. Then, the specifics of the 

polymerisation of isohexides derived diacrylate with the commercial 1,6-hexane 

dithiol will be discussed. Finally, the attempt at obtaining synthetic polysaccharides 

by reacting the 1,6-glucose derived diacrylate with the 1,6-glucose-derived dithiol or 

1,6-hexane dithiol will be presented. 

3.3 Synthesis of the Cis and trans unsaturated oligomer 

Cis and trans acrylate-terminated poly(ester-urethane) oligomers were 

synthesised via thiol-Michael step-growth addition in DMF (0.25 M) using 

dimethylphenylphosphine (DMPP) as catalyst. (Scheme 3.1) 

 

Scheme 3.1. Synthesis of cis and trans stereopure acrylate-terminated telechelic 
oligomers via thiol-Michael addition. The reaction is performed in DMF at a 
diacrylate monomer concentration of 0.25 M and in the presence of 0.5 mol% of 
DMPP as catalyst. 

The control over the molecular weight and termini was achieved by carrying out 

the reaction in nonstoichiometric conditions64, 65 and the number average molecular 
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weight Mn was determined by 1H NMR spectroscopy over gel permeation 

chromatography (GPC) analysis. The methods and reasoning will be detailed in the 

paragraphs below. In addition, only minor changes to the literature procedure61 such 

as working  at -20 °C during the addition of the catalyst and maintaining the 

temperature under 0 °C throughout the reaction. Excessive heating was also 

avoided during the work up and drying stages to reduce the probability for 

uncontrolled crosslinking. After implementing this adjustment, stereopure cis or 

trans oligomer could be obtained on scales up to 60 g of monomer after precipitation 

into methanol. 

3.3.1 Control over the molecular weight and termini 

As the polymerisation follows a step-growth process, the diacrylate monomer 

needs to be introduced in excess, following Carother’s equation66 for a linear 

copolymer with A-A, B-B monomers: 

 𝑋#! =
1 + 𝑟

1 + 𝑟	 − 2𝑟𝑝 (1) 

Where X-! is the average value of the degree of polymerisation (DP), 𝑟 the ratio 

of diacrylate and 𝑝 the conversion. Assuming a quantitative reaction - which is fair 

assumption for thiol-ene step growth addition, due to the high efficiency and minimal 

side reactions that are reported - 𝑝 = 1 and therefore equation (1) becomes: 

 lim
"→$

𝑋#! =
1 + 𝑟
1	 − 𝑟 

(2) 

𝑟	is now extracted, equation (2) becomes: 
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 𝑟%$ =
𝑋#! + 1
𝑋#! − 1

 (3) 

Then, by setting 𝑋#! as an integer > 1 and calculating the theoretical molecular 

weight of a chain of X-!, setting that n&'()*+,(-. = n&'-/'0, + 1, it is possible to access 

the ratio, and therefore the molar equivalent of diacrylate, to target one specific 

molecular weight. (Table 3.1) In practice, the 𝑀-! obtained was consistently higher 

than the theoretical one, which could be both explained by experimental error and 

monomer purity, but also because this equation was developed for 

polycondensation-type polymerisation, which is reversible, and therefore in an 

equilibrium.  

Table 3.1. Stoichiometry between an unsaturated acrylate and dithiol monomers for 
a targeted molecular weight based on the Carother's equation. 

 

In practice, some factors, such as monomer purity and dryness or the balance 

accuracy, will define how close or how far the obtained molecular weight will be from 

the theoretical value targeted. In the first experiments, the molecular weights 

obtained were far higher than the ones targeted, reaching up to 40 kDa when a 



Chapter 3 – Synthesis of telechelic polymers 

172 
 

3kDa oligomer was expected. The main cause of such discrepancies was that the 

diacrylate monomer used contained impurities and consequently the equivalence of 

the diacrylate added was smaller than the one targeted and so longer chains were 

obtained. 

This gap between experimental and theoretical molecular weight was reduced 

by improving the purity and dryness of the diacrylate monomers and once the 

optimal procedure for the synthesis and work up of the diacrylate monomers were 

reached, it was possible to confidently target a molecular weight by using an 

experimental step-growth curve obtained after changing the equivalence of 

monomers on small scale experiments. (Figure 3.2) Interestingly, there is still a 

discrepancy between the experimental step-growth curves of both cis and trans 

diacrylate monomers and the theoretical one, derived from Carother’s equation. 

This difference could be caused by remaining experimental errors, especially on 

small scale reactions of 0.2 g or most likely by the fact that Carother’s equation is 

supposed to describe polycondensation reactions and hence could simply be an 

imperfect model for a phosphine catalysed thiol-Michael addition.  
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Figure 3.2. The dependence of polymer molecular weight on the stoichiometry of 
the acrylate monomers. Experimental data for both the cis (blue) and trans (red) 
polymers and theoretical molecular weights (black) are shown. 

Regarding the discrepancy in the molecular weight at a given diacrylate 

equivalence observed between the cis and trans diacrylate monomer, this could be 

caused by a variation in reactivity, with the cis being more reactive than the trans 

diacrylate. 

3.3.2 Experimental molecular weight determination 

The molecular weight of the oligomers has been calculated using 1H NMR 

spectroscopy. Under the assumption that all chains are bearing acrylate termini and 

that the formation of cyclic oligomers is negligible, this was achieved by taking the 

peaks from the acrylate end group as reference a2, a1 and b (2H; dd; δ= 6.45-6.40 

ppm) (Figure 3.3).  
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Figure 3.3. 1H NMR spectra (400 MHz, CDCl3, 298 K) of a cis 4.0 kDa oligomer 
(top) and a trans 4.5 kDa oligomer (bottom). 

When integrated for 2, the methylene within the thiol spacer l (4H; m, δ= 1.39 

ppm (trans), δ= 1.36 ppm (cis)) and allylic protons of the unsaturation within the 

diacrylate moity f (4H, δ= 4.57 ppm (trans), δ= 4,64ppm (cis)) were integrated and 

divided by four to access the degree of polymerisation DP. This value must be 

multiplied by the molecular weight of the monomers to access the average 

molecular weight of the oligomer: 

 𝑀-!	(345) = 4
𝐼-/'0,
2 ×𝑀-/'0,7 + 4

𝐼&'()*+,(-.
2 ×𝑀&'()*+,(-.7 (4) 

Where I-/'0, represents the integration of the methylene within the thiol linker l 

resonance signal, I&'()*+,(-. the integration of the allylic protons of the unsaturation 

within the diacrylate moiety f, M-/'0, and M-/'0, the molecular weight of the dithiol 

and diacrylate monomer, respectively. 
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This method has been chosen over a size-exclusion chromatography (SEC) 

analysis because below 10 kDa SEC analysis was giving inconsistent results, which 

might be a consequence of the resolution being poor at smaller molecular weights 

(< 10 kDa) because of the broad range of molecular weights covered by the installed 

SEC columns on the available equipment (Appendix section 3.8.1). This was 

verified on samples with a 𝑀7 from 4.5 to 18 kDa (Table 3.2): For most entries the 

SEC gives a 𝑀7 smaller than the one expected, which is inconsistent, as the 

reaction is near quantitative. 

Table 3.2. Summary of molecular weights obtained by 1H NMR and GPC for cis and 
trans unsaturated oligomers. [a]Determined by 1H NMR spectroscopy (400 MHz, 298 
K, CDCl3). [b]Mn, Mw, ÐM were determined by SEC (DMF, 0.5% w/w NH4BH4) 
analysis against poly(methyl methacrylate) (PMMA) standards. 

 

Regarding the dispersity ÐM, it is within the range of 2 to 6, which is expected for 

step growth polymerisation. 

3.3.3 Thermal properties of oligomers 

The thermal properties of cis and trans oligomers were analysed using 

differential scanning calorimetry (DSC) (Figure 3.4). Both oligomers experienced a 

glass transition temperature (Tg) far below room temperature at around -20 °C. The 

trans monomer shows multiple melting transitions during the first heating cycle, 
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which corresponds to different crystalline domains and some degree of 

rearrangement from a crystal form to another.67 In the second heating cycle, a 

second melting transition is present, meaning that the trans oligomer can still 

crystallise at a temperature ramp of 10 °C min-1.  

 

Figure 3.4. DSC thermograms of 1st and 2nd heating cycles for the cis 4.0 kDa 
oligomer and the trans 4.5 kDa oligomer. 

On the other hand, the cis oligomer presents a melting transition only in the first 

heating cycle and not in the second one. Therefore, the cis oligomer shows some 

crystalline properties, but it crystallises slower than the trans oligomer. This 

observation is very promising as a difference in crystallinity could potentially 

translate to divergent mechanical properties.  
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3.4 Isohexides oligomers 

3.4.1 Synthesis 

Isohexides derived oligomers were also obtained via thiol-Michael step growth 

addition of a diacrylate monomer and 1,6-hexanedithiol in DMF (0.25 M) using 

dimethylphenylphosphine (DMPP) as a catalyst. (Scheme 3.2)  

 

Scheme 3.2. Synthesis of isohexides acrylate-terminated telechelic oligomers via 
thiol-Michael addition. The reaction is performed in DMF at a diacrylate monomer 
concentration of 0.25 M and in the presence of DMPP as a catalyst. 

The same methodology to target and determine the molecular weight that 

presented for the synthesis of unsaturated oligomers was exploited. (Table 3.3) 

Table 3.3. Stoichiometry between isohexide derived diacrylate and dithiol 
monomers for a targeted molecular weight based on the Carother's equation. 
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Using a stochiometric imbalance in the case of the isohexides diacrylate 

monomers also gave a very good control over the final molecular weight of the 

obtained oligomers. (Table 3.4) 

Table 3.4. Summary of molecular weights obtained by 1H NMR and GPC for the 
isosorbide and isomannide derived oligomers. [a]Determined by 1H NMR 
spectroscopy (400 MHz, 298 K, CDCl3).

 
[a]Determined by 1H NMR spectroscopy 

(400 MHz, 298 K, CDCl3). [b]Mn, Mw, ÐM were determined by SEC (DMF, 0.5% w/w 
NH4BH4) analysis against poly(methyl methacrylate) (PMMA) standards. 

 

Interestingly, the molecular weights obtained by GPC analysis seemed more 

consistent than the obtained values for the unsaturated oligomers, however, the 

choice was made to determinate the molecular weight by 1H NMR analysis for 

comparison with the prior oligomer system. The original procedure developed in the 

laboratory for the polyaddition of isohexides diacrylate monomer with a commercial 

dithiol to obtained high molecular weight required a temperature of 50 °C and also 

required the use of chloroform as solvent at a concentration of 0.5 M. Unfortunately, 

this preparation led to uncontrolled crosslinking upon the addition of the catalyst but 

decreasing the temperature to 0 °C allowed to successfully obtain oligomers with a 

molecular weight ranging from 3.3 to 3.9 kDa with the 3 different isohexide-derived 

diacrylate monomers. (Figure 3.5) 
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Figure 3.5. 1H NMR spectra (400 MHz, CDCl3, 298 K) of (a) a 3.3 kDa isosorbide 
based oligomer, (b) a 3.9 kDa isomanide derived oligomer and (c) a 3.3 kDa isoidide 
derived oligomer. The molecular weight has been obtained by end-group analysis, 
taking the acrylate integration as reference. The integration of the methine protons 
from the isohexides moieties and the methylene within the thiol spacer were used 
to determinate the average chain length. 

Yet, the scale up of this reaction from 1 g to 5 g consistently led to uncontrolled 

crosslinking even after decreasing the temperature to -20 °C and adding 3 mol% of 

butylated hydroxyltoluene (BHT) as radical scavenger (Figure 3.6). And working at 

-50 °C hindered the progress of the reaction completely. For this reason, chloroform 

was replaced by dimethylformamide which does not promote the formation of radical 

species.  
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Figure 3.6. Picture representing uncontrolled crosslinking encountered during the 
polymerisation or work up of isohexide derived oligomer. 

Although working with dimethylformamide produced the same results in term of 

molecular weight control, precipitating the oligomer from the crude was 

unsuccessful even in a volume of methanol 20-fold larger than the reaction media 

maintained at -78 °C. As an alternative, the DMF was removed in vacuo, the crude 

oligomer dissolved in the minimal amount of chloroform and then precipitated in 

methanol. Despite the tediousness of this method, the oligomer could still be 

recovered in good yield ranging from 80 to 85% on a 1 g scale. Nevertheless, it also 

led to crosslinking during the drying process.  
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3.4.2 Thermal properties of oligomers 

The thermal properties of the isosorbide, isomannide and isoidide derived 

oligomers were determined by differential scanning calorimetry (DSC). (Figure 3.7) 

Each of the three kinds of oligomer displayed at least one thermal event 

corresponding to the melting of a crystalline phase. The enthalpy of melting for the 

isosorbide-derived oligomer was about twice as high (10.8 J.g-1) as that of the 

isomannide (6.3 J.g-1) and isoidide (6.8 J.g-1) derived oligomers.  

 

Figure 3.7. 1st heating cycles of the DSC thermograms for the isohexides oligomers. 
The table presents the key thermal transitions of the oligomers. [a]The glass 
transition temperature (Tg) was taken as the midpoint of the inflection tangent upon 
the 2nd heating scan. [b]The temperature of the first endothermic transition (Tm,1), 
taken at the minimum of the peak on the first heating scan. [c]The temperature of 
the 2nd endothermic transition (Tm,2), taken at the minimum of the peak on the 1st 
heating scan. [d] The total enthalpy of melting (ΔHm) was calculated from integration 
and normalisation of all endothermic peaks present on the first heating scan. 

Moreover, no melt transition could be observed on any of the 2nd heating scans. 

Regarding the Tg of the oligomers, the value ranged from 17.1 °C to 21.9 °C. Despite 
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having a Tg around room temperature which is highly desirable to produce 

elastomeric materials, the inability to scale up the reaction above 1 g and the high 

probability of uncontrolled crosslinking led to the decision to not take this project 

further. 

3.5 Glucose-derived monomers polymerisation 

Both unsaturated and isohexide derived diacrylates were already reported for 

the synthesis of high molecular weight thermoplastics via thiol-Michael step growth 

addition.61-63 For this reason, the focus of this chapter was to study the potential of 

synthesising oligomers. Regarding the glucose derived diacrylate and dithiol, which 

were synthesised in chapter 2, the logical first step was to study the results obtained 

at a stochiometric balance of both monomers to target high molecular weight 

polymers. 

3.5.1 Synthesis 

The first attempts at polymerising the 1,6-glucose-derived diacrylate and dithiol 

was performed in both DMF and CHCl3 at a concentration of 0.25 M, in the presence 

of DMPP or DBU as the catalyst. (Figure 3.8)  
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Figure 3.8. (a) Scheme of the polymerisation of the 1,6-glucose-derived diacrylate 
and dithiol via thiol-Michael addition. The reaction is performed either in DMF or 
CHCl3 at a diacrylate monomer concentration of 0.25 M and in the presence of 
DMPP or DBU as catalyst. (b) Table presenting a summary of the results of 
polymerisation for the glucose derived monomers at the stochiometric balance. Mn, 
Mw, and ÐM were determined by SEC (DMF, 0.5% w/w NH4BH4). Analysis against 
poly(methyl methacrylate) (PMMA) standards. 

Surprisingly, the reaction did not reach completion at room temperature even 

after 48 h. For this reason, the subsequent reactions were carried out at 60 °C, 

which resulted in the reaction completion within 12 h. However, the Mw obtained for 

a 1 to 1 ratio of monomers were ranging from 7 to 19 kDa, at a fixed concentration 

of diacrylate of 0.5 M. These results were lower than expected and as such, it was 

hypothesised that the 1,6-glucose-derived dithiol purity could be causing this issue, 

therefore the diacrylate to dithiol ratio was decreased, in order to find the 

stoichiometric balance. (Table 3.5) Working with an equivalent of diacrylate of 0.95 

and 0.925, whilst using DBU as a catalyst led to an increase of Mw from 7.7 to 18 

kDa in chloroform and from 8.0 to 24 kDa in DMF. 
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Table 3.5. Summary of the results of polymerisation for the glucose-derived 
monomers using an equivalent of diacrylate to dithiol inferior to the unity. Mn, Mw, 
and ÐM were determined by SEC (DMF, 0.5% w/w NH4BH4). Analysis against 
poly(methyl methacrylate) (PMMA) standards. 

 

However, no correlation between the stoichiometry and the resulting molecular 

weight could be observed, highlighting the lack of control over the molecular weight 

using this technique, this is especially prevalent when DMF is used as solvent. 

Hence, varying the equivalence of diacrylate from 0.95 to 0.875, the Mw remained 

stable at 23-24 kDa. (entry 8-11 Table 3.5) Unfortunately, in the case of the glucose 

derived polymerisation products, the GPC was the only available method for the 

determination of the molecular weight since the 1H NMR spectra was not defined 

enough to be exploited for this purpose. (Figure 3.9) The only information that could 

be obtained from the 1H NMR spectroscopy is the consumption of the diacrylate 

termini characteristic peaks around δ = 6 ppm, indicating the success of the 

polymerisation. 
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Figure 3.9. 1H NMR spectra (400 MHz, CDCl3, 298 K) of an 8.0 kDa glucose-derived 
polymerisation product. The absence of the resonance peaks characteristic of the 
acrylate between 5.6 and 6.5 ppm indicates a successful polymerisation. 

Lastly, the concentration of the diacrylate was modified in an attempt to yield 

higher molecular weight, however, this parameter did not result in any improvement. 

(Table 3.6). Increasing the concentration from 0.25 to 0.5 M resulted in the same 

Mw of about 7.9 kDa whilst increasing the concentration to 1 M resulted in a Mw of 5 

kDa. Decreasing the concentration to 0.1 M yielded a 4.5 kDa oligomer.  

Table 3.6. Summary of the results of polymerisation for the glucose-derived 
monomers using a 1:1 molar ratio of diacrylate to dithiol. Mn, Mw, and ÐM were 
determined by SEC (DMF, 0.5% w/w NH4BH4). Analysis against poly(methyl 
methacrylate) (PMMA) standards. 
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Since all possible reaction parameters were exploited in an attempt at obtaining 

a high Mw without success, it has been hypothesised that the difference in reactivity 

between the thiol on the first position and that of the 6th position of the sugar ring 

could be the cause. Or this issue could be stemming from the steric hinderance of 

the benzyl protecting groups at least partially. Hence, if the 1,6-glucose-derived 

dithiol is replaced by 1,6-hexanedithiol, then the Mw increase from about 18 to 30 

kDa using the same reaction conditions. (Figure 3.10(a)) 

 

Figure 3.10. (a) Scheme of the polymerisation of the 1,6-glucose-derived diacrylate 
and 1,6-hexane dithiol via thiol-Michael addition. The reaction is performed either in 
DMF or CHCl3 at a diacrylate monomer concentration of 0.25 M and in the presence 
of DMPP or DBU as catalyst. (b) Table presenting a summary of the results of 
polymerisation for the glucose derived monomers at the stochiometric balance. Mn, 
Mw, and ÐM were determined by SEC (DMF, 0.5% w/w NH4BH4). Analysis against 
poly(methyl methacrylate) (PMMA) standards. 
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3.5.2 Thermal properties of oligomers 

The thermal properties of the glucose derived oligomers were determined by 

differential scanning calorimetry (DSC). (Figure 3.11) 

 

Figure 3.11. 1st heating cycles of the DSC thermograms for the polymerisation 
products of 1,6-glucose-derived diacrylate and 1,6-glucose-derived dithiol “glucose” 
or 1,6-hexane dithiol “glucose-hexane”. The table present the key thermal properties 
of the oligomers. [a]The glass transition temperature (Tg) was taken as the midpoint 
of the inflection tangent upon the 2nd heating scan. [b]The temperature of the first 
endothermic transition (Tm,1), taken at the minimum of the peak on the first heating 
scan. [c]The temperature of the 2nd endothermic transition (Tm,2), taken at the 
minimum of the peak on the 1st heating scan. [d] The total enthalpy of melting (ΔHm) 
was calculated from integration and normalisation of all endothermic peaks present 
on the first heating scan. 

Interestingly, the glucose-derived oligomer containing the aliphatic 1,6-hexane 

dithiol present a thermal event at 68.8 °C corresponding to the melting of crystalline 

phases whilst the oligomer containing only glucose derived monomers is 

amorphous. This difference is certainly caused by the inability for the latter to form 

crystalline phase owing to the rigidity of the repeating units in the chain. 

Unsurprisingly, the addition of an aliphatic spacer increased the free movement 
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available to the polymers chains which translates to a decrease in the Tg from 32.9 

to 11.9 °C. Although it would have been interesting to study their mechanical 

properties within network, the inability to control the molecular weight using thiol-

Michael addition was problematic and therefore led to the decision to not continuing 

this project further. 

3.6 Conclusion 

The diacrylate monomers which were presented in chapter 2 were polymerised 

via thiol-Michael addition. The cis/trans unsaturated diacrylate successfully 

polymerised with 1,6-hexane dithiol to produce acrylate-telechelic oligomers from 3 

to 10 kDa with excellent control over the molecular weight using the stoichiometric 

imbalance method. Moreover, once the conditions of reaction were optimised to 

prevent uncontrolled crosslinking, it was possible to scale this polymerisation up to 

60 g. Surprisingly, this control could not be achieved with the isohexide-derived 

diacrylate since their polymerisation with 1,6-hexanedithiol consistently led to 

uncontrolled crosslinking. In addition, attempts at producing a synthetic 

polysaccharide by polymerising the 1,6-glucose-derive diacrylate with the 1,6-

glucose dithiol at a 1 to 1 ratio led to molecular weight of a maximum of about 20 

kDa. This inability to obtain higher molecular weight was rationalised by the 

existence of considerable steric hinderance stemming from the presence of bulky 

benzyl protecting groups since replacing the glucose derived dithiol by 1,6-hexane 

dithiol led to a noticeable increase in the molecular weight obtained. Moreover, no 

control over the molecular weight could be achieved. Thus, only the cis/trans 

unsaturated oligomer were selected as the candidate to study the impact of 

stereochemistry within a polymer network, which will be presented in chapter 4. 
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3.8 Appendices 

3.8.1 Materials and methods 

Dimethylphenylphosphine (DMPP, 99%), 1,8-Diazabicyclo[5.4.0]undec-7-ene 

(DBU, 98%) and 1,6-hexanedithiol (97%) were purchased from Sigma-Aldrich 

Company. N,N’-dimethylformamide (DMF, 99.5%) and dichloromethane (CH2Cl2, 

99%) were purchased from Fisher scientific. Methanol (MeOH, ≥99.8%) was 

purchased from VMR Chemicals. Deuterated chloroform (CDCl3, >99.8%) was 

purchased from Apollo Scientific. Both DBU and 1,6-hexanedithiol were purified by 

distillation prior to use and the later was kept in an ampule under nitrogen for 

storage. All other chemicals were used as received unless stated otherwise. 

Nuclear magnetic resonance spectroscopy (NMR)  

1H and 13C NMR spectra of monomers and oligomers were recorded at 298 K 

on an Ascend Bruker 400 spectrometer equipped with a 5 mm BBFO smart probe 

operating at 400 MHz and 100 MHz, respectively. Chemical shifts of 1H NMR 

spectra were referenced to the solvent residual proton resonance signals: δ= 7.26 

ppm for CDCl3. Chemical shifts for 13C NMR spectra were referenced to the solvent 

resonance signal: δ= 77.16 ppm for CDCl3. The data obtained were processed and 

analysed using MestReNova 12.0.3 software. The resonance multiplicities are 

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

Size exclusion chromatography (SEC) 

Size exclusion chromatography (SEC) was performed on an Agilent 1260 Infinity 

II LC system equipped with a Wyatt DAWN HELEOS II multi-angle laser light 
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scattering (MALLS) detector, a Wyatt Optilab T-rEX differential refractive index 

detector, an Agilent 1260 Infinity II WR diode array detector, an Agilent guard 

column (PLGel 5 μm, 50 × 7.5 mm) and two Agilent Mixed-C columns (PLGel 5 μm, 

300 × 7.5 mm). The mobile phase was DMF (HPLC grade) containing 5 mM of 

ammonium tetrafluoroborate (NH4BF4) at 50 °C with a flow rate of 1.0 mL·min−1. 

Number average molecular weights (Mn), weight average molecular weights (Mw) 

and dispersities (ĐM = Mw/Mn) were determined using Wyatt ASTRA v7.1.3 software 

against poly(methyl methacrylate) (PMMA) standards. 

3.8.2 Synthetic procedures 

General procedure of unsaturated oligomer synthesis: example for a trans 

oligomer of 6.1 kDa 

 

Freshly distilled 1,6-hexanedithiol (3.37 g, 22.46 mmol, 1 eq) and the trans 

diacrylate (9.35 g, 25.27 mmol, 1.125 eq) is weighed in two separate 20 mL sintered 

vial. In a pre-dried 250 mL round bottom flask (left in the oven at 150 °C for 24h) 

equipped with a stirrer, 1,6-hexanedithiol is added and the vial is washed with DMF 

that is also added in the round bottom flask. Then the acrylate is added in the same 

manner. The rest of DMF (0.25 M, 90 mL in total) is added to the vessel and the 

reaction media is placed in a methanol/dry ice bath. Once the temperature dropped 

to -15 ˚C, the dimethylphenylphosphine (DMPP, 16 μL, 0.112 mmol, 0.5 mol%) is 

added to the reaction media. The reaction is left stirring while the temperature 

increased to room temperature until the disappearance of dithiol is observed by TLC 
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(80/20 EtOAc/Hexane, stained with potassium permanganate) which usually occurs 

after 30-45 min. Upon completion, the reaction media is poured into 300 mL of 

MeOH left stirring for 10 min and stored in the fridge overnight. The precipitated 

oligomer is then filtered and dried under vacuo. SEC analysis (DMF, 0.5% w/w 

NH4BF4) Mw= 16 kDa, Mn= 9.3 kDa, Mz= 24 kDa, ÐM= 1.71. 1H NMR (400 MHz; 298 

K; CDCl3, ppm) δ 6.43 (dd, J = 17.3, 1.4 Hz, 2H, CHH=CHC(O)O), 6.12 (dd, J = 

17.3, 10.4 Hz, 2H, CHH=CHC(O)O), 5.86 (dd, J = 10.5, 1.4 Hz, 2H, 

CHH=CHC(O)O), 5.83 (s, 24H, CH2CH=CHCH2), 5.24 (s, 24H, NH), 4.57 (s, 52H, 

CH2CH=CHCH2), 4.24 (t, J = 5.3 Hz, 4H, NHCH2CH2OC(O)O end group), 4.18 (t, J 

= 5.3 Hz, 48H, NHCH2CH2OC(O)O), 3.45 (q, J = 5.5 Hz, 52H, NHCH2CH2OC(O)O), 

2.77 (t, J = 7.2 Hz, 48H, O(O)CCH2CH2S), 2.62 (t, J = 7.0 Hz, 48H, 

CH2CH2SCH2CH2), 2.53 (t, J = 7.3 Hz, 48H, O(O)CCH2CH2S), 1.58 (dt, J = 14.5, 

7.1 Hz, 48H, CH2CH2SCH2CH2), 1.45 – 1.33 (m, 48H, CH2SCH2CH2CH2 ).13C NMR 

(101 MHz, 298 K, CDCl3, ppm) δ 172.0, 156.2, 131.5, 128.3, 64.6, 63.8, 63.7, 40.2, 

34.8, 32.17, 29.4, 28.4, 27.1. GPC Mw = 16 kDa, Mn = 9.3 kDa, Mz = 24 kDa, Đ = 

1.5. DSC Tg, (midpoint)= −15 °C, Tm,1= 46 °C, TM,2= 66.5 °C, ΔHm= 26.44 J∙g−1. TGA in 

N2 Td,5%= 268 °C, Td, 50%= 308 °C. 

General procedure of isohexide derived oligomer synthesis: example for a 

isosorbide derived oligomer of 3.3 kDa 

 

Freshly distilled 1,6-hexanedithiol (0.1280 g, 0.853 mmol, 1 eq) and isosorbide 

derived diacrylate (0.4875 g, 1.137 mmol, 1.333 eq) is weighed in two separate 20 

mL sintered vial. Then, the isosorbide monomer is dissolved in 2 ml of DMF prior to 
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the addition of 1,6-hexanedithiol. The vial which contained 1,6-hexanedithiol is 

washed with DMF that is also added in the vial containing the diacrylate monomer. 

The rest of the DMF (0.25 M, 4.5 mL in total) is added to the vial. 

Dimethylphenylphosphine (DMPP, 2.4 μL, 0.0169 mmol, 2mol%) is added to the 

reaction media. The reaction is left stirring until the disappearance of dithiol is 

observed by TLC (80/20 EtOAc/Hexane, stained with potassium permanganate) 

which usually occurs after 12 h. Upon completion, the reaction media is poured into 

60 mL of MeOH left stirring for 10 min and stored in the fridge overnight. The 

precipitated oligomer is then filtered and dried under vacuo. SEC analysis (DMF, 

0.5% w/w NH4BF4) Mw= 5.1 kDa, Mn= 1.6 kDa, Mz= 13.3 kDa, ÐM= 3.29. 1H NMR 

(400 MHz; 298 K; CDCl3, ppm) 1H NMR (400 MHz, Chloroform-d) δ 6.43 (dt, J = 

17.3, 1.2 Hz, 2H, CHH=CHC(O)O), 6.12 (ddd, J = 17.3, 10.4, 1.3 Hz, 2H, 

CHH=CHC(O)O), 5.87 (dt, J = 10.5, 1.4 Hz, 2H, CHH=CHC(O)O), 5.29 (s, 12H, 

NH), 5.11 (dd, J = 10.2, 4.2 Hz, 14H, CHOC(O)NH), 4.76 (t, J = 4.8 Hz, 7H, 

CH2OCHCHO), 4.49 (d, J = 4.4 Hz, 7H, CH2OCHCHO), 4.27 – 4.08 (m, 28H, 

NHCH2CH2O), 4.02 – 3.92 (m, 20H, OCH2CHO and CHOCHHO), 3.77 – 3.67 (m, 

7H, CHOCHHO), 3.45 (dq, J = 11.8, 5.5 Hz, 28H, NHCH2CH2O), 2.77 (t, J = 7.4 Hz, 

22H, O(O)CCH2CH2S), 2.62 (tt, J = 7.2, 1.0 Hz, 22H, O(O)CCH2CH2S), 2.52 (t, J = 

7.3 Hz, 22H, CH2CH2SCH2CH2), 1.58 (d, J = 14.4 Hz, 22H, CH2CH2SCH2CH2), 1.39 

(dq, J = 7.4, 3.6 Hz, 22H, CH2SCH2CH2CH2). 13C NMR (101 MHz, 298 K, CDCl3, 

ppm) δ 171.97, 155.68, 155.35, 131.65, 128.04, 85.99, 81.14, 78.73, 74.55, 73.85, 

70.20, 63.66, 40.27, 34.80, 32.15, 29.46, 28.46, 27.12. GPC Mw = 5.1 kDa, Mn = 1.6 

kDa, Mz = 13.3 kDa, Đ = 3.3. DSC Tg, (midpoint)= 21.9 °C, Tm,1= 54.2 °C, TM,2= 82.9 °C, 

ΔHm= 10.8 J∙g−1.  
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General procedure of glucose derived oligomer synthesis: example for an 

oligomer of 8.0 kDa 

 

1,6-glucose derived dithiol (0.1010 g, 0.2095 mmol, 1 eq) and diacrylate (0.1534 

g, 0.2095 mmol, 1 eq) is weighed in a 20 mL sintered vial. Then, 0.5 ml of DMF is 

added to the vial. Once the monomers are fully dissolved, freshly distilled 1,8-

Diazabicyclo[5.4.0]undec-7-ene (DBU, 0.63 μL, 0.00419 mmol, 2mol%) is added to 

the reaction media. The reaction is left stirring at 60 °C until of the disappearance of 

dithiol is observed by TLC (80/20 EtOAc/Hexane, stained with potassium 

permanganate) which usually occurs after 1.5 h. Upon completion, the reaction 

media is poured into 20 mL of MeOH left stirring for 10 min and stored in the fridge 

overnight. The precipitated oligomer is then filtered and dried under vacuo. 1H NMR 

(400 MHz, Chloroform-d) 1H NMR (400 MHz, Chloroform-d) 1H NMR (400 MHz, 

Chloroform-d) δ 7.33 – 7.02 (m, J = 11.9, 7.7 Hz, 131H), 5.54 – 5.42 (m, J = 8.3, 3.4 

Hz, 4H), 5.35 – 5.23 (m, 3H), 5.23 – 5.18 (m, J = 4.5 Hz, 1H), 4.91 – 4.30 (m, 47H), 

4.28 – 4.13 (m, 7H), 4.12 – 3.88 (m, 19H), 3.84 – 3.46 (m, 11H), 3.45 – 3.07 (m, 

29H), 2.98 – 2.28 (m, 41H). GPC Mw = 7.9 kDa, Mn = 3.5 kDa, Mz = 18 kDa, Đ = 2.3. 

DSC Tg, (midpoint)= 32.9 °C, Tm= 51 °C, ΔHm= 0.41 J∙g−1. 
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3.8.3 NMR spectra 

 

Figure A 3.1. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of a 4.0 kDa cis oligomer. 

 

Figure A 3.2. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of a 4.0 kDa cis oligomer. 
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Figure A 3.3. 1H NMR (101 MHz, 298 K, CDCl3) spectrum of a 6.1 kDa cis oligomer. 

 

Figure A 3.4. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of a 6.1 kDa cis oligomer. 
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Figure A 3.5. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of a 9.7 kDa cis oligomer. 

 

Figure A 3.6. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of a 9.7 kDa cis oligomer. 
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Figure A 3.7. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of a 4.5 kDa trans 
oligomer. 

 

Figure A 3.8. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of a 4.5 kDa trans 
oligomer. 
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Figure A 3.9. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of a 6.1 kDa trans 
oligomer. 

 

Figure A 3.10. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of a 6.1 kDa trans 
oligomer. 
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Figure A 3.11. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of a 9.7 kDa trans 
oligomer. 

 

Figure A 3.12. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of a 9.7 kDa trans 
oligomer. 
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Figure A 3.13. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of a 3.3 kDa isosorbide 
derived oligomer. 

 

Figure A 3.14. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of a 3.3 kDa isosorbide 
derived oligomer. 
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Figure A 3.15. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of a 3.9 kDa isosorbide 
derived oligomer. 

 

Figure A 3.16. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of a 3.9 kDa isosorbide 
derived oligomer. 
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Figure A 3.17. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of a 4.5 kDa isosorbide 
derived oligomer. 

 

Figure A 3.18. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of a 4.5 kDa isosorbide 
derived oligomer.  
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Figure A 3.19. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of a 3.9 kDa isomannide 
derived oligomer. 

 

Figure A 3.20. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of a 3.9 kDa 
isomannide derived oligomer. 
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Figure A 3.21. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of a 4.5 kDa isomannide 
derived oligomer. 

 

Figure A 3.22. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of a 4.5 kDa 
isomannide derived oligomer. 
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Figure A 3.23. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of a 3.3 kDa isoidide 
derived oligomer. 

 

Figure A 3.24. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of a 3.3 kDa isoidide 
derived oligomer. 



Chapter 3 – Synthesis of telechelic polymers 

212 
 

 

Figure A 3.25. 1H NMR (400 MHz, 298 K, CDCl3) spectrum of an 8.0 kDa glucose-
glucose oligomer. 
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3.8.4 Size exclusion chromatography (SEC) oligomer characterisation 

 

Figure A 3.26. Compiled size exclusion chromatogram of trans oligomers (DMF, 
0.5% w/w NH4BH4). (a) 4.5 kDa trans oligomer, (b) 6.1 kDa trans oligomer, (c) 6.6 
kDa trans oligomer, (d) 9.7 kDa trans oligomer. Analysis against poly(methyl 
methacrylate) (PMMA) standards. 
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Figure A 3.27. Compiled size exclusion chromatogram of cis oligomers (DMF, 0.5% 
w/w NH4BH4). (a) 4.0 kDa cis oligomer, (b) 6.1 kDa cis oligomer, (c) 6.6 kDa cis 
oligomer, (d) 9.7 kDa cis oligomer. Analysis against poly(methyl methacrylate) 
(PMMA) standards. 

Table A3.1. Oligomer characterisation by SEC. 

 
[a]Mn determined by 1H NMR spectroscopy. [b]Mn, Mw, Mz, ÐM were determined 

by SEC (DMF, 0.5% w/w NH4BH4). Analysis against poly(methyl methacrylate) 
(PMMA) standards. 
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Chapter 4 – Effect of the cis/trans alkene 
configuration on the thermomechanical 
properties and degradability of unsaturated 
poly(ester-urethane) photosets 
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4 Effect of the cis/trans alkene configuration on 

the thermomechanical properties and 

degradability of unsaturated poly(ester- 

urethane) photosets 

4.1 Introduction 

Allowing the production of highly intricate designs, while remaining low cost and 

sustainable; 3D printing constitutes as an appealing alternative to more traditional 

material processing, and finds applications ranging from consumer products to 

medical devices.1 While there is, to date, an ever-increasing variety of techniques 

available, Digital Light Processing based 3D printing (DLP) stands apart in 

performance by offering a micron scale resolution as well as unprecedented 

accuracy and rapidity.2, 3 Until recently, photocurable resins suitable for DLP were 

known to be scarce and only produced brittle materials, relegating this technique to 

industrial prototyping.4, 5 However, advances in photochemistry methods (thiol-ene6, 

7, addition fragmentation chain transfer,8, 9 dual cure network10) and the 

enhancement of formulations with additives (siloxanes11, aliphatic chains12, and 

inorganic fillers13) contributed to the development of resins yielding materials with 

improved toughness and ductility.14, 15 Yet, modifying the mechanical properties 

within photosets commonly revolves around changing the chemical structure of the 

network (e.g monomer/oligomer substitution), or its crosslinking density. This 

inevitably results in altering the printability of the resin and therefore further 

adjustment of either the formulation, the printing parameters or the equipment are 
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required in the majority of cases.11, 16 Hence, adaptative UV curable resins allowing 

the production of mechanically diverse materials while retaining the same chemical 

structure is highly pertinent as it can potentially bring DLP out of niche market.12, 17 

Stereochemistry, in the realm of elastomers, has been successfully used as a 

tool to access a broad spectrum of mechanical properties using a single polymeric 

species through the control of the material’s crystallinity. For instance, cis-1,4-

polyisoprene is amorphous and therefore demonstrates soft and elastomeric 

properties whilst, trans-1,4-polyisoprene is comparably closer to a stiff plastic 

because of its semi-crystalline nature.18-21 The development towards rational 

incorporation of cis/trans stereochemistry within the polymer backbones to leverage 

the bulk material properties has been hampered for decades by the synthetic 

challenges of isomerisation and unwanted crosslinking.22-25 Nevertheless it is now 

gaining a growing interest since advances in polymerisation methods allow for 

milder reaction conditions.26 For instance, it has been first reported that, via the 

adjustment of solvent polarity and catalyst basicity, nucleophilic thiol-yne addition of 

a dialkyne with a dithiol yielded stereo-controlled high molecular weight polymers 

with a cis ratio ranging from 32% up to 80%.27, 28 More recently, a polymerisation 

method based on nucleophilic thiol-ene addition between a cis or trans stereopure 

diacrylate and a dithiol was proven to be mild enough to preclude the occurrence of 

isomerisation and allowed the obtention of fully stereopure polymer.29 Translating 

this unique strategy to crosslinked systems should greatly benefit the expansion of 

DLP as tuning the mechanical properties could be achieved by modulating the 

network stereochemistry instead of its chemical structure, offering a noticeable gain 

of time and labour in resin design. As such, DLP has been selected as one 
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application to highlight the leveraging of stereochemistry towards the control of the 

bulk mechanical properties of the end use polymers as a particularly powerful tool. 

Herein, we present the development of photosets and 3D printed scaffolds with 

stereo-dependant mechanical properties and degradability using the cis and trans 

stereopure oligomer which synthesis has been presented in chapter 3. After 

assessing the optimal conditions, the UV curing and post-processing of the 

materials occurred without major isomerisation or crosslinking of the in-chain 

alkenes as proven by 1H NMR analysis of the depolymerised photosets. Leveraging 

the cis/trans stereochemistry within the network offered excellent control over the 

mechanical and degradation properties of the 3D structures.  

4.2 Resin formulation and testing 

 

Figure 4.1. Chemical structure of stereopure (a) trans and (b) cis oligomers using 
in this study. 
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To prepare a moulded film suitable for mechanical testing, the oligomers (cis or 

trans, Figure 4.1) are first formulated into a resin by mixing them with a diluent and 

a photoinitiator before being exposed to UV light. (Figure 4.2)  

 

Figure 4.2. Photography of (a) an oligomer after synthesis, (b) a photocurable resin 
prepared from a 50:50:1 % ratio of oligomer, diluent and photoinitiator, (c) a film 
obtained after exposing the resin to 405 nm UV light and thermal post-curing, (d) 
dumbbell shaped samples for mechanical testing cut out from a film. 

The diluent is essential as both oligomers are solids at room temperature under 

atmospheric pressure. However, it must be an “unreactive” diluent, a solvent that is 

inert to UV light or radicals, that will not be taking any part in the network architecture 

and finally could be removed after the curing process. As for the photoinitiator, it is 

a molecular species that once exposed to UV light of adequate wavelength will 

generate a pair of radicals (Scheme 4.1), which will then initiate the 

homopolymerisation by attacking the acrylate end groups of the oligomers present 

in the resin. The network is formed when sufficient acrylate end groups crosslink 

with each other.30  

 

Scheme 4.1. Photolysis of phenylbis (2,4,6-trimethylbenzoyl)-phosphine oxide 
(Omnirad® 819). 
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The first films obtained were made from a 3 kDa trans oligomers mixed with 

propylene carbonate (PC) as the diluent and Irgacure® 819 as the photoinitiator in 

a 60/40/1 wt% ratio and exposed to UV light (405 nm) for 15 min. Propylene 

carbonate was chosen because of its high boiling point and its biocompatibility.31 

Such obtained films showed encouraging mechanical properties (Figure 4.3), 

however the resin had to be heated up to 70 °C to allow the oligomers to solubilise 

in PC.  

 

Figure 4.3. Stress versus strain curves of films prepared using 4.5 kDa trans 
oligomer in PC. Young’s modulus E= 2.18 (±0.16) MPa, stress at break σb= 1.80 
(±0.24) MPa, strain at break εb = 120 (±15) % on average over 3 repeats. 
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This technique is not ideal for two reasons: Firstly, because the cis oligomer was 

found to be prone to crosslinking if exposed to temperature above 50 °C for long 

periods of time or repeatedly. Secondly, manipulating hot resins can be challenging 

for many applications. Therefore, the resin formulation was re-evaluated. 

To achieve this, several compounds have been considered as solvent 

candidates (Table 4.1) N-methyl pyrolidinone (NMP) was selected because it was 

the only one which can be handled at room temperature with an oligomer content 

up to 60 wt% and keeps the oligomer stable in solution for days.  

Table 4.1. Solubility tests of oligomer in different solvent/oligomer ratio and their 
stability over time. rt = room temperature. 

 

Once an appropriate solvent has been found, the choice of the photoinitiator was 

readapted.  Omnirad 819 (solid) was replaced with TPO-L (liquid) to allow for an 

easier solubilisation in NMP and an increased stability in day light. For this same 

reason, the concentration of photoinitiator was decreased from 1 wt% to 0.5 wt%. 

Films were then obtained by curing the resin formulation for 15 min in a UV curing 

oven, prior to being post-cured at 120 °C in a vacuum oven and finally, the 

mechanical properties of the cis and trans samples were tested.   
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Although the strain at break was twice as high as the one reported for the 

previous formulation, no significant difference was observed between cis and trans 

films in term of Young’s modulus (1.6 MPa and 1.5 MPa for cis and trans 

respectively) or strain at break (173% and 206% for cis and trans respectively) 

(Figure 4.4). This similitude in behaviour has been hypothesised to be rooted in 

either crosslinking or isomerisation of the internal unsaturation, therefore these 

factors have been investigated further. 

 

Figure 4.4. Stress vs. strain curves of films prepared from 5 kDa cis and trans 
oligomers. trans: Young’s modulus E= 1.59 (±0.32) MPa, stress at break σb= 1.52 
(±0.12) MPa, strain at break εb = 207 (±14)% cis: Young modulus E= 1.67 (±0.11) 
MPa, stress at break σb= 1.57 (±0.073) MPa, strain at break εb = 163 (±12.8)% 
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4.3 Study of potential crosslinking or UV triggered 

isomerisation  

The factor responsible for the similar mechanical behaviour of the cis and trans 

materials were primarily ascribed to a loss of the internal unsaturation within the 

polymer. This could have been caused by a crosslinking reaction of the internal 

double bond during the UV curing process. In order to assess the stability of the 

internal double bond, a model study was devised to investigate the effect of the 

curing process on a thiol end-capped oligomer. 

A model experiment was performed where a 4 kDa cis oligomer was reacted 

with 2 equiv. of 1-hexanethiol to prevent the network formation (Scheme 4.2).  

 

Scheme 4.2. Thiol end-capping of a cis oligomer using 1-hexanethiol. 

This model compound was designed to have the same characteristics of an 

oligomer with a similar molecular weight (4.3 kDa) but without the ability to crosslink 

as it will not have acrylate end groups. Therefore, if no crosslinking of the internal 

double bond occurs, the compound would stay soluble in deuterated chloroform 

(CDCl3) for 1H NMR spectroscopy even after UV exposure. To recreate an 

environment identical to the original curing experiment, the obtained thiol-terminated 

oligomer was formulated into a resin (50 wt% oligomer, 50 wt% NMP, 0.5 wt% TPO-

L) prior to be exposed to UV light for a period varying between 10 seconds and 15 

minutes. After UV exposure, the mixture was diluted in deuterated chloroform 
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(CDCl3) and analysed by 1H NMR spectroscopy in order to study the occurrence of 

potential crosslinking and/or isomerisation. Firstly, the solubilisation of the resin in 

CDCl3 clearly indicated that no major crosslinking occurred and the analysis of the 

vinyl area of the 1H NMR spectra of the resin confirmed this qualitative assumption 

as it clearly showed that the integration of the allylic a and vinylic b protons were 

respectively equal and half the value of the integration of the methylene within the 

thiol spacer (Figure 4.5). This observation led to the conclusion that no crosslinking 

of the internal double bond occurred during UV exposure. However, the appearance 

of two signals for both the allylic a and vinylic b protons of the cis double bond 

indicate that the occurrence of isomerisation during UV exposure (Figure 4.5).  

 

Figure 4.5. 1H NMR (300 MHz, CDCl3, 298 K) spectra of a thiol-end-capped cis 
oligomer after a) 15 min and b) 20 sec of UV irradiation. 
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As discussed in chapter 3, for the cis oligomer, the signal from the vinylic proton 

is shown at δ = 5.69 ppm, and the 2 allylic protons signals at δ = 4.64 ppm. In the 

case of the trans oligomer, those two peaks shift to δ = 5.83 ppm and δ = 4.57 ppm 

respectively (Figure 3.3). Or here, in the case of the UV exposed end-capped cis 

oligomers, the vinylic proton is showing two signals: one at δ = 5.69 ppm and the 

other one at δ = 5.83 ppm, and the two allylic protons signals now at δ = 4.64 and δ 

= 4.57 ppm (Figure 4.5). By comparing the integration of the peak characteristic of 

the vinylic proton of one stereocentre to the integration of all vinylic protons, it is 

possible to determine the isomerisation percentage of the cis double bond and 

therefore find the ideal condition to minimise isomerisation during the curing 

process. Using this method on the cis end-capped oligomer which was exposed to 

UV for a varying period of time proved that in the presence of NMP and a 

photoinitiator, the isomerisation ratio of the cis unsaturation raises with the duration 

of the UV exposure before reaching a plateau after 10 mins (Figure 4.6 (b)). 

Interestingly, the maximum value for the isomerisation is also dependant on the 

power of the light used. Hence, the maximum value of isomerisation reached with a 

11 W flash box was 49 % but switching to a 39 W led bulb curing station yielded 60 

% isomerisation at the highest. 
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Figure 4.6. Top: Scheme of the end-capped cis oligomer submitted to a variable 
period of UV irradiation. (a) Comparison of 1H NMR (300 MHz, CDCl3, 298K) spectra 
vinyl region of thiol end-capped cis oligomer resins exposed to UV radiation from 0 
s to 15 min. (b) Percentage of isomerisation occurring during UV irradiation of a cis 
end-capped oligomer on an Otoflash postcuring light pulsing unit (flash box, 300 nm 
≤ λ ≤ 700 nm, 11 W) and a Formlab form cure curing station (curing oven, =405 nm, 
39 W). No isomerisation occurs if the oligomer is not in the presence of a 
photoinitiator (Appendix Figure A5). 
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This isomerisation could explain why the cis and trans films were behaving 

similarly. In order to confirm this hypothesis, films cured for different amount of time 

were prepared and their thermomechanical properties have been tested. This 

experiment will give some insight on the relationship between curing time and 

mechanical properties. 

4.4 Impact of the curing time on cis and trans materials 

4.4.1 Mechanical testing 

To study the impact of the curing time on the mechanical properties of the UV 

cured materials, three sets of resins were prepared and cured for either 15 min, 1 

min or 20 s, which was found to be the lowest limit of curing time to obtain a free-

standing film. When cured for 15 min, cis and trans films showed similar mechanical 

properties but when cured for 1 min or under, the difference between cis and trans 

started to appear more prominent (Figure 4.7). When cured for 15 min, both cis and 

trans films showed a Young’s modulus of about 1.5 MPa and a strain at break of 

200% approximatively. However, when cured for 1 min and 20s, the trans material 

displays a Young’s modulus of 6 MPa and 13.8 MPa along with a strain at break of 

227% and 124% respectively. When cured for 1 min and 20 s, the cis material 

displays a Young’s modulus of 1.27 MPa and 1 MPa along with a strain at break of 

138% and 158% respectively. Therefore, decreasing the curing time from 15 min to 

20 s induced a tenfold increase in the stiffness of the trans material whilst the 

stiffness of the cis material decreased by a third of its original value. 
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Figure 4.7. Stress vs. strain curves of films from cis and trans oligomers cured for 
a varying amount of time. 

It should also be noted that the strain at break decreased when the UV exposure 

time was decreased. However, this could be the result of swelling the polymer films 

in methanol at room temperature for 24 h prior to thermal curing to remove the 

diluent which could plasticise the material and thereby modify the overall mechanical 

properties of the studied films. At first, this step was redeemed to be necessary to 

guaranty that the effect seen in the mechanical properties were solely reflected by 

the impact of the stereochemistry by reducing the number of experimental variables. 

However, this swelling step yields trans materials displaying inferior overall 

mechanical properties compared to non-swelled films. To overcome this issue, the 
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swelling step has been later removed from the processing stage as TGA analysis 

indicated that no NMP was left in the films after thermal post-curing in a vacuum 

oven at 120 °C. (Appendix Figure A16) As a result, the Young’s modulus of the 

trans material increased from around 14 to 64 MPa. (Figure 4.7 and Appendix 

Table A1).  

4.4.2 Thermal testing 

Secondly, the impact of curing time on the thermal properties of these materials, 

has been investigated via DSC analysis. The aim was to determine if the curing time 

will also affect the glass transition temperature (Tg) of the materials. Between the Tg 

of a film cured for 1 min and film cured for 20 s, the differences in the values of Tg 

observed were under 1 °C for both cis and trans films, which is negligible (Figure 

4.8).  

 

Figure 4.8. DSC thermograms for films prepared from cis 4.0 kDa and trans 4.5 kDa 
oligomers and cured for 15 min, 1 min or 20s. 
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However, a noticeable difference in the values of the Tg has been observed when 

the curing time has been lowered down from 15 mins and to 20 s, with the cis 

material experiencing a decrease of 4.2 °C, or twice as much as the trans material 

(1.9 °C). 

Since the UV exposure time does not trigger the occurrence of isomerisation in 

the trans material, this 2 °C decrease of the Tg value can potentially be ascribed to 

more free movement available to the polymer chains caused by a decrease in the 

crosslinking density. It is possible to conclude that after only 20 s of the UV 

exposure, the radical crosslinking reaction did not reach 100% conversion which 

allows the network to rearrange and therefore enable a higher ratio of crystallinity 

later within the material. This hypothesis is also supported by the increase observed 

in the Young’s modulus of the trans material when the UV exposure has been 

decreased to 20 s (Figure 4.7). In the case of the cis material, the decrease in the 

Tg is twice as much as that observed for the trans material. Additionally, a decrease 

in the crosslinking density, and the absence of isomerisation of the internal 

unsaturation also contributed to a lower Tg. Indeed, isomerisation occurring within 

the cis material will result in the appearance of trans moieties within the network 

which inherently hinder the polymer chain flexibility and consequently, increases the 

value of the Tg. In parallel, a high ratio of trans double bonds will also enable a better 

chain packing and therefore a higher crystallinity ratio that translates to a stiffer 

material. This was observed during the mechanical testing since the Young’s 

modulus of the cis material decreases from 1.5 MPa to 1.0 MPa when exposed to 

UV light for 15 min or 20 s respectively (Figure 4.7). To validate this hypothesis, the 

films used for the mechanical testing were depolymerised via methanolysis and the 
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reaction mixture analysed by 1H NMR spectroscopy to evaluate potential 

isomerisation. 

4.4.3 Depolymerisation of networks 

Quantifying functionality within networks is challenging owing to their inherent 

insolubility. Taking advantage of the presence of degradable ester groups within the 

polymer backbone led us to devise a depolymerisation technique to study the 

network composition without impacting the internal double bond. Each film was 

depolymerised by transesterification using triazabicyclodecene (TBD) in methanol 

to quantitatively assess the composition of the unsaturation and any potential 

occurrence of isomerisation. TBD, which is a strong base (pKa (TBD conjugate acid) 

= 21 in THF32) activates both the alcohol from the methanol and the ester bond from 

the oligomer backbone and catalyses an acyl transfer between the two. As a result, 

the resin is completely depolymerised into smaller units and the mixture is soluble 

in DMSO, which in return, allows the analysis of the internal double bonds content 

and stereochemistry within the tested films by 1H NMR spectroscopy (Scheme 4.3).  

 

Scheme 4.3. Depolymerisation method used to quantify double bond 
stereochemistry in the photoset networks using 2.6 wt% of TBD. 

As a control experiment, both cis and trans oligomers were depolymerised 

without being exposed to UV light to verify that the depolymerisation procedure was 

not impacting the stereochemistry of the unsaturation. The 1H NMR spectra of the 

crude after depolymerisation via methanolysis, in both the case of cis and trans 

oligomers, shows clearly that the stereochemistry of the double bond was not 
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affected by the depolymerisation conditions, as we can see only one peak for 

protons a at δ = 5.83 ppm (trans, H vinylic) and δ = 5.69 ppm (cis, H vinylic) and the 

integration of the allylic protons b (δ = 5.83 ppm (trans) and δ = 5.83 ppm (cis)) is 

equal to the integration of the thiol peaks at δ = 1.49 and δ = 1.33 ppm for both cis 

and trans (Figure 4.9 and Figure 4.10).  

 

Figure 4.9. 1H NMR (300 MHz, 298 K, DMSO-d6) spectra of a linear cis 4.0 kDa 
oligomer (top) and its depolymerisation products (bottom). 

This means that after depolymerisation, the ratio between the methylenes within 

the thiol spacer and the unsaturation within the diacrylate moieties remained the 

same, and consequently no double bonds have been lost during the 

depolymerisation process. In conclusion, this method is adequate to analyse the 

effect of curing time on unsaturation contained in the network material.  
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Figure 4.10. 1H NMR (300 MHz, 298 K, DMSO-d6) spectrum of a linear trans 4.5 
kDa oligomer (top) and its depolymerisation products (bottom). 

Hence, the films cured for 15 min, 1 min and 20 sec previously tested (Figure 

4.7) were depolymerised under the same conditions and the subsequently obtained 

crude was dissolved in d6-DMSO for 1H NMR spectroscopy. For the trans material, 

independently of the UV exposure time, neither loss of internal double bonds nor 

isomerisation could be deduced from analysing the 1H NMR spectra. Hence, the 

ratio between the signal from the allylic proton within the diacrylate moieties (b) and 

the signal from the methylene within the thiol spacer remained equal to 1, as seen 

for the oligomer prior to any UV exposure. Also, the presence of only one peak for 

the signal of the vinylic protons (a) indicate that the trans stereocentre is stable and 

does not isomerise at any UV exposure time tested. For the cis stereocentre, 

however, if only one peak (δ = 5.69 ppm) can be observed for the vinylic proton (a) 

on the spectrum of the crude originating from materials cured for 1 min and 20 s, 

two peaks were observed for the vinylic proton (a) (δ = 5.83 and δ = 5.69 ppm) on 
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the spectra corresponding to the material exposed to UV light for 15 min (Figure 

4.11). Moreover, the ratio between the methylene within the thiol moieties and 

unsaturation shows a discrepancy of 15%. This clearly indicates that cis in-chain 

unsaturation, when the material is cured for 15 min, undergo isomerisation in 

addition to probable crosslinking (Appendix Figure A4). These results confirmed 

the hypothesis stated after the analysis of the mechanical performance of the cis 

and trans materials exposed to UV for a variable amount of time: the isomerisation 

of the cis stereocentre is contributing to the increase in Young’s modulus observed 

between a material exposed to UV for 20 s or 15 min. However, this issue could be 

resolved by shortening the curing time to 1 min or below, since the isomerisation in 

this case remains under 1%. This result has two significant implications: (i) 

comparison of the mechanical properties of cis and trans materials will give reliable 

information about the influence of stereochemistry on bulk properties as the 

networks are 99% stereopure when the resin is cured for a short period of time and 

(ii) because the internal alkenes are not reactive, crosslinks are solely formed at the 

acrylate end groups. As a result, increasing the molecular weight of the oligomers 

composing the resin should also impact the mechanical properties.  
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Figure 4.11. (a) Representation of the major depolymerisation products of cis and 
trans films. (b) 1H NMR (300 MHz, d6-DMSO, 298 K) spectra of cis and trans 
depolymerised films after a varying UV exposure time. 

4.5 Impact of the chain length and stereochemistry on the 

mechanical properties of photoset networks 

4.5.1 Tensile testing 

To elucidate both the impact of the stereochemistry and the oligomer length on 

the mechanical properties of the resultant network, both cis and trans films were 

prepared from resins based on stereochemically pure oligomers with a molecular 

weight of either ca. 4, 6 or 10 kDa as determined by 1H NMR analysis. After 20 s of 

UV exposure and 24 h of thermal curing at 120 °C, the mechanical properties of 

each film were tested (Figure 4.12). 
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Figure 4.12. Representative stress-strain curves of (a) a 4.5 kDa trans film and a 
4.0 kDa cis film, (b) 6.1 kDa trans film and a 6.1 kDa cis film, (c) a 10 kDa trans film 
and a 9.7 kDa cis film. The molecular weights have been determined via 1H NMR 
spectroscopy. 

For resins comprised of shorter oligomers, a striking difference existed between 

the tensile profiles of the cis and trans photoset films. The UV cured material that 

contained trans oligomers of around 4 kDa exhibited a Young’s modulus (E) of 64 

MPa, a yield point (σy) of about 10 MPa at 30% elongation and a strain at break (εb) 

of 98% (Figure 4.12 (a)). This behaviour is typical of a stiff and moderately ductile 

plastic.33 Conversely, with a Young’s modulus 50 times smaller than the trans 

material, the absence of yielding and hardly any resistance to deformation until 

failure (140%), the stress-strain response of the cis film is indicative of an 

elastomeric material. Increasing the oligomer molecular weight within the resins 

from ca. 4 kDa to ca. 6 kDa led to films that displayed the same response to tensile 

stress but in which the strain at break increased to reach 300% (Figure 4.12 (b)). 
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Further increasing the molecular weight of the oligomer to ca. 10 kDa resulted in a 

resin that, when photocured, exhibited improved ductility and strain at break (647%) 

for the trans material, however, the cis material unexpectedly behaved similarly. 

Thus, the cis film only shows a 40% improvement of its strain at break while 

diverging from the elastomeric behaviour, to display plastic deformation (Figure 

4.12 (c)). While still noticeable, the difference between cis and trans materials 

becomes less prominent at relatively longer chains. Since the stereochemistry is the 

only variable between the cis and trans films at a given molecular weight, it is 

possible to state that it constitutes the basis of the mechanical divergence displayed 

by the photosets. As previously observed in polyisoprene 34, 35 and polybutadiene 

36, internal trans alkenes tend to result in linear backbones capable of chain packing 

which promotes a higher degree of crystallinity within the polymeric structure. 

Hence, the trans unsaturated materials presented in this study, because of their 

semi-crystalline nature, are stiff and tough. Conversely, cis alkenes impede the 

linearity of the backbone resulting in a less ordered structure, reducing the 

crystallisation probability, which leads to more amorphous materials with soft, elastic 

properties. As for the increase in elongation with the oligomer molecular weight, it 

could be proposed that as the crosslinking is selective towards the acrylate end 

group, an increase of the chain length is equivalent to an increase of the average 

molecular weight between crosslinks (Mc) inducing a gain in ductility (Figure 4.13). 

The same argument could also explain the unexpected stiffness of the 9.7 kDa cis 

film, as with a higher Mc, the chains gain in free movement and therefore the 

probability to crystallise is higher. To study the crystallinity properties of both cis and 
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trans films at different molecular weights and validate this hypothesis, thermal 

analysis of these materials was carried out. 

 

Figure 4.13. Idealistic representation of the network formation and final structure at 
the molecular level: the radical initiate the crosslinking of the acrylate end group; 
however, the internal unsaturation remains unreactive. 

4.5.2 Thermal testing 

Conducting DSC analysis on these 6 films highlighted the expected correlation 

between mechanical properties and crystallinity within the network (Figure 4.14). 

After 2 days of annealing, all trans films on their first heating scan displayed two 

melt transitions around 45 °C and 65 °C, with a total melting enthalpy (ΔHm) ranging 

between 26 and 28 J·s−1. This suggests that regardless of the oligomer chain length, 

trans films are semi-crystalline. 
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Figure 4.14. (a) 1st heating scans of DSC thermograms for (a) trans films of 4.5, 
6.1, 7.1 and 10 kDa showing a constant degree of crystallisation and (b) cis films of 
4.0, 6.1, 7.1 and 10 kDa showing the dependence of the crystallinity with the 
oligomer chain length. 

The presence of two melting peaks, typically seen in isotactic polypropylene 

could be ascribed to different crystalline domains within the bulk material. 37, 38 

Conversely, the cis films appear to present a crystallinity ratio proportional to the 

oligomer molecular weight. At 4 kDa, no melting transition is observed on the first 

heating scan of the cis film and a melting peak can scarcely be detected with a ΔHm 

of 2.6 J·s−1 on the first heating scan of a 6 kDa cis film. However, the 9.7 kDa cis 

film shows a noticeable melting transition at about 43 °C and 56 °C related to a ΔHm 

of 25 J·s−1. Reanalysis of the thermal properties of the materials by DSC on the 

same films after 2 weeks, 10 months and 2 years of annealing showed a discernible 

evolution in crystallisation for the 6 kDa cis film, for which ΔHm goes from 2.6 J·s−1 

at two days to 20 J·s−1 after 2 weeks of annealing. Interestingly, no significant 

change in the crystallinity ratio could be observed between the samples annealed 

for 2 weeks or 10 months. However, after 2 years, all samples DSC scans present 

a similar melting peak, which indicate a similar crystallinity ratio (Figure 4.15).  
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Figure 4.15. 1st heating scans of DSC thermograms for (a) trans films of 4.5 kDa, 
(b) cis films of 4.0 kDa, (c) trans films of 6.1 kDa and (d) cis films of 6.6 kDa. 

Consequently, it is possible to draw the conclusion that after 2 days, the trans 

materials are semi-crystalline networks independently of their molecular weight and 

this explains their stiff and tough plastic behaviour during tensile testing. In the case 

of cis films annealed for 2 days, however, the degree of crystallinity is correlated to 

the molecular chain length of the oligomer present within the resin as the 4 kDa cis 

film is amorphous, whereas both the 6.1 kDa and 9.7 kDa film are semi-crystalline. 

This highlights that the core difference between the impact of the stereochemistry 

on the network is mostly driven by their kinetics of crystallisation rather than an 

inherent ability or inability to crystallise. Moreover, the molecular weight within the 

network also impacts the rate of crystallisation as none is observed within the 4 kDa 

material before 2 years annealing time, the 6 kDa film crystallises slowly over two 
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weeks and the 10 kDa film only takes two days to reach its final degree of 

crystallinity. This highlights why the former still behaves as a soft elastomer after 2 

days of annealing when the latter acts as a stiff plastic. And finally, it is possible to 

assume that cis and trans networks will remain as different from each other after 10 

months as they did after 2 weeks, however, after 2 years, all samples have had the 

time to reach a similar ratio of crystallisation and therefore all materials could be 

expected to have the same mechanical performances.  

4.5.3 Study of the network’s architecture 

Most claims made so far holds on the presumed lattice architecture of the 

network (Figure 4.13). It has already been corroborated by the tensile tests of 

networks with varying molecular weights that an increase in the molecular weight of 

the oligomer results in an increase in the strain at break. In addition, the 

depolymerisation study showed that the internal unsaturation remains unreactive 

under the curing conditions. However, in order to further validate this hypothesis, 

the networks were swelled in THF over 24 hours to access the swelling degree or 

how much the network can expand in a good solvent, which indirectly offers 

information on the chain length between two crosslink Mc (Figure 4.16). The results 

have shown that the swelling degree was increasing linearly with the molecular 

weight, which is in accordance with the lattice model used in this study, since the 

average molecular weight between crosslinks (Mc) is proportional to the average 

molecular weight of the oligomer constituting the original resin. 
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Figure 4.16. Swelling ratio relative to the initial sample weight after 24h in THF at 
25˚C. Each data point was averaged from 4 samples with the standard deviation 
taken as the uncertainty. 

Lastly, to find out if the difference between cis and trans will be maintained whilst 

allowing the internal unsaturation to crosslink, N-vinyl pyrrolidone (NVP) was 

incorporated into the resin formulation in a ratio of 8 wt% of 25 wt% of the total 

weight of the resin. This reactive diluent has a similar structure to NMP; however, 

an allylic functionality is decorating the nitrogen atom (Figure 4.17). This 

unsaturation can undergo radical reactions and should therefore increase the 

radicals generated during UV exposure of the resin. Consequently, the probability 

for crosslinking the cis or trans unsaturation present within the oligomer backbones 

is significantly increased. 
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Figure 4.17. Structure of N-methyl pyrrolidone and N-vinyl pyrrolidone, used as 
unreactive and reactive diluent respectively and table summarising the formulation 
of the original resin containing 0% of NVP and resin which contains either 8 or 25 
wt% of NVP. 

The mechanical properties of cis and trans versions of the NVP-based resins 

displayed no measurable difference between the two stereoisomers at any given 

NVP loading (Figure 4.18). The addition of 8% of the reactive diluent to the 

formulation led to the obtention of an elastomeric material for both isomers, whilst 

increasing the content of NVP to 25% resulted in the formation of stiff plastics. These 

results are expected: if the internal unsaturation crosslinks, then the networks are 

virtually the same since the stereochemistry is lost, and an increase in the reactive 

diluent results in an increase of the crosslinking density. Or, for lower crosslinking 

density, an elastomer is obtained and increasing the crosslinking density will causes 

the formation of a stronger, stiff plastic. 
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Figure 4.18. Stress-strain curves of both cis and trans films containing (a) 8% NVP 
and (b) 25% NVP. 

The depolymerisation of such films was unsuccessful, which suggests that the 

crosslinking of the internal double bond occurred. Hence, this experiment also 

supports the idea of a lattice architecture. In conclusion, the difference in behaviour 

between stereoisomers observed in this study was allowed owing to the 

orthogonality of the acrylate radical crosslinking reaction which permitted the 

formation of a lattice specifically crosslinked at the acrylate end groups and so at 

regular intervals. 

4.6 3D printing of cis/trans resin 

4.6.1 Introduction 

Since the cis and trans materials used in the study about stereochemistry within 

networks were originating from photocurable resins, it was considered to identify for 

translation to Digital light processing (DLP) 3D printing. DLP 3D printing is a 

subcategory of stereolitography (SLA) 3D printing, which uses photocurable resins 

which formulation include but are not limited to a liquid cross-linkable monomer(s) 
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and or oligomer(s), a photoinitiator, and a diluent if necessary. After the computer-

assisted 3D design of a desired object and its conversion into a compilation of 2D 

images, the general concept of DLP relies on projecting these images one after the 

other onto a building plate through a resin bath. After the projection of an image, the 

UV-light will activate the photoinitiator which leads to the radical crosslinking of the 

monomer(s)/oligomer(s) within the resin. As a result, the resin hardens and the first 

layer is built, then the building plate moves up and the cycle repeats until the last 

layer has been cured (Figure 4.19). One advantage that is often associated with 

DLP is its capacity to rapidly obtain high-resolution printed parts thanks to the use 

of a Digital Micromirror Device (DMD) as a special light modulator.39 However, the 

best results in precision and accuracy can only by achieved with the use of a resin 

containing adequate chemical and physical properties. Hence, parameters such as 

viscosity, gelation rate, light absorbance profile and curing depth are critical 

parameters that require measurement and optimisation where possible prior to 3D 

printing. Usually, the ideal resin should have a viscosity as low as possible to enable 

the lowest UV-exposure time per layer possible. However, the formulation of a fast-

curing resin resulting in mechanically robust printed part is an ongoing challenge 

since curing low viscosity monomers will give rise to highly crosslinked networks, 

which are brittle by nature, and the use of viscosity modifiers in oligomer-containing 

resin will inevitably impact not only the mechanical properties of the final material 

but decrease the printing accuracy since a longer exposure time will be required to 

cure a layer. (Zhu 2020) This general trend shows how intrinsic experimental work 

is needed for optimisation in the development of a photoreactive resin for 3D printing 
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since the fundamental parameters cited above are correlated to each other and 

unique to a resin system/3D printer/curing conditions combination. 

 

Figure 4.19. Representation of (a) the slicing process converting a 3D model into a 
compilation of 2D images or slices and (b) a DLP 3D printer general structure and 
process. 

4.6.2 Resin characterisation 

In regard to the viscosity, since the cis and trans oligomers are both solids and 

require a 50% dilution in NMP to form a thick resin, the degree of improvement 

remained small on this parameter. A higher ratio of diluent would have only resulted 

in the formation of a gel upon UV irradiation, and, consequently, weaker materials 

would have been obtained in comparison to the previous study. Fortunately, the 

viscosity values obtained for both cis and trans resins were found to be at 0.75 Pa∙s 

and 0.83 Pa∙s respectively, as measured at a shear rate of 0.631 s-1(Figure 4.20).  
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Figure 4.20. 3D printing resin viscosity between a shear rate of 0.1 and 100 s-1. 

These values are high for DLP 3D printing, which usually require the viscosity of 

the resin to be comprised within 0.5 to 0.8 Pa∙s40 but the inability of changing the 

diluent - because of the solubility issues with the oligomers - and the incapacity of 

increasing the ratio of diluent within the resin without affecting the general 

mechanical properties41 of the cis and trans material, this parameter was left at 50 

wt%. Instead, to alleviate the loss of resolution resulting from a high viscosity resin, 

a photo-inhibitor has been added to the original formulation with the aim to reduce 

the curing depth as much as possible without impacting the curing rate. UV-visible 

analysis showed that Paprika extract (Kalsec Durabrite®) was an ideal candidate to 

that purpose as one of its two maximum absorption peaks (377 nm) aligned with the 

maximum absorption peak of the photo-initiator present in the resin (Figure 4.21). 
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Figure 4.21. UV-Vis absorbance of (a) 4.0 kDa cis oligomer and 4.5 kDa trans 
oligomer in NMP. (b) cis and trans resin (oligomer, NMP, TPO-L, paprika resin in a 
50:50:0.5:0.5 wt% ratio.) The absorbance peak at 377 nm is due to the presence of 
TPO-L, the absorbance peak at 470 nm is characteristic of the paprika resin, and 
(c) TPO-L and paprika resin and their maxima of absorbance at 377 nm and 377/470 
nm respectively. 

Next, photorheological analysis were performed to determine the appropriate 

amount of paprika resin necessary for reducing the curing depth without affecting 

the curing rate and it has been found that a ratio within the range of 0.25 and 1 wt% 

still yielded an effective curing time of 3.3 and 5.2 sec for the cis and trans resin 

respectively (Figure 4.22).  
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Figure 4.22. Evolution of the storage (Gʹ) and loss (Gʺ) moduli with time during UV 
irradiation of (a) trans resin and (b) cis resin containing 50 wt% oligomer in NMP, 
0.5 wt% of photoinitiator and 0.5 wt% photoinhibitor. The lamp is switched on at 50 
s. The insets are close-up for the intersections of Gʹ and Gʺ curves. 

4.6.3 Optimising 3D printing parameters 

These preliminary results were encouraging and therefore the resins were tested 

for suitability on the 3D printer. Owing to differences in the light intensity existing 

between the optical equipment used during the photorheology study and the light 

source of the 3D printer, the optimised resin was unable to cure when exposed to 

the light source within the 3D printer. After successfully curing the original resin (e.g 

without photoinhibitor) using the same light source, the ratio of photoinhibitor was 

adjusted by visually assessing the prints resolution (Figure 4.23). At concentrations 

≤ 0.5 wt% of photoinhibitor, the printing parts present no or little resolution due to 

the lack of control over light scattering and penetration depth in both x,y and z 

direction (Figure 4.23, left). At 0.5 wt%, the best result in terms of accuracy of detail 

were obtained (Figure 4.23, center). At amounts ≥ 0.75%, the printing failed after 

the burn layer (Figure 4.23, right).  
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Figure 4.23. Photographs from 3 different angles (top, side and corner view) of 3D 
printed 4.5 kDa cis cubes from resins containing different amounts of photoinhibitor. 
On the bottom right corner is presented illustration of the computerised structure 
(side and corner view). 

Individual adjustment of the printing parameters demonstrated that irradiating 50 

μm thick layers for 25 s were giving the best results in term of printing precision for 

both cis and trans resins and high-resolution scaffolds of a 6 mm height were 

obtained using these settings (Figure 4.24). 

 

Figure 4.24. Picture of a 3D printed 4.0 kDa trans scaffold next to a standard 
paperclip for scale. 
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4.6.4 Mechanical testing 

Uniaxial compressive tests were conducted on these scaffolds to determine if 

the cis and trans stereochemistry could influence the mechanical properties of 3D 

printed structures (Figure 4.25). Compression of polymeric materials are usually not 

resulting in clear fracture 42, therefore, the compression tests were conducted up to 

a 50 N force (1 MPa stress), as it was determined to be the maximum limit of loading 

before causing irreversible damage to the scaffolds. 

 

Figure 4.25. Compressive stress-strain curves of 4.5 kDa cis and 4.0 kDa trans 
scaffolds. 

Similar to the previously observed performances of photoset films, the 

stereochemistry within the 3D printed scaffolds has a strong impact on their 

mechanical properties. Indeed, the trans scaffold demonstrates a plastic 

deformation along with a compressive Young’s modulus (Ec) of about 2.4 MPa, 

whereas the deformation of the cis scaffold corresponds to an elastic material with 

an Ec 13 times smaller (0.18 MPa). The elastic properties of the cis scaffold have 

been further investigated by running cyclic compressive tests. As typically observed 

in elastomeric materials, softening occurs after the first loading-unloading cycle and 
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the stabilisation of the stress-strain curve occurred after 3 or 4 cycles. 43-46 The 

unloading paths shows a hysteresis of 28 kJ·m−3 and an average residual strain of 

4.5% evidencing a good recovery capacity of the cis material after deformation 

(Figure 4.26).  

 

Figure 4.26. Stress and strain obtained from the cyclic compression of a 4.5 kDa 
cis scaffold submitted to stress up to 1 MPa for 10 cycles. 

4.6.5 Thermal testing 

DSC analysis of both scaffolds supports that their mechanical behaviour is in 

direct correlation to their crystallinity ratio. However, unlike the case of the 4.0 kDa 

cis film, the 4.0 kDa cis printed scaffold DSC thermogram presented a melting peak, 

indicative of the presence of some degree of crystallinity (Figure 4.27). One 

possibility is that this behaviour could stem from the necessity of washing the printed 

scaffolds with DCM to remove the excess resin since this procedure could also wash 

out short polymer chains within the network. However a similar treatment on a 4.0 

kDa cis film still yielded an amorphous film. A further possibility could be that the 

addition of paprika resin, which is a red oleoresin, consists mainly of aromatic 

unsaturated hydrocarbon in the trans configuration that could potentialy enhance 
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the crystallisation of the overall material but it is present in only 0.5 wt% of the total 

formulation and most of it should be removed after the washing of the printed part. 

 

Figure 4.27. 1st heating scan of the DSC thermogram for a cis and a trans 3D printed 
scaffold. ΔHm = 11.7 and 7.2 J·g-1, Tg = - 10.06 °C and - 15.89 °C, Tm = 52.35 °C 
and Tm = 45.86°C for the 4.0 kDa trans and 4.5 kDa cis scaffold respectively. 

Finally, a more likely argument for this sudden apparition of crystallinity within a 

4.0 kDa cis network could be that, during the 3D printing process, the gravity aligns 

the polymer chains and consequently promotes crystallisation within the network. 

4.6.6 Accelerated degradation study and depolymerisation 

As crystallinity is known to affect the degradation properties of materials, the 

hydrolytic degradation of cis and trans materials has also been carried out. Small 

cylinders, fabricated from the cis and trans 3D printing resins, were degraded in a 

solution of NaOH 1M at 37 °C (Figure 4.28). The trans material fully degrades after 

77 days while it only takes 54 days for the cis to do so. Furthermore, both materials 

seem to undergo a linear degradation, which could be ascribed to a surface erosion 

mechanism. 47 
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Figure 4.28. hydrolytic degradation profiles for the 4.5 kDa cis and 4.0 kDa trans 
photosets in a solution of NaOH 1M at 37 °C. Each data point represents the 
average weight of 4 samples. 

After mechanical testing, some cis scaffold samples were depolymerised and 

analysed by 1H NMR spectroscopy. The examination of the obtained spectrum led 

to the conclusion that only 2% isomerisation had occurred during 3D printing (Figure 

4.29). This result suggested that the presence of crystallinity within the cis 3D 

printed material was not cause by isomerisation. Nevertheless, this study proves 

that it is possible to control the mechanical or degradation properties of 3D printed 

designs by leveraging the stereochemistry of the oligomer initially present within the 

resin without further adaptation of the resin formulation. 
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Figure 4.29. 1H NMR (300 MHz, 298 K, DMSO-d6) spectrum of a depolymerised 3D 
printed 4.5 kDa cis scaffold. 

Lastly, it was considered whether the isomerisation ability of the cis 

stereocentres could be harnessed to obtain a multi-material. In theory, it should be 

possible to isomerise the cis unsaturation into trans by either increasing the curing 

time per layer or increasing the light intensity. Adjusting these two parameters during 

the printing of an object could result in a material with regions of a printed part having 

different mechanical properties, which is desirable as printing multi-materials is still 

an ongoing challenge.1 In addition, by controlling the curing time, it is possible to 

induce a predetermined ratio of cis to trans unsaturation and consequently this 

technique could potentially give discrete access to the array of mechanical 

properties expected from material containing a ratio of trans unsaturation anywhere 

from 0% to 100%. However, this experiment was unsuccessful. Exposing the resin 

to the 3D printer light source for 15 min, or increasing up to 6 times the light intensity 

did not yield more than 2 % of isomerisation, as evidenced by the 1H NMR spectra 

of the depolymerisation products of these parts (Figure 4.30). 
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Figure 4.30. (a) Representation of the major depolymerisation products of cis 
printed films. (b) 1H NMR (300 MHz, d6-DMSO, 298 K) spectra of cis depolymerised 
printed films after 15 mins of exposure to the 3D printer light source (top) or 
increasing 6 times the light intensity I (bottom). 

4.7 Conclusion 

By incorporating acrylate terminated stereopure prepolymers into UV active 

resins, stereo-defined (cis and trans) poly(ester-urethane) photosets were obtained. 

Keeping the internal alkenes in the prepolymer unreacted during radical photo-

crosslinking was also achieved when the UV exposure tile was keep at a minimum. 

As such, the retention of stereochemistry within the photosets was close to 100% 

within the optimised curing conditions. This has been confirmed by 1H NMR 

spectroscopy of materials depolymerised by methanolysis. Uniaxial tensile tests 

revealed that both the alkene stereochemistry of the prepolymer and its average 

molecular weight had an influence on its final mechanical behaviour. For ~4 and ~6 

kDa oligomers, the presence of trans alkenes yielded considerably stiffer and 

tougher materials than their cis counterparts, which were found to induce softness 

and elasticity in the materials. This 2 kDa increase in the chain length, resulted in 

an improvement of the strain at break for both the cis and trans materials. Further 
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increasing the oligomer chain length to about 10 kDa, provoked a substantial 

increase in stiffness and toughness of the cis material. According to DSC data, this 

striking dissimilarity could be rooted in the degree of crystallinity of the sample, 

which was further linked to the stereochemistry as well as the chain length of the 

oligomer composing the network. If it is already well established that chain length 

and elongation are correlated, the presented stereochemical control of bulk 

properties is unmatched for existing crosslinked systems. Finally, the addition of a 

photoinhibitor to the formulation, rendered the resins suitable for 3D printing and 

allowed the preparation of high-resolution 3D scaffolds with stereo-tuneable 

mechanical and degradable properties. In the future, this novel method of controlling 

the bulk properties of crosslinked networks via the means of controlling the 

stereochemistry could be envisioned as a straightforward technique to access a 

diversity of materials using a single formulation. 
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4.9 Appendices 

4.9.1 Materials and Methods 

Deuterated dimethyl sulfoxide (d6-DMSO, ≥99.9%), 1-methyl-2-pyrrolidinone 

(NMP, ≥99%),Triazabicyclodecene (TBD, 98%) and N-vinyl pyrrolidone (NVP, 

≥99%) were purchased from Sigma-Aldrich Company. Deuterated chloroform 

(CDCl3, >99.8%) was purchased from Apollo Scientific. Methanol (MeOH, ≥99.8%) 

was purchased from VMR Chemicals. Paprika resin (Durabrite©) was purchased 

from Kalsec and Ethyl(2,4,6-Trimethylbenzoyl)-phenyl phosphinate (Omnirad TPO-

L) was purchase from IGM Resins Ltd. Unless stated otherwise, all chemicals and 

compounds were used as received. 

Nuclear magnetic resonance spectroscopy (NMR) 

1H and 13C NMR spectra of monomers and oligomers were recorded at 298 K 

on an Ascend Bruker 400 spectrometer equipped with a 5 mm BBFO smart probe 

operating at 400 MHz and 100 MHz, respectively. Chemical shifts of 1H NMR 

spectra were referenced to the solvent residual proton resonance signals: δ = 7.26 

ppm for CDCl3. Chemical shifts for 13C NMR spectra were referenced to the solvent 

resonance signal: δ = 77.16 ppm for CDCl3. The data obtained were processed and 

analysed using MestReNova 12.0.3 software. The resonance multiplicities are 

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

Differential scanning calorimetry (DSC)  

Glass transition temperature (Tg) and total enthalpy of melting (ΔHm) were 

measured on a STARe system DSC3 with auto-sampler (Mettler Toledo, 
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Switzerland) under N2 with a heating rate of 10 °C·min−1. Samples weighing 

between 6 to 8 mg were cut from 2 days annealed polymer films and 3 weeks 

annealed 3D printed scaffolds. Sample were positioned in 40 µL aluminum pans 

(Mettler Toledo). Thermograms were recorded from −50 to 150 °C with a 10 

°C·min−1 heating and cooling rate over three cycles. The glass transition 

temperature (Tg) was taken as the midpoint of the inflection tangent upon the second 

heating scan. Total enthalpy of melting (ΔHm) was calculated from integration and 

normalisation of all endothermic peaks present on the first heating scan. 

Tensile testing 

All uniaxial tensile tests were performed on a Testometric M350-5CT universal 

mechanical testing instrument fitted with a load cell of 10 kgF. Measurements were 

performed at room temperature on film cut into dumbbell-shaped samples using a 

custom ASTM Die D-638 Type V with a dye cutter. The gauge length was set at 

6.30 mm and the crosshead speed at 10 mm·min−1. The sample width (ca. 1.8 mm) 

and thickness (ca. 1 mm) were measured 3 times for each individual sample and 

the average value was recorded before mechanical analysis were conducted. Each 

specimen was clamped into the tensile holders and subjected to an elongation rate 

of 10 mm·min−1 until failure. For each sample, a minimum of 6 specimens were 

tested with the mean average values of the ultimate tensile stress and strain, the 

stress and strain at yield point and the toughness reported herein. WinTest™ 

Analysis software (v.5.0.34) was used to analyse the data. 

All uniaxial compressive tests were performed on a Testometric M350-5CT 

universal mechanical testing instrument fitted with a load cell of 100 kgF. 3D printed 
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scaffolds of ca. 6 mm height were annealed for 3 weeks before testing. A preload 

force of 0.1 N was set and each test was carried out at a compression velocity of 1 

mm·min−1. Each specimen was subjected to a maximum force of 50 N. All 

compression tests were repeated at least 6 times, and an average of the data was 

taken to find the Compressive Young modulus (Ec), the strain at a stress of 1 MPa 

(ε1MPa), and the stress when the cube is reaching 50% of its original height (σ50%). 

For cyclic compressive tests of the 3D printed cis hart cubes, the samples were 

subjected to loading/unloading cycle with a constant strain rate of 1 mm·min−1 for 

10 cycles. Data were analysed using winTest™ Analysis software (v.5.0.34). The 

raw data give the force (N) over the depletion (mm). To draw a strain stress curves, 

the stress (MPa) has been calculated by dividing the force (N) by the sectional area 

of the sample (ca. 6.8 mm × 6.3 mm) in meter square, the strain (%) has been 

calculated by subtracting the depletion (mm) to the sample height (ca. 6.0 mm) and 

then multiplied by 100. 

Thermo-gravimetric analysis (TGA) 

TGA data was obtained using a Q50-Thermogravimetric Analyzer (TA 

instruments). Thermograms were recorded under an N2 atmosphere at a heating 

rate of 10 °C·min−1, from 25 °C to 600 °C, with an isotherm of 90 min at 202 °C to 

evaluate the potential presence of residual solvent within the network. Sample 

weight is of ca. 7 mg. 

UV-Vis spectroscopy 

UV-Vis spectroscopy was performed on an Evolution 350 UV-Vis 

spectrophotometer equipped with Xenon Flash Lamp light source and Dual Matched 
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Silicon Photodiodes detector. Quartz cells (170 - 2000 nm) from Hellma with two 

polished sides were used for examining the absorption spectra between 275 to 800 

nm. Thermo INSIGHT-2 v.10.0.30319.1 software was used for data acquisition. 

Otoflash postcuring light pulsing unit (flash box) 

Resins were cured into films using the Otoflash postcuring light pulsing unit from 

Envisiontech equipped with two lamp bulbs of 100 W operating at a frequency of 10 

flashes per second. The light emitted by the bulbs is comprised in a spectrum 

between 300 and 700 nm. Each film was cured for 200 flashes (20 s). 

Rheology 

Rheology was performed on an Anton Paar MCR 302 equipped with a PP25 

geometry plates at room temperature. Resins were loaded directly on the plate and 

the gap width set at 1 mm. Shear rate sweeps were performed from 0.1 to 100 s−1 

at 5 s per shear rate in order to determine the resins viscosity. 

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 (0.2 

mm gap width) at 10 Hz with an amplitude of 1% for 50 s without irradiation. After 

this time, the light source was switched on and measurements were taken every 0.2 

s 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. 
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3D printing  

Porous scaffolds based on George Hart’s design1 were 3D printed using a 

Miicraft ultra 50 3D printer with a 365 nm LED light source. Resins formulated with 

50 wt% of oligomer, 50 wt% of NMP, 0.5 wt% of photo-initiator (TPO-L) and 0.5 wt% 

of photo-inhibitor (paprika resin). Once homogeneous, resins were added in ca. 40 

mL quantities to the resin tray, allowing for coverage of the optical window. After 

optimising individually the printing parameters (irradiance, irradiation period, 

qualitative x,y resolution) in the printing vat, the irradiance was set at 70%, the 

irradiation period at 25 s and the thickness layer at 50 µm. The final materials were 

washed with dichloromethane to remove residual resin and photo-inhibitor, and 

postcured in a vacuum oven for 24 h at 120 °C. 

General procedure for resin depolymerisation 

 

Figure A 4.1. Pictures of the film cutting before and after depolymerisation. 

In a 20 mL sintered vial, film cuttings (ca. 300 mg) are placed, along with 

methanol (3 mL) and triazabicyclodecene (TDB) (ca. 8 mg, 2.6 wt%). The vial is 

capped, and the solution is left stirring at 50 °C until no solid is left, which usually 

happened after 30 min. Then the methanol is removed using a rotary evaporator 

and the crude is further dried under vacuum before being dissolved in d6-DMSO and 

analysed by 1H NMR spectroscopy. 

  



Chapter 4 – Studying the impact of cis/trans alkenes in photosets 

267 
 

Film curing 

 

Figure A 4.2. Pictures of an uncured resin (left), a film obtained after curing (centre) 
and dumbbell-shaped samples (right). 

In a 20 mL sintered vial, an oligomer (0.75 g, 50 wt%) is dissolved in its weight 

of NMP (0.75 g, 50 wt%) and left on a shaker overnight. The photo-initiator is then 

added (TPO-L, 6-8 mg, 0.5 wt%) and stirred into the resin with a spatula until 

homogeneous. The resin is then subjected to further mixing on an orbital shaker 

and finally pipetted onto a metallic mold with one side covered by tape. The film is 

inspected, and the air bubbles are removed with a needle. The film is then subjected 

to UV light in a flash box for 200 flashes (20 s) then it is placed in a vacuum oven at 

120 °C for 24 h, the sample is then annealed for two days at 37 °C and cut into 

dumbbell-shaped samples using a custom ASTM Die D-638 Type V with a dye 

cutter. 
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4.9.2 NMR Spectra 

1H NMR spectra depolymerised trans films 

 

Figure A 4.3. 1H NMR (300 MHz, 298 K, d6-DMSO) spectra of a depolymerised 
trans film cured for 15 min (top) and 20 sec (bottom).  
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1H NMR spectra depolymerised cis films 

 

Figure A 4.4. 1H NMR (300 MHz, 298 K, d6-DMSO) spectra of a depolymerised cis 
film cured for 15 min (top) and 20 sec (bottom). 

 

Figure A 4.5. 1H NMR (300 MHz, 298 K, d6-DMSO) spectra of a cis resin formulated 
without the photoinitiator and exposed to UV for 15 mins. No isomerisation reaction 
occurred. 
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Figure A 4.6. 1H NMR (400 MHz, 298 K, CDCl3) spectra of a 4.0 kDa trans oligomer 
used in the trans 3D printed resin. 

 

Figure A 4.7. 13C NMR (101 MHz, 298 K, CDCl3) spectra of a 4.0 kDa trans oligomer 
used in the trans 3D printed resin. 
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Figure A 4.8. 1H NMR (400 MHz, 298 K, CDCl3) spectra of a 4.5 kDa cis oligomer 
used in the cis 3D printed resin. 

 

Figure A 4.9. 13C NMR (101 MHz, 298 K, CDCl3) spectra of a 4.5 kDa cis oligomer 
used in the cis 3D printed resin. 
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4.9.3 Uniaxial tensile tests of cis and trans films 

 

Figure A 4.10. Compiled tensile elongation of (a) 4.5 kDa trans films (red) and 4.0 
kDa cis films (blue), (d) 6.1 kDa trans films (red) and 6.1 kDa cis films (blue), (c) 6.6 
kDa trans films (red) and 6.6 kDa cis films (blue), (d) 9.7 kDa trans films (red) and 
9.7 kDa cis films (blue). For each sample, 6 specimens were tested. 
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Table A 4.1. Summary of key tensile parameters for the films. 

 
[a]Mn determined by 1H NMR spectroscopy (300 MHz, 298 K, CDCl3). [b]Young 
modulus, [c]stress at break, [d]Elongation at break, [e]Toughness, [f]Elongation at 
yield, [g]Stress at yield. The data presented are averaged values with n = 6. 
Uncertainty presented as the standard deviation of samples. 
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4.9.4 Compressive tests of 3D printed scaffolds 

 

Figure A 4.11. Compression tests of (a) 3D printed trans scaffolds and (b) 3D 
printed cis scaffolds and cyclic compression of 3D printed cis scaffolds (c). The 
maximum compression strength have been set at 50 N. For each sample, a 
minimum of 6 specimens were tested. 

Table A 4.2. Summary of key tensile parameters for 3D printed scaffolds. 

[a]Compressive Young’s modulus. [b]Stress at 50% of strain. [c]Strain for a stress of 
1 MPa. The data presented are averaged values with n ≥ 6. Uncertainty presented 
as the standard deviation of samples. [d]Estimated by taking the average value from 
cycle 2 to cycle 10 on 1 representative sample. 
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4.9.5 Differential scanning calorimetry (DSC) characterisation of films and 
3D printed scaffolds 

 
Figure A 4.12. DSC thermograms of (a) a 4.5 kDa trans film, (b) a 6.1 kDa trans 

film, (c) a 6.6 kDa trans film and (d) a 10 kDa trans film after two days of annealing. 
The dashed line corresponds to the 1st cooling scan, the middle line, to the 2nd 
heating scan and the bottom line represents the 1st heating scan. 
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Figure A 4.13. DSC thermograms of (a) a 4.0 kDa cis film, (b) a 6.1 kDa cis film, 

(c) a 6.6 kDa cis film and (d) a 9.7 kDa cis film after 2 days of annealing. The dashed 
line corresponds to the 1st cooling scan, the middle line, to the 2nd heating scan and 
the bottom line represents the 1st heating scan. 

 
Figure A 4.14. DSC thermograms (1st heating scan) of (a) trans films and (b) cis 
films for increasing molecular weight taken at 2 days of annealing. At all molecular 
weights, trans films show crystallinity after 2 days of annealing while the cis films 
only show crystallinity for larger molecular weights. 
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Figure A 4.15. DSC thermograms of (a) a 4.0 kDa trans 3D printed scaffold and (b) 
a 4.5 kDa cis 3D printed scaffold. The dashed line represents the 1st cooling scan, 
the middle one, the 2nd heating scan and the bottom line is the 1st heating scan. 
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Table A 4.3. Summary of thermal properties for films and 3D printed scaffolds. 

[a]The glass transition temperature (Tg) was taken as the midpoint of the inflection 
tangent upon the 2nd heating scan. [b]The temperature of the first endothermic 
transition (Tm,1), taken at the minimum of the peak on the first heating scan. [c]The 
temperature of the 2nd endothermic transition (Tm,2), taken at the minimum of the 
peak on the 1st heating scan. [d]The total enthalpy of melting (ΔHm) was calculated 
from integration and normalisation of all endothermic peaks present on the first 
heating scan. 
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4.9.6 Thermogravimetric analysis (TGA) characterisation of films and 3D 
printed scaffolds 

 
Figure A 4.16. TGA thermograms of (a) cis and trans selected films, (b) cis and 

trans 3D printed scaffolds and (c) the formulated photo-initiator (TPO-L). The 
temperature ramp from room temperature to 600 °C was including an isotherm at 
202 °C. The weight loss observed at 202 °C is predominately due to the thermal 
degradation of TPO-L and its degradation products. 
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Table A 4.4. Degradation temperature of selected films, 3D scaffolds and TPO-L. 

[a]Weight loss occurring during the 90 minutes isotherm at 202 °C. [b]Temperature 
when 5% of weight is lost. [c ] Temperature when 50% of weight is lost. 

4.9.7 Appendix references 

1 G. W. Hart, "George W. Hart’s Rapid Prototyping Web Page", can be found 

under, http://www.georgehart.com/rp/rp.html, 
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5 Conclusion 

The main focus of this thesis were to study the impact of the cis/trans and 

endo/exo stereochemistry on the mechanical properties of polymer networks but 

also to study the feasibility of synthesising a polysaccharide mimic. To this aim, the 

nucleophilic thiol-Michael step-growth addition, which has been highlighted in the 

recent literature as a means to incorporate cis/trans and endo/exo stereochemistry 

within high molecular weight polymers, was selected for this study. The main 

advantage offered by this polymerisation technique is not only the extreme 

versatility, but also its mild reaction conditions precluding unwanted isomerisation 

or other side reactions, which still constitutes a major drawback within this field.  

The first step, described in chapter 2, consisted in the synthesis of 6 diacrylate 

monomers derived from cis or trans 1,4-but-2-ene diol, each of the three isohexides 

and a 1,6-glucose-derived diol. Whilst the synthesis of a glucose derived diol was 

challenging, the functionalisation of all diols with a commercially available 

isocyanate-acrylate was straightforward and near quantitative. Interestingly, a 

difference in qualitative sensitivity was noticed with the unsaturated diacrylate being 

more prone to unwanted crosslinking in the presence of heat whilst both isohexides 

and glucose derived diacrylate were not. This observation is interesting, since the 

acrylate termini are placed 7 carbons further than the diol hydroxyls. Yet, a change 

in the structure of the diol, impacts the sensitivity of the acrylate. A study on the 

origin of the impact of the diol structure onto the diacrylate reactive site could be 

very interesting to further the knowledge of the thiol-ene systemused in this study. 

The last section of chapter 1 describes the synthesis of a 1,6-glucose-derived dithiol 
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which could further be polymerised with the 1,6-glucose-derived diacrylate in an 

attempt at obtaining a synthetic polysaccharide. Interestingly, reaction of the 1,6-

glucose-derived diol with mesylate chloride in the presence of triethylamine yielded 

a protected glucose functionalised with a mesylate on the 6th carbon of the sugar 

ring and a chlorine on the 1st carbon in 98% yield. Further investigation into the limits 

of this asymmetric reaction could provide a useful derivative for asymmetric sugar 

synthesis, and furthermore uncover a previously unreported transformation.  

In Chapter 3, the diacrylate monomers which were presented in chapter 2 were 

polymerised via thiol-Michael addition. The effort towards the production of 

stereopure unsaturated acrylate telechelic oligomers by reacting the cis and trans 

diacrylate with 1,6-hexane dithiol yielded excellent control over the molecular weight 

by stoichiometric imbalances on scales up to 60 g. This control was not achieved 

with the isohexides-derived diacrylate on scales higher than 1 g, and the oligomers 

were very sensitive towards crosslinking. This was a surprising result since this 

sensitivity was not expressed during the synthesis of isohexides-derived diacrylate 

monomer, which were qualitatively more stable than the cis/trans diacrylate 

monomers. This observation highlights once again the need for a better 

understanding of the impact of the diol structure onto the reactivity of the final 

diacrylate monomers during both their synthesis and their polymerisation. 

Regarding the polymerisation of the 1,6-glucose-derived diacrylate and dithiol, the 

outcomes were underwhelming, as only 20 kDa oligomers were able to be produced 

at the stochiometric balance and no control over the molecular weight could be 

achieved in stochiometric imbalance. It has been hypothesised that the steric 

hindrance deriving from the presence of three benzyl protecting group in addition to 
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an inherent variation of reactivity between the anomeric and primary hydroxyl in the 

case of the dithiol. Thus, this work highlighted the limitation of the versatility 

exhibited by the nucleophile catalysed Michael step-growth polymerisation in 

addition of the need to find more sustainable and intuitive methods to incorporate 

sugar moieties within polymers. 

Finally, Chapter 4, presents the formulation of the cis/trans oligomers into a 

photo-active resins. The cis and trans networks obtained after UV irradiation of 

these resins were showing different mechanical properties directly linked to the 

crystallinity of the final material, with the cis material exhibiting the behaviour of a 

soft elastomer whereas the trans network was behaving similarly to a stiff plastic. 

Conducting thermal analysis via DSC after 2 days, 2 weeks, 10 months and 2 years 

of annealing highlighted that the kinetic of crystallisation was slow for the cis pure 

network, which is the reason for the soft elastomeric nature of the material exhibited 

up to 10 months after annealing. However, after 2 years, both cis and trans network 

displayed similar crystallinity. Finally, the addition of a photoinhibitor to the 

formulation, rendered the resins suitable for 3D printing and allowed the preparation 

of high-resolution 3D scaffolds with stereo-tuneable mechanical and degradable 

properties. If the unsaturated system used in this last study could potentially be 

considered similar to the historical example of 1,4-polyisoprene, it would be a gross 

misconception in comparing the two. Thus, although the former system displayed 

amorphous morphology and elasticity whilst containing cis unsaturation but 

improved stiffness and toughness with the unsaturation in the trans configuration, 

1,4-polyispoprene requires lightly crosslinked polymer chain of moderate to high 

molecular weight. Or, in the system presented within this manuscript, the divergence 
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in mechanical properties was lost after the molecular weight was increased to 6 kda, 

a relatively low molecular weight. In addition, the creation of cis and trans polymers 

identical in every way but for the presence of urethane bonds, results in tacky liquid 

materials with no difference in mechanical properties. Finally, it is possible to find in 

the recent literature at least two other occurrences of polymers containing 

stereodefined unsaturation within their backbone which exhibit the opposite 

behaviour, with the trans rich polymer performing as an amorphous and elastomeric 

material, whilst the presence of cis unsaturation provide the material with a semi-

crystalline structure and a stiffer and tougher mechanical behaviour. This 

incongruity should highlight that the impact of stereochemistry within polymer is not 

to be confused with the phenomenon observed in small molecules, since no general 

trend could be drawn without taking into consideration the molecular weight, the 

distance between stereochemistry-bearing unit along the chain, and first and 

foremost, the presence and type of other functional groups which will impact the 

overall behaviour of the polymer. With this in mind, a logical continuation of the work 

presented within this manuscript would be the study of the synergy between diverse 

functionality and a chosen stereodefine unit, unsaturation or else, to start to 

understand how different functionality would compose with stereochemistry in 

shaping the bulk mechanical properties of the polymer. 

 


