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ABSTRACT 

Ring opening metathesis polymerisation (ROMP) is a living polymerisation which allows for the 

synthesis of polymers with controlled length and composition, as well as narrow distribution of the 

molecular weights. Thanks to the availability of metal alkylidene catalysts at a cheap price, ROMP 

has become a versatile method for the preparation of materials for different applications, including 

optics and electronics, energy storage and nanomedicine among others.  

This project explored the use of ROMP for the realisation of biologically relevant polymers. 

In particular, ROMP has been used in two applications. The first application involved the 

preparation of amphiphilic block copolymers consisting of ibuprofen and PEG, which were 

covalently linked to the polymer backbone via a cleavable bond. Ibuprofen and PEG respectively 

constituted the hydrophobic and hydrophilic portions of the block copolymer. Ibuprofen is a 

nonsteroidal anti-inflammatory drug (NSAID) which was selected in this study thanks to its potential 

role in chemoprevention and chemotherapy. The so synthesised amphiphilic block copolymer could 

self-assembled in aqueous environment to form nanoparticles with precise size and morphology, 

and that could entrap the drug within the hydrophobic core. This allowed for the studies of the drug 

release from the polymeric nanoparticles using both physiological and alkaline conditions. Our 

studies demonstrated a high stability of the synthesised nanoparticles under physiological 

environments, while slow drug release could be obtained under strong basic conditions. In the 

second application ROMP has been used for the preparation of amphiphilic cationic polymers for 

the development of antimicrobial materials. Homopolymers bearing pyridinium cations and SSA 

(self-associating amphiphilic salts) counterions were prepared. SSAs are a novel class of 

antimicrobial agents synthesised by the Hiscock group at the University of Kent. In this 

collaboration, the so synthesised homopolymers were studied for their antimicrobial activity 

against both Gram-negative and Gram-positive bacteria. The results demonstrated an antagonistic 

effect between the amphiphilic cationic ROMP polymer and the selected SSA.  
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CHAPTER 1. RING OPENING METATHESIS POLYMERISATION (ROMP) 
 

1.1. Introduction  

The word polymer derives from the Greek words polus ƳŜŀƴƛƴƎ άƳŀƴȅέ ŀƴŘ meres meaning 

άǇŀǊǘǎέ1. Because of their size, polymers are also known as macromolecules, which simply means 

άƭŀǊƎŜ όƻǊ ƭƻƴƎύ ƳƻƭŜŎǳƭŜǎέΦ ¢ƘŜ ǘŜǊƳ άǇƻƭȅƳŜǊέ ŀǎ ǿŜ ƪƴƻǿ ƛǘ ƛƴ ƳƻŘŜǊƴ ǘƛƳŜǎΣ ǿŀǎ ǇǊƻǇƻǎŜŘ ōȅ 

Hermann Staudinger in 19202 who defined them as molecules of high molecular weight consisting 

of small molecules covalently bonded to each other. Polymers play a very important role in 

everyday life and in this respect are mainly divided into two categories, synthetic polymers such as 

polyethylene or polystyrene (common plastic) and natural polymers such as proteins, consisting of 

a precise selection of 20 different amino acids, but also cellulose, the main constituent of paper, 

and natural rubber. Nature has always been the greatest exponent for the realisation of polymers 

of advanced features as well as precise biological structure. Thus, polymer chemists have always 

tried and still try to mimic these natural polymer characteristics in order to control properties such 

as molecular weight, sequence distribution and dispersity. As such, living polymerisations have 

been proven to be a convenient approach for the preparation of polymers with unique properties. 

They are obtained by the sequential addition of different monomers, and this allows for the 

ƳŀƴƛǇǳƭŀǘƛƻƴ ƻŦ ǘƘŜ ǇƻƭȅƳŜǊΩǎ ǇƘȅǎƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎΦ Lǘ ƛǎ ŦƻǊ ǘƘƛǎ ǊŜŀǎƻƴ ǘƘŀǘ ƭƛǾƛƴƎ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ 

was chosen for this thesis project.  

 

1.1.1. Classification of polymers based on the polymerisation mechanism  

Polymers can be classified according to their mechanism of polymerisation and are mainly divided 

in step-growth polymerisation and chain-growth polymerisation1,3.  

 Step-growth polymerisation, also known as condensation polymerisation, requires the 

reaction of at least two molecules (either a monomer or an oligomer) containing different 

functional groups such as carboxylic acids, amines or hydroxyl groups. The reaction of molecules 
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containing such functionalities can occur by elimination of a small molecule, such as water. As such, 

polycondensations involve classical reactions including esterification or amidation. In this type of 

mechanism, polymers of high molecular weight are typically obtained only at the end of the 

reaction. The most common examples of polymers prepared by this technique are nylon-6,6, 

obtained by the condensation of hexamethylenediamine and adipic acid, poly(ethylene 

terephthalate) (PET), obtained by the polyesterification of terephthalic acid and ethylene glycol, 

polycarbonates and polyurethanes (Figure 1.1). 

 

Fig. 1.1. Examples of step-growth polymerisation: 1) synthesis of nylon-6,6; 2) synthesis of PET.  

 

  Chain-growth polymerisation is also referred to as addition polymerisation and require the 

presence of initiation species, such as an anion, a cation or a radical (anionic, cationic and free-

radical chain-growth polymerisations respectively) which reacts with a monomer, typically an 

alkene, in order to initiate the polymerisation. In this case, the polymerisation follows three main 

steps which are initiation, propagation and termination and in contrast to step-growth 

polymerisation, it affords polymers with high molecular weight early during the polymerisation. 

Furthermore, the polymerisation yield and the monomer conversion increase with time. An 

example of such polymerisation technique is the polymerisation of styrene shown in Figure 1.2. 

Living polymerisation is a type of addition polymerisation where, during the propagation step, the 

ŀŎǘƛǾŜ ǎƛǘŜ ƻŦ ǘƘŜ ǇƻƭȅƳŜǊ ƛǎ ƪŜǇǘ άŀƭƛǾŜέ ǿƛǘƘƻǳǘ ŀƴȅ ǘŜǊƳƛƴŀǘƛƻƴ ǇǊƻŎŜǎǎ ƛƴǘŜǊŦŜǊƛƴƎΦ  
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Fig. 1.2. Example of chain-growth polymerisation. The polymerisation of styrene is initiated by a radical 
formed by heating, followed by propagation of the polymer chain and termination to afford polystyrene.  

 

1.2. Living Ring Opening Metathesis Polymerisation 

1.2.1. Living Polymerisation 

The concept of living polymerisation was first proposed by Ziegler in 19284 when his group started 

investigating the reaction of styrene and butadiene with organometallic compounds deriving from 

ǘƘŜ Ƴŀƛƴ ƎǊƻǳǇΦ IƻǿŜǾŜǊΣ ƛǘ ǿŀǎ ƻƴƭȅ ƛƴ мфрс ǘƘŀǘ ǘƘŜ ǘŜǊƳ άƭƛǾƛƴƎ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴέ ǿŀǎ ƛƴǘǊƻŘǳŎŜŘ 

by Szwarc following his work on living anionic polymerisation of styrene5. He defined a living 

ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ ŀǎ ŀ άǊŜŀŎǘƛƻƴ ǘƘŀǘ ƛǎ ōƻǊƴ ǘƘǊƻǳƎƘ ŀƴ ƛƴƛǘƛŀǘƛƻƴ ǇǊƻŎŜǎǎΣ Ǝrows by a propagation 

ǇǊƻŎŜǎǎΣ ŀƴŘ ŘƛŜǎ ŀǎ ŀ ǊŜǎǳƭǘ ƻŦ ǘŜǊƳƛƴŀǘƛƻƴ ǇǊƻŎŜǎǎ όǎƛŎύέ6.  Because of the absence of a termination 

step, additional amount of monomer like styrene can be added into the reaction mixture where the 

monomers react with the chain ends, leading to polymer chain growth rather than forming a new 

chain. Therefore, living polymerisation is a type of chain-growth polymerisation. According to the 

IUPAC definition of living polymerisation7Σ άǘƘŜ ŎƘŀƛƴ ƛƴƛǘƛŀǘƛƻƴ ƛǎ Ŧŀǎǘ ŎƻƳǇŀǊŜŘ ǿƛǘƘ ǘƘŜ ǊŀǘŜ ƻŦ 

chain propagation, so that the number of kinetic chain carriers is essentially constant throughout 

ǘƘŜ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴέΣ ƳŜŀƴƛƴƎ ǘƘŀǘ ǘƘŜ ǇƻƭȅƳŜǊ ƻōǘŀƛƴŜŘ ǇƻǎǎŜǎǎ ǳƴƛŦƻǊƳ ƭŜƴƎǘƘΦ Lƴ ŦŀŎǘΣ ƭiving 
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polymers generally have very narrow molecular weight distributions which are characterised by the 

dispersity index (Ð) described by the equation 1.1.8:  

 

¿
ὓ

ὓ
 

 Eq. 1.1. 

 

where Mw is the weight average molecular weight and Mn is the number average molecular weight. 

Typically, these systems are statistically described in terms of a Poisson distribution9 and possess 

dispersity values of Ð < 1.5.  

Essential characteristics for a living polymerisation are therefore: 

1. Rapid and complete initiation, where the rate of initiation (Ki) is greater than the rate of 

propagation (Kp).  

2. Irreversible propagation steps. 

3. Absence of chain transfer and chain termination. 

4. Number-average molecular weight, Mn, proportional to the monomer conversion. 

5. Narrow molecular weight distribution and control of molecular weight.  

 

1.2.2. The Ring-Opening Metathesis Polymerisation 

Ring opening metathesis polymerisation (ROMP) is a living polymerisation technique first 

discovered by Anderson and Merckling10 in 1955 while working at the DuPont laboratories on the 

polymerisation of norbornene (highly strained bicyclic olefin) using the classical Ziegler-Natta 

catalyst (Ti(II) catalyst). In 1963, Eleuterio11, another DuPont researcher, discovered that the 

polymerisation of bicyclic olefins catalysed by MoO3/ -ɹAl2O3/LiAlH4 afforded polymers containing 

single ring repeating units linked together via unsaturated bonds (trans- and cis-unsaturation). In 

1970, Chauvin and Hérisson proposed the metallacyclobutane mechanism12 for metathesis which 

was later supported by other scientists such as Grubbs13 and Schrock14. Subsequently, Grubbs and 

Schrock synthesised a series of well-defined catalysts for ROMP, which made the synthesis of 
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polymers with controlled molecular weight distributions and block sequences a possibility. By the 

ƭŀǘŜ мффлΩǎΣ ROMP became one of the most versatile living polymerisation method for the 

realisation of diverse materials to be used in a wide range of applications. In 2005, Yves Chauvin, 

Robert H. Grubbs and Richard R. Schrock won the Nobel Prize in chemistry for the development of 

the metathesis method in organic synthesis15. 

ROMP is a chain-growth polymerisation technique where mono-, bi- or multi-cyclic olefins 

undergo ring opening (by breaking and reforming double bonds simultaneously) when initiated by 

metal alkylidene catalysts based on group VI or VIII metals (such as Mo and Ru). The polymerisation 

is controlled and living which makes the preparation of precise homo and block architectures 

possible, according to the type of initiator used. The initiator, in fact, must be tolerant to moisture 

or air and to most functional groups, in order to be widely utilised.  

 

1.2.2.1. The initiators 

CǊƻƳ ǘƘŜ ŜŀǊƭȅ мфслΩǎ ǘƻ ǘƘŜ ŜŀǊƭȅ мфулΩǎΣ Ƴŀƴȅ ƻŦ ǘƘŜ what Ŏŀǘŀƭȅǎǘǎ ǿŜǊŜ ōŀǎŜŘ ƻƴ ǘǊŀƴǎƛǘƛƻƴ 

metals such as Ti, V, Nb, Ta, Cr, Mo, W, Re, Co, Ir, Ru and Os and the majority of them were 

heterogeneous catalysts consisting of a two or three component mixture (e.g. MoO3/ -ɹAl2O3/LiAlH4, 

MoCl5/Et3Al, WCl6/EtAlCl2/EtOH)11,16,17. However, there were some limitations related to the use of 

these initiators which included lack of reaction control, chain-transfer steps (such as intramolecular 

άōŀŎƪōƛǘƛƴƎέύ ŀƴŘ ǘŜǊƳƛƴŀǘƛƻƴ steps18, leading to the formation of more propagating species which 

grow independently to each other at different polymerisation rates. For these reasons, efforts were 

shifted towards the preparation of homogeneous single component catalysts, specifically transition 

metal carbenes and metallacyclobutanes (also called transition metal alkylidenes)19,18.  In 1982 

Grubbs et al. synthesised the first titanacyclobutane initiator20 capable of polymerising a series of 

norbornene compounds (upon heating to T > 60 °C) that possessed low dispersity of Ð < 1.2 and 

molecular weights nearly proportional to the amount of monomer used. The higher activity and the 
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improved initiation of these Ti catalysts (1  and 2, Figure 1.3) made it possible to prepare di- and tri-

block copolymers21 with narrow molecular weight distribution.  

 

Fig. 1.3. The titanacyclobutane initiators prepared by Grubbs.  

 

However, tungsten and molybdenum alkylidenes developed by Schrock and co-workers in 

ǘƘŜ ƭŀǘŜ мфулΩǎ ǿŜǊŜ ǘƘŜ ƛƴƛǘƛŀǘƻǊǎ ǘƘŀǘ ōŜŎŀƳŜ ǘƘŜ Ƴƻǎǘ ǳǎŜŘ ŦƻǊ ŀƭƳƻǎǘ нл ȅŜŀǊǎΦ ¢ƘŜǎŜ Ŏŀǘŀƭȅǎǘǎ 

were imido-ŀƭƪƻȄȅ ōŀǎŜŘ ƳŜǘŀƭ ŎƻƳǇƭŜȄŜǎ ǿƛǘƘ ƎŜƴŜǊŀƭ ŦƻǊƳǳƭŀ aόҐb!ǊύόҐ/IwύόhwΩύ2
22,23

 where M 

= Mo, W; Ar = aryl, R = aǊȅƭ ƻǊ ŀƭƪȅƭΤ wΩ Ґ /aŜ3, CMe2CF3, CMe(CF3)2, C(CF3)3, aryl. By carefully 

selecting the coordinating ligands around the metal centre, it was possible to modulate the activity 

of the catalyst achieving both rapid initiation and propagation rates over a wide range of 

ƳƻƴƻƳŜǊǎΣ ǘƘǳǎ ŜƴŀōƭƛƴƎ ƭƛǾƛƴƎ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴǎΦ ¢ƘŜ Ƴƻǎǘ ǳǎŜŘ ά{ŎƘǊƻŎƪ ƛƴƛǘƛŀǘƻǊǎέ ǿŜǊŜ ǘƘŜ 

commercially available molybdenum-based catalysts 4 and 5 (Figure 1.4), which afforded 

homopolymers and block copolymers with low dispersity24. However, the high oxophilicity of the 

Mo and W metal centre made these catalysts unstable towards many polar functional groups (e.g., 

aldehydes and alcohols), as well as air and moisture. Therefore, extremely dry conditions were 

required for storage and for conducting the polymerisation6.  

 

Fig. 1.4. The molybdenum and tungsten Schrock catalysts. Complex 3 shows the general formula. 
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In 1992, Grubbs et al., synthesised the first well-defined ruthenium alkylidene catalyst 

which was easily obtained by the reaction of RuCl2(PPh3)3 or RuCl2(PPh3)4 with 2,2-

diphenylcyclopropene affording the metal carbene complex RuCl2(PPh3)2(CH=CH=CPh2)25 (6, Figure 

1.5). Although this catalyst showed tolerance towards many functional groups, it was not active to 

a wide range of olefins. Since then, many ruthenium analogous with improved activity have been 

ƻōǘŀƛƴŜŘ ōȅ ǘƘŜ ǎǳōǎŜǉǳŜƴǘ ƳƻŘƛŦƛŎŀǘƛƻƴ ƻŦ ƭƛƎŀƴŘǎΦ ¢ƘŜ ǎƻ ŎŀƭƭŜŘ άŦƛǊǎǘ ƎŜƴŜǊŀǘƛƻƴ DǊǳōōǎ Ŏŀǘŀƭȅǎǘέ 

(RuCl2(PCy3)2=CHPh) (7 (G1), Figure 1.5), first reported in 1996, was the most important ruthenium 

catalyst to be developed26. Catalyst 7 was more stable (reactions could be carried out in protic 

solvents and without exclusion of oxygen and moisture) but was considerably less active than the 

{ŎƘǊƻŎƪΩǎ ƳƻƭȅōŘŜƴǳƳ ƛƴƛǘƛŀǘƻǊǎ27. By replacing the phosphine ligand in 7 with an N-heterocyclic 

carbene (NHC) ligand, it was possible to obtain a catalyst with a higher activity comparable to that 

of the Schrock-ǘȅǇŜ ƛƴƛǘƛŀǘƻǊǎΦ ¢Ƙƛǎ ǿŀǎ ǘƘŜ άǎŜŎƻƴŘ ƎŜƴŜǊŀǘƛƻƴ DǊǳōōǎ Ŏŀǘŀƭȅǎǘέ ǿƛǘƘ ŦƻǊƳǳƭŀ 

(H2IMes)-(PCy3(Cl2)2Ru=CHPh (8 (G2), Figure 1.5), where H2IMes = N,N-bis(mesityl)-4,5-

dihydroimidazol-2-ylidene. Despite the higher activity and higher functional group tolerance of 

complex 8, this initiator formed polymers with uncontrolled molecular weights and broad 

dispersities28. This is often the consequence of high propagation rates (Kp) relative to slow 

propagation rates (KiύΣ ŀǎ ǿŜƭƭ ŀǎ ŎƻƳǇŜǘƛƴƎ ŎƘŀƛƴ ǘǊŀƴǎŦŜǊ ŀƴŘ άōŀŎƪ-ōƛǘƛƴƎέ ǊŜŀŎǘƛƻƴǎΦ 

Nevertheless, both first- and second-generation Grubbs initiators are still commercially available 

and are still being used for the preparation of polymers.  

 

Fig. 1.5. Ruthenium-based catalysts (7, 8 and 9 are 1st, 2nd and 3rd generation Grubbs catalyst respectively). 
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 In 2002, Grubbs and co-workers developed another ruthenium-based initiator, the so called 

άǘƘƛǊŘ ƎŜƴŜǊŀǘƛƻƴ DǊǳōōǎ Ŏŀǘŀƭȅǎǘέ 9 (G3) [(H2IMes)(3-Br-py)2-(Cl)2Ru=CHPh] (Figure 1.5), which was 

obtained by the reaction of 8 with an excess of 3-bromopyridine (the reaction occurs via exchange 

of the phosphine ligand)29. This is a very simple reaction that can be completed within minutes and 

can form 9 with high yields (Scheme 1.1).  

 

Scheme 1.1. Synthesis of the third generation Grubbs catalyst, 9. 

 

Grubbs third generation catalyst provides fast initiation (six order of magnitude higher than 

8) as a result of the labile nature of the pyridine ligand, high propagation rates and extreme 

functional group tolerance. It can afford homopolymers and copolymers with controlled 

architecture and very low dispersity. Furthermore, it is stable to air and moisture making it easier 

to handle.   

 Since then, many other ruthenium based catalyst have been developed, including water 

soluble catalysts bearing charged phosphines and NHC ligands, as well as poly(ethyleneglycol)-

containing ligands 30,31,32 (respectively 10, 11 and 12, Figure 1.6).  

 Thanks to its commercial availability, relative cheapness and stability, Grubbs third 

generation catalyst is nowadays the most widely used initiator for ROMP.  
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Fig. 1.6. Examples of water-soluble catalysts consisting of positively charged amines or PEG-containing 
ligands. 

 

1.2.2.2. The monomers 

The most common monomers polymerised via ROMP are highly strained-bicyclic olefins particularly 

norbornene (NB) and its derivatives (e.g., norbornadienes and 7-oxonorbornenes). NB possess a 

ring strain energy of 27.2 kcal mol-1 and therefore can be polymerised with fast rates33. However, 

many other cyclic olefins, such as cyclobutenes34, cyclooctenes35 and cyclooctadienes36 have been 

shown to polymerise under the ROMP conditions. Whereas, five-, six, and seven-membered ring 

olefins possess low ring strain and therefore do not readily polymerise37,38,39 (Figure 1.7).  

 

Fig. 1.7. Representative examples of high and low ring strain monomers tested for ROMP.  

 

The high usage of NB monomers derives from their simplicity in preparation by a [4 + 2] 

Diels-Alder cycloaddition of cyclopentadiene (or furan) and an electron-deficient olefin.  
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Furthermore, a wide variety of NB compounds are commercially available. Typical NB monomers 

are constructed so they possess a polymerisable group and an anchor group which is a functional 

group that connects a functional unit to the cyclic olefin through a spacer or linker. In this way, 

many complex bioactive, electroactive40 or liquid-crystalline34 molecules have been incorporated 

within a polymeric material using esters, amides, acetals and many more functional groups. The 

presence of the anchor group alters the reactivity of the monomer and therefore the rates of the 

polymerisation, as well as affecting the formation of back-biting and chain transfer reactions. 

Furthermore, it is well known that exo isomers are more reactive then the endo ones where steric 

and electronic effects play a more important role41,42. It is important therefore, to carefully consider 

the nature of the functional group as well as the functional unit in order to obtain a successful 

polymerisation.  

 

1.2.2.3. Polymer architecture  

ROMP is a type of living polymerisation which allows for the preparation of homo- and co- polymers 

with precise structure as well as controlled length and composition. Typical copolymer 

architectures include statistical (or random), block, alternating, graft and gradient copolymers, 

which are obtained by reacting a mixture of monomers together.  

 Statistical copolymers are obtained by the simultaneous combination of two or more 

monomers. The composition of the monomers in the polymer backbone is determined by the 

reactivity of each monomer and its active species. For instance, cyclobutene derivatives are more 

reactive then norbornene and its 5-substituted derivatives, which in turn react faster than 

cyclopentene and larger rings. Temperature and solvent can also be additional factors to consider 

while preparing statistical copolymers. Alternating copolymers consist of two species of monomeric 

units that are distributed in an alternating sequence with an ςABABAB- arrangement. They are 

typically formed via step polymerisation and occur due to each of the monomers adding 

preferentially to the other. In this way the homopolymerisation becomes absent from the reaction.  
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Block copolymers contain long sections of each co-monomer along the polymer backbone (-AB- or 

ςABA- arrangement). They are prepared by sequential addition of monomers and thanks to the 

living behaviour of ROMP, the polymerisation proceeds until all the monomer has been consumed, 

and therefore an additional different monomer can be added leading to continued polymerisation. 

Usually, the order in which the monomers are polymerised is not important for the realisation of 

diblock- or multiblock- copolymers with narrow molecular weight distribution. Graft copolymers 

are polymers with branched molecular structure consisting of a linear backbone and polymeric side 

chains (the grafts) attached to it which are of different chemical composition than the backbone 

(Figure 1.8).  

 Among the graft copolymers, there exists a widely used class of polymers nowadays, 

referred to as molecular polymer brushes (MPBs)43. They are densely grafted copolymers, where 

each repeating unit of the backbone possesses at least one side chain.  There are three different 

grafting approaches that can be used for preparing MPBs with distinct properties, and they can be 

used alone or as a combination of approaches. These methods are called grafting-from, grafting-to 

and grafting-through.  

 
Fig. 1.8. Common polymer morphologies obtained by ROMP. The blue and the yellow circles refer to two 
different monomeric units. 
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In the grafting-from method the side chains grow from a backbone bearing a series of 

initiation sites (macroinitiator), while in the grafting-to method the side chains and the backbone 

contain functional groups allowing coupling reactions to happen between the two parts. In the 

grafting-through method a previously synthesised side chain, the macromonomer, is polymerised 

through its terminal group. It provides control over the grafting density and both length of the 

backbone and side chains. Therefore, it is the most frequently used in several fields including 

nanofabrication44, nanomedicine45 and functional materials46. It allows facile preparation of 

amphiphilic block-type polymer brushes as well as facile incorporation of more than one functional 

unit (or moiety). 

 

1.2.2.4. Mechanism of ROMP and thermodynamics 

ROMP is a chain growth polymerisation process where a cyclic olefin is converted into an 

unsaturated polymer. The mechanism is similar to any olefin metathesis reaction, a carbon-carbon 

exchange process mediated by an alkylidene or carbene catalyst47.  

 The general mechanism of ROMP18,48 (Scheme 1.2) involves an initiation step where a cyclic 

olefin coordinates to the transition metal alkylidene complex. Subsequently, a metallacyclobutane 

intermediate is formed via the [2 + 2] cycloaddition between the two reagents. This is then followed 

by the [2 + 2] cycloreversion reaction which affords two new double bonds, including the new metal 

alkylidene. During the propagation step, the metal alkylidene formed allows for further reaction 

with cyclic olefins which combine to form the ROMP polymer chain. Thanks to the living behaviour, 

this step continues until all the monomer is consumed and the equilibrium is reached. The third 

step is the termination of the propagating species via addition of a specialised reagent which is used 

to remove and deactivate the transition metal complex from the end of the polymer chain, as well 

as to introduce a specific functional group in place of the metal.  
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Scheme 1.2. General ROMP mechanism 

 

Typically, the terminating agents are ethyl vinyl ether and benzaldehyde which respectively 

form a methylidene and a benzylidene end-capped polymer6.  Ethyl vinyl ether presents an 

advantage over benzaldehyde; thanks to its volatility, it can easily be removed from the isolated 

polymer. However, the use of benzaldehyde can allow for end-group analysis via 1H NMR, as it 

increases the intensity of the aromatic peak region for the phenyl group introduced during the 

initiation step at the other end of the polymer chain.  

ROMP reactions are reversible, they exist in an equilibrium that can be controlled by the 

type of monomer used. The employment of strained cyclic olefins is crucial in order to shift the 

equilibrium from monomer to polymer, thus the release of the ring strain is the driving force of the 

reaction. In a study carried by Hyatt et al.42, it was found that the rate determining step for the 

polymerisation of functionalised norbornenyl monomers initiated by the Grubbs third generation 

catalyst, was the formation of the metallacyclobutane ring, which was also found to be the highest 

energy transition state by DFT (density functional theory) calculations. However, the equilibrium of 
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the polymerisation can be affected by other conditions, such as temperature and monomer 

concentration. In fact, an increase in temperature causes an increase in the polymerisation rate due 

to high propagation and initiation constant rates (ki and kp). A prolonged reaction time can lead to 

inter- and intra-molecular chain-ǘǊŀƴǎŦŜǊ ǊŜŀŎǘƛƻƴǎ όάōŀŎƪōƛǘƛƴƎέύ49. These secondary reactions 

involve the metathesis of a double bond along the polymer backbone with an active metal 

alkylidene. This could be either a short growing chain consisting of an active terminus or an 

unreacted molecule of initiator itself. The result is the formation of different polymer chains, 

consisting of different polymerisation degree, that can grow independently from one another. In 

addition, as shown in Scheme 1.3, intermolecular reaction can lead to chain  termination forming 

shorter polymer chains that cannot propagate even with further addition of monomers. 

Furthermore, backbiting reactions can lead to the formation of cyclic oligomeric species via 

intramolecular reaction of the active terminus of a polymer chain with another unsaturation along 

the polymer backbone.  

 

Scheme 1.3. Examples of intermolecular chain-transfer reaction (1) and intramolecular chain-transfer 
reaction or backbiting (2) with formation of multiple polymer chains in one case, and cyclic oligomeric species 
in the other case.  

 

The overall effect is the broadening of the molecular weight distribution (Ð > 2.0) as well as 

the increase of the Mn. The Mn is not directly proportional to the monomer conversion and hence 

the polymerisation is not controlled. Therefore, these reactions prevent the polymerisation from 
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proceeding in a living fashion. Typically, the most favourable conditions for ROMP involve the use 

of high monomer concentrations, low temperature and short reaction times.  

 

1.3. Biologically related ROMP polymers 

Ring opening metathesis polymerisation (ROMP) has gained interest as a versatile method for the 

preparation of biologically active polymers. Because of the control in tailoring their bulk physical 

properties, ROMP polymers have been widely used to prepare targeted delivery systems of drugs50 

or nucleic acids51, antimicrobial polymers52, carbohydrates53 and peptide54 containing polymers as 

well as synthetic mimics of DNA and RNA55,56 in the form of delivery vehicles.  

ROMP has gained interest due to its living behaviour which allows for the preparation of 

well-defined materials with precise block architectures, chain lengths, narrow molecular weight 

distributions and composition of pendant and end group functionalities. The ROMP process has the 

advantage of high functional group tolerance (e.g., hydroxyl groups, amides, and sulphate groups), 

and can therefore be applied with a wide range of functional monomers. They can form polymers 

with complex structures consisting of multiple recognition elements that can interact with multiple 

target receptors (i.e. oligomeric proteins or cell surfaces)48. Ruthenium catalysts 7, 8 and 9 have 

been used in most applications of ROMP to bioactive polymer synthesis as they possess high 

tolerance towards air, moisture and functional groups. Fundamental to many bioactive polymer 

applications is their macromolecular architecture. Given that the biological environment is found 

to be in aqueous media, most of the polymers are constructed so that they are water soluble. The 

excellent compatibility of the ROMP polymers with water makes this polymerisation popular for 

many biological purposes, such as the targeted delivery of diagnostic and therapeutic agents. 

The following sections will highlight advances in the synthesis of ROMP polymers for 

biomedical applications. In particular, we will discuss the synthetic approach, the importance of 
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architecture and linkages, and we will highlight the several experimental reports from literature 

with a major focus on ROMP for drug delivery and antimicrobial polymers. 

 

1.3.1. Stimuli responsive drug curriers  

The identification of new monomers is important in order to produce bioactive polymers with 

appropriate function. Most of methodologies use oxanorbornene (ONB) or norbornene (NB) 

monomers which generate polymers that cannot degrade (therefore cannot be metabolised) in 

physiological applications. Hence, appending the cargo to the polymer backbone via a cleavable 

linker partially solves the problem. Most of the biologically active ROMP polymers utilise linkers 

that respond to UV light or to different pH ranges allowing the drug molecule to be released and to 

interact with the desired biological target48,57. Shunmugam et al., for instance, designed polymer 

carriers containing doxorubicin (DOX), a chemotherapeutic drug, via an hydrazone link58 that can 

break and therefore release DOX at the mildly acidic pH of 5.5 ς 6 (Figure 1.9, 1). Similarly, 

Sutthasupa and co-worker59 synthesised molecular brushes bearing indomethacin conjugated to 

the poly(norbornene) backbone by an ester group. They demonstrated that the drug could be 

slowly released, for a period of up to 14 days, under acidic pH (5.7) when incubated at 37 °C. 

Johnson et al.60 linked doxorubicin and camptothecin (CT) to a norbornene bivalent-brush polymer 

via click reaction. Drug release, in this case, was stimulated by exposure of the material to UV light. 

In each case, after the release of the drug, the polymer backbone remained intact. However, many 

research groups already demonstrated its non-cytotoxicity58,59.  
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Fig. 1.9. Copolymers synthesised by Shunmugam et al. containing a pH-responsive linkage (hydrazone bond) 
ƘƛƎƘƭƛƎƘǘŜŘ ƛƴ ōƭǳŜΦ мύ LǘΩǎ ŀ ōƭƻŎƪ ŎƻǇƻƭȅƳŜǊ ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ ŎƘŜƳƻǘƘŜǊŀǇŜǳǘƛŎ ŘƻȄƻǊǳōƛŎƛƴ ό5h·ύΤ нύ LǘΩǎ ŀ 
triblock copolymer containing a combination of the tuberculosis drug Rifampicin (RIF) and retinal (RET). 

 

Although most of these applications introduced the drug into the polymer carrier via a 

covalent link, there are also few examples in which physical entrapment of the cargo was used. 

This will be discussed in the following section. 

 

1.3.1.1. pH-responsive drug carriers 

pH-Responsive drug carriers can be used to release the drug at specific targets including tumours.  

There are pH gradients that exist between the normal blood stream (pH 7.4) and the tumour 

extracellular environment (pH ~ 6.0 ς 7.0)61 which drops to a lower pH of 5.5 ς 6.0 in endosomes 

and 4.5 ς 5.0 in lysosomes62. Therefore, drug carriers that incorporate degradable linkage are used. 

The approach is to covalently link the drug into the polymer backbone by using hydrolytically labile 

bonds, such as ester63, imine64,65, acetal66,67 oxime or hydrazone68 bonds. Shunmugam et al.58 

developed a block copolymer (COPY-DOX) (1, Figure 1.9) consisting of hydrazone-tethered DOX and 

PEG chains in the norbornene backbone. COPY-DOX was prepared by adding a known amount of 
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DOX-containing norbornene and PEG-containing norbornene monomers polymerised by G2 

catalyst which afforded a block copolymer with a low dispersity index (Ð = 1.04). In a water solution, 

this copolymer formed micelles which were spherical in shape as confirmed by TEM and AFM. 

Shunmugam et al. demonstrated that such micelles were stable in physiological conditions while 

DOX release was fast if endo/lysosomes with a pH of 5.5 was used. In another study, Shunmugam 

et al.69 prepared a polyRIF-RET-PEG copolymer (2, Figure 1.9) in which the tuberculosis drug 

Rifampicin (RIF) was conjugated along with retinal (RET) (which is known to reduce Rifampicin side 

effects) by an acylhydrazine linker. In a similar manner to the previous DOX polymer, polyRIF-RET-

PEG was obtained by using the G2 catalyst which afforded a polymer with Ð = 1.08. The amount of 

RET and RIF within the polymer was about 18 % and 13 % respectively. Thanks to the presence of 

PEG side chains, the polymer self-assembled in an aqueous environment forming spherical micelles 

and RIF was released under acidic conditions (pH 4.7 ς 5.5). A different approach was used by 

WƻƘƴǎƻƴΩǎ ƎǊƻǳǇ70, which developed a brush-arm star polymer (BASPs) bearing an acetal-based 

cross-linker and a doxorubicin (DOX)-branch-PEG macromonomer (each repeating unit 

ǎƛƳǳƭǘŀƴŜƻǳǎƭȅ ŎŀǊǊƛŜǎ ŀ t9D ŎƘŀƛƴ ŀƴŘ 5h·ύΦ ¢ƘŜƛǊ ǎǘǊŀǘŜƎȅ ǿŀǎ ǘƻ ǳǎŜ ŀ άōǊǳǎƘ-ŦƛǊǎǘέ what 

method in which the DOX-PEG macromonomer was first polymerised by the G3 catalyst and then 

cross-linked with a bis-norbornene derivative which formed the core of DOX-BASP nanoparticles. 

The degradability under acidic conditions in this case was introduced by the addition of an acetal 

group within the cross-linker while DOX was linked to the branched polymer backbone via a click 

reaction (11 % of drug loading). Johnson et al. showed that while the BASP nanoparticles can be 

degraded under acidic conditions (pH 4.0), DOX can be released in 24 hours under a neutral pH of 

7.4 after 24 hours. Placlitaxel (PTXL) is another anticancer drug (antineoplastic agent) commonly 

used in drug delivery. Cheng and co-workers71, for instance, designed a diblock brush polymer 

containing a PEG-based norbornene macromonomer and a PTXL-based monomer. The two 

monomers were polymerised together in a 1:1 ratio by using the G3 catalyst, which afforded a block 

copolymer with a narrow molecular weight distribution (Ð = 1.06). In this case, the conjugation of 
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PTXL was achieved using a cycloacetal-based linkage which exhibited limited acid-sensitivity (1, 

Figure 1.10). After the formation of unimolecular micelles in aqueous solution, release of PTXL was 

carried out at pH 5.5 showing that after 24 hours, only 28 % of the drug was released, while 90 % 

of free drug was reached after 10 days. Héroguez and co-workers72 developed a new drug delivery 

system comprising of a histone deacetylase (HDAC) inhibitor, CI-994 (Tacedinaline), which revealed 

antitumor effects in cancer cells in culture (2, Figure 1.10). The latter was conjugated to a 

norbornene-based monomer through azide-alkyne click chemistry. In order to form nanoparticles 

with precise structure and size, a norbornene-polyethylene oxide (PEO) macromonomer was 

introduce. Co-polymerisation of the CI-994-norbornene monomer and the norbornene-PEO 

macromonomer was carried out using the G1 catalyst. Differing from the previous cited examples, 

the release of CI-994 was tested directly by exposure of the NPs to acidic endosomes/lysosomes 

which were able to enter these vesicles by endocytosis. Through a bioluminescence resonance 

energy transfer (BRET) assay, they demonstrated that the NPs could release the drug over time, 

overcoming the limited activity that CI-994 presents if introduced on its own. In a follow-up study, 

Héroguez and co-workers50 designed new NPs bearing another two types of HDAC inhibitors: 

Vorinosat (SAHA) and Trichostatin (NODH). With the same type of chemistry, they demonstrated 

the internalisation of their NPs into the endo/lysosomes where the acidic environment trigged the 

release of the inhibitors. A camptothecin (CT) brush poly(L-glutamic acid) (PGA) conjugate was 

prepared by Cheng and co-workers73. The brush polymer was obtained by attaching PGA to a poly-

norbornene backbone leading to the formation of a water-soluble rod-like morphology. CT was 

subsequently introduced into the polymer structure by creating an ester group between the PGA 

chain and CT. The resulting polymer (CT-PGA) was found to have a very low dispersity index (Ð = 

1.16) and a high drug loading of 27 wt%. Drug release was obtained in vitro at acidic pH (5.5) 

showing that the brush polymer possessed a half-life of 24 days.  

Thus, ROMP polymers containing pH responsive linkages have shown to possess promising 

characteristic, making these systems highly suitable vehicles for drug delivery applications. 
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Fig. 1.10. pH responsive ROMP polymers. 1) Copolymer containing PTXL synthesised by Cheng et al.71 where 
the drug is covalently linked to the polymer backbone via a cyclic acetal; 2) Triblock copolymer containing CI-
994 synthesised by Héroguez et al.72 where the drug is linked to the polymer backbone via click chemistry.  

 

1.3.1.2. UV light-responsive drug carriers 

Irradiation of nanocarriers with UV light can be another effective strategy for the controlled release 

of chemotherapeutic drugs74. Many photoresponsive systems have been designed for their non-

invasiveness and the possibility of spatiotemporal control. Absorption of light in these systems 

usually involves the functionalisation of drugs with photolytic functional groups such as the 

azobenzene group75 and its derivatives, which undergo cis/trans isomerisation depending on the 

type of irradiation used. However, the spiropyran-merocyanine group76 and o-nitrobenzyl 

derivatives have been the most commonly used77,78,79,80.   

Thanks to its 100 % grafting density, ROMP has been efficiently used to develop UV-

responsive nanocarriers with high drug loading content. Using the graft-through ROMP method, 

Grubbs et al.81 were able to develop a novel bivalent-brush polymer system in which each repeating 

unit comprised of a hydrophilic PEG and a drug molecule, namely DOX and CT (Figure 1.11). Both 

drugs were first functionalised with an o-nitrobenzyl derivative and then attached to the polymer 

ōŀŎƪōƻƴŜ Ǿƛŀ ŀ άŎƭƛŎƪέ ŎƻǳǇƭƛƴƎ ǊŜŀŎǘƛƻƴΦ ²ƛǘƘ ǘƘƛǎ ŀǇǇǊƻŀŎƘΣ DǊǳōōǎ et al. synthesised 

homopolymers pDOX and pCT containing 12.6 % of DOX and 8.5 % of CT respectively. The G3 

catalyst was used to afford pDOX and pCT with low dispersity when the degree of polymerisation 

polyPTXL-PEG polyNB-PEG-CI994 

1) 2) 



21 
 

(DPn) was kept below 50. Thanks to the use of a photocleavable linker, DOX and CT were released 

in response to 365 nm UV irradiation. After 10 minutes of irradiation, 50 % and 64 % of free DOX 

and CT were detected, respectively. Block copolymer pDOX50-pCT50 was also synthesised using an 

equimolar mixture of DOX and CT macromonomers which afforded a polymer that exhibited narrow 

and monomodal molecular weight distribution. Irradiation with UV light induced simultaneous 

release of both drugs after 10 minutes of exposure. In a follow-up study, Grubbs and co workers82 

prepared a bivalent-brush polymer containing DOX via a graft-to method. The macromonomer 

containing a PEG chain on one side, and an azide functionality on the other, was polymerised using 

G3 first, and then reacted with a photocleavable DOX-alkyne derivative through a copper-catalysed 

azide-alkyne coupling. The photolytic nitrobenzyloxycarbonyl (NBOC) linker provided a polymer 

prodrug that released 70 % of free DOX when irradiated with UV light (365 nm) for a period of 10 

ƳƛƴǳǘŜǎΦ CƻƭƭƻǿƛƴƎ DǊǳōōǎΩ ǿƻǊƪΣ WƻƘƴǎƻƴ ŀƴŘ Ŏƻ-workers83 designed BASP polymers through the 

ǳǎŜ ƻŦ ǘƘŜ άōǊǳǎƘ-ŦƛǊǎǘέ what ƳŜǘƘƻŘΦ ¢ǿƻ ŘƛŦŦŜǊŜƴǘ ōƛǾŀƭŜƴǘ ƳŀŎǊƻƳƻƴƻƳŜǊǎ ŎƻƴǘŀƛƴƛƴƎ ōƻǘƘ 

PEG and the drug, namely DOX and CT, were polymerised together with a novel cross-linker 

containing a diester derivative of cisplatin (Pt-XL) using the G3 catalyst, which resulted in a three-

drug-loaded particle. Each of the three drugs were linked to the polymer backbone through 

different linkers which responded to distinct triggers. In fact, CT was released in response to cell 

culture media, cisplatin upon intracellular reduction (from Pt(IV) to Pt(II)), and DOX via irradiation 

with long-wavelength UV light, affording the first example of a multi-responsive drug carrier. 
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Fig. 1.11. Bivalent-brush polymer system prepared by Grubbs et al. comprising of a hydrophilic PEG and a 
drug molecule, namely DOX (1) and CT (2). O-nitrobenzyl, highlighted in blue, is used as the photocleavable 
linker. A similar polymer system was used by Johnson et al. in order to design brush-arm star polymers. 

  

Although these UV-light responsive systems have shown effective drug release response, 

they suffer from several drawbacks such as low tissue penetration depth (~ 10 mm) of UV light and 

phototoxicity. This could be resolved by using drug nanoparticles that can undergo photolysis in 

response to NIR (near infrared) light which has shown better therapeutic performance and deeper 

tissue penetration74,84. 

 

1.3.1.3. Physical entrapment 

Although ROMP has been widely used for the preparation of drug delivery vehicles where the drugs 

have been covalently linked to the self-assembling material, there are few examples in literature 

where non-covalent interactions have been applied. The use of polymers as encapsulating carriers 

may be advantageous, as long as the micelles are sufficiently stable, due to a more efficient drug 

release process.  

Wu and co-workers85 developed water-soluble random polynorbornenes PNB-SPx-co-P3y-

co-A1z bearing a hydrophobic moiety, a hydrophilic tail and a functional spiropyran (SP) (1, Figure 

1.12). The latter was chosen in this study for its reversible photochromic behaviour. In fact, 
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irradiation of the hydrophobic SP with 365 nm UV-light leads to its isomerisation into the 

hydrophilic form, merocyanine (MC). Once spherical micelles were obtained, encapsulation of Nile 

red (NR) as a model for drug delivery was carried out by direct injection into the micelle solution 

reaching a 1.31 % of loading. Disruption of micelles and subsequent drug release occurred upon 

irradiation with UV-light (365 nm) and 40 % of NR could be reloaded into the micelles after 

irradiation with 530 nm visible-light. Encapsulation of drug molecules could be also achieved by the 

employment of nanoparticle systems derived from a norbornene based homopolymer. 

Shunmugam et al.86, indeed, developed a norbornene-derived thiobarbiturate homopolymer 

(NTBH) in which the norbornene polymer backbone served as a hydrophobic moiety, while the 

thiobarbiturate was attached covalently to each repeating unit, serving as a hydrophilic head. 

Shunmugam et al. demonstrated that NTBH can change the molecular orientation according to the 

polarity of the solvent utilised. Self-assembly of this system in water solution formed bilayer vesicles 

that could encapsulate both hydrophobic and hydrophilic molecules such as NR and doxorubicin in 

its salt form (DOXY) respectively. NR release was studied both in lipophilic (octanol) and acidic 

environments (pH 3 ς 6) while DOX release was obtained in octanol by the dialysis method. 

 

Fig. 1.12. ROMP polymers with amphiphilic properties used to encapsulate drug molecules. 1) Triblock 
copolymer synthesised by Wu et al. containing functional SP and used for the encapsulation of NR as drug 
model; 2) Block copolymer containing Fc and TEG prepared by Gu and co-workers. The polymer nanoparticles 
were used for the encapsulation of DOX.  
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 Zhu and co-workers87, prepared bottlebrush polyethylene glycol-polynorbornene-

thiocresol block copolymers (PEG-PNB-TC) with amphiphilic properties. The polymeric micelles 

obtained by self-assembly of the polymer in water, were capable of loading 5 % of PTXL with an 

encapsulation efficacy of 80 % and furthermore, they were found to be stable for a period of up to 

28 days if kept at 4 °C. PTXL release from PEG-PNB-TC micelles was studied in vitro using the dialysis 

ƳŜǘƘƻŘ ǳƴŘŜǊ ǘƘŜ άǎƛƴƪ ŎƻƴŘƛǘƛƻƴέ ǿƘƛŎƘ ǎƘƻǿŜŘ ǘƘŀǘ тл % of the drug can be released in 12 hours. 

In addition, a synergistic effect between PTXL and curcumin (CUR) (a natural chemotherapy drug 

sensitizer added to improve the anticancer activity of PTXL) was obtained when the two drugs were 

co-loaded into the polymeric micelles at a PTXL/CUR ratio of 1:20, demonstrating the versatility of 

the encapsulation method for use in combination drug therapy. Gu and co-workers88,89 designed 

amphiphilic copolymers containing the hydrophobic ferrocene (Fc) and the dendronized triethylene 

glycol (TEG) as the hydrophilic component (2, Figure 1.12). Grubbs third-generation catalyst G3 was 

used to afford a block copolymer PN(Fc-b-TEG)89 with high polymerisation rate (~ 15 min), high 

monomer conversion (> 99 %), high yield and narrow distribution of molecular weights. Self-

assembly in water solution afforded globular nanoscale core-shell micelles which have been used 

to encapsulate DOX via dialysis with 7.4 % of drug-loading. Knowing that many biological processes 

(i.e., cellular respiration and apoptosis) involve redox reactions, Gu and co-workers designed 

nanoparticles that can release encapsulated DOX by addition of an oxidant, which oxidises Fc into 

hydrophilic ferrocenium (Fcium). In particular, oxidation with FeCl3 afforded 45 % of free DOX within 

12 h and 64 % after 96 h. A different approach was used by Barnes et al.90, where a water soluble 

diblock brush-arm star copolymer (DBASC) was prepared by a core-first/graft-from strategy. Firstly, 

a -ɹcyclodextrin (ɹ-CD) based norbornene compound (ɹ-CD-NB8) was prepared (core-first); 

secondly, this was reacted with NB-functionalised hexaethylene glycol (NB-HEG) via the graft-from 

method using G3; finally, the resulting homo-arm star polymer was extended by adding NB-PEG 

which produced the corresponding DBASC (CD-(HEGm-PEGn)8) with high molar mass (~ 300 kDa) and 

low dispersity (Ð = 1.2) (Figure1.13). The latter was found to be crystalline and porous with a 
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hydrodynamic diameter of ~10 nm. In this case, encapsulation of DOX·HCl occurred within the large 

hydrophobic cavity of ɹ-CD in CD-(HEGm-PEGn)8, which ended up being an efficient delivery vehicle 

of DOX·HCl, that slowly released the drug and killed MCF-7 breast cancer cells.    

 

Fig. 1.13. Core-first/graft-from approach utilised by Barnes et al. for the preparation of CD-(HEGm-PEGn)8. 

 

1.3.2. Antimicrobial polymers 

A series of antimicrobial ROMP polymers have been prepared as a promising class of therapeutics 

capable of fighting microbial infections. In fact, compared to conventional antibiotics, they present 

significantly less bacterial resistance, higher therapeutic stability and long term activity91. There are 

two main classes of antimicrobial ROMP polymers: polymeric biocides and biocidal polymers92.  

 Polymeric biocides are polymers containing a known antibiotic covalently attached to the 

polymer backbone via side chains, whereas biocidal polymers are polymers with intrinsic 

antimicrobial activity and are more common in the literature. The latter are usually constructed so 

that they possess amphiphilic shape consisting of a hydrophobic domain and a cationic domain, 

which are mainly quaternary ammonium93, quaternary phosphonium94, guanidinium95 and tertiary 

sulfonium95 cations. The method of action of biocidal polymers is explained by the Shai-Matsuzaki-

Huang model96, where the cationic domain of the antimicrobial polymer interacts with the bacterial 

outer surface which is negatively charged. This leads to the intercalation of the hydrophobic portion 
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into the cell membrane and therefore alteration and disruption of its structure. Hereafter, some 

examples of ROMP polymers with antimicrobial activity are presented and discussed.  

 

1.3.2.1. Polymeric biocides  

One of the first examples reported in the literature where a small molecule antibiotic was covalently 

attached to the ROMP polymer chain, leads to 1996. North et al.97 synthesised penicillin 

functionalised poly(norbornene)s (PNB-PEN) (1, Figure 1.14) using the ruthenium initiator G1. In 

this case, the ̡-lactam antibiotic derivative was attached to the polymer backbone using an amide 

bond. Even though it was not possible to determine the dispersity of this polymer using GPC due to 

solubility issues, the author was able to provide evidence of the -̡lactam ring being able to survive 

intact along the polymer backbone. In 1999, the Arimoto group98 prepared multivalent ROMP 

polymers containing vancomycin (VAN) (2, Figure 1.14), a glycopeptide that binds via weak non-

bonding interactions to the D-Ala-D-Ala residue of the bacterial peptidoglycan, thus interfering with 

its biosynthesis. Vancomycin was linked to the polymer backbone using a regioselective reductive 

amination, forming a secondary amine. Despite the high number of functionalities on the selected 

glycopeptide, polymers (PNB-VAN) were obtained (with 60 % yield) thanks to the high functional 

group tolerance of the Grubbs initiator, where in this case, G1 was used. The multivalent ROMP 

polymer obtained was then tested against VREs (vancomycin resistant enterococci), showing a 

significant antimicrobial activity (8 to 60 fold) compared to vancomycin itself. Even though the 

authors claimed the polymer was obtained, no GPC data regarding molecular weight and molecular 

weight distribution were shown. Arimoto et al.99 also tested the affinity of the vancomycin polymer 

to the bacteria cell wall by surface plasmon resonance (SPR). Two model peptides which mimic the 

peptidoglycan residue D-Ala-D-Ala (vancomycin susceptible) and D-Ala-D-Lac (vancomycin 

resistant) were used. The author claimed that the polymer possessed a higher binding affinity to 

ǘƘŜ ǊŜŎŜǇǘƻǊ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ƳƻƴƻƳŜǊ όƴƻǊōƻǊƴŜƴŜ ŎƻƴǘŀƛƴƛƴƎ ŘǊǳƎύ ŘǳŜ ǘƻ ǘƘŜ άƳǳƭǘƛ-valent or 

ŎƭǳǎǘŜǊ ŜŦŦŜŎǘέΣ ŀƭǘƘƻǳƎƘ ǘƘŜǎŜ ǊŜǎǳƭǘǎ ŘƛŘ ƴƻǘ ŜƴǘƛǊŜƭȅ ŀƎǊŜŜ ǿƛǘƘ ǘƘŜ ōƛƻƭƻƎƛŎŀƭ ŀŎǘƛǾƛǘȅΦ  
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 A different approach was used by Héroguez et al.65, where pH-sensitive ROMP 

nanoparticles bearing gentamicin sulfate (GS) were prepared and tested against Staphylococcus 

epidermidis as the bacterial strain. Due to the presence of three amine groups, the antimicrobial 

GS was linked to a norbornenyl-poly(ethylene oxide) macromonomer (NB-PEO) via an imine bond 

(3, Figure 1.14). This was then polymerised in dispersion using the G1 initiator, together with NB, 

which formed the hydrophobic core of the NPs, and NB-PEO macromonomer end-functionalised 

with a carboxylic group, which acted as an anchor group for the biomaterial surface. The 

polymerisation of these three monomers led to the precipitation of the polymer from the solvent 

and immediate formation of the NPs, where GS and the -COOH group were located on the external 

hydrophilic shell of the nanoparticles. DLS was used to determine the average diameter, which was 

found to be about 350 nm, and the dispersity which showed a narrow distribution (< 0.3). Drug 

release studies at acidic pH, followed by minimum inhibitory concentration (MIC50) of the GS 

containing NPs, demonstrated that the MIC50 values decreased when lower pH was used (pH = 4 

and 5). However, in the first 16 hours only 10 % of GS was released, and therefore MIC50 values 

were found to be higher compared to free GS (MIC50 > 3 µg/mL vs < 0.5 µg/mL). Using a similar 

technique, Héroguez et al.100 developed vancomycin based ROMP nanoparticles, where this time 

the drug was linked to a NB-PEO macromonomer via an amide bond. Contrary to GS, vancomycin 

did not need to be released in order to provide antimicrobial activity. Once NPs of vancomycin were 

obtained, these were then grafted onto functionalised titanium surfaces (Ti90A16 V4 alloy), forming 

a new bactericidal biomaterial surface, where its activity was tested against gram positive 

Staphylococcus aureus. However, the MIC50 of the grafted NPs were found to be higher compared 

to the free vancomycin (MIC50 > 7 µg/mL vs < 0.8 µg/mL) and as the author claimed, this could be 

due to the high rigidity of the system which prevented it from reaching the active molecule and 

thus, decreased the kinetics of the antimicrobial activity.  



28 
 

 

Fig. 1.14. Examples of antimicrobial molecules covalently attached to ROMP polymers. 1) ROMP polymer 
bearing penicillin derivative prepared by North et al.; 2) Vancomycin-based polynorbornene prepared by 
Arimoto et al.; 3) Triblock copolymer containing gentamicin sulphate as the antimicrobial drug: the polymer 
prepared by Héroguez et al. possess amphiphilic properties that allow for the realisation of NPs where GS is 
place on the hydrophilic shell.  

   

1.3.2.2. Biocidal polymers  

Amphiphilic cationic polymers (ACPs), also known as synthetic mimics of peptides, have been widely 

used in the development of antimicrobial materials as they have shown to mimic the structural 

properties of naturally occurring antimicrobial peptides (AMPs) with the advantage of being 

cheaper and at the same time more stable to physiological conditions. 

One of the first sets of amphiphilic cationic ROMP polymers with antimicrobial properties 

was prepared by Coughlin et al.101 in 2004. Four different monomers bearing Boc-protected amine 

and alkyl chains with different length in the norbornene bridge position were polymerised using a 

variant of G2 and then deprotected in order to afford water soluble homo- and co-polymers with 

very low dispersity (Ð < 1.3) and different molecular weights ranging from oligomers to high 

polymers (Mn = 10 - 130 kDa) (1, Figure 1.15). The antimicrobial activity of the homopolymers 

against both Gram-positive (B. subtilis) and Gram-negative (E. coli) bacteria, as well as the hemolytic 

activity against human red blood cells, was found to increase with increasing hydrophobicity, with 
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poly3 being the most active against both B. subtilis and E. coli but the least selective towards the 

bacteria membrane (MIC50 = 25 µg/mL and HC50 < 1 µg/mL). Furthermore, it was reported that an 

increase in molecular weight did not significantly change the activity for any of the homopolymers 

prepared. In order to obtain better activity and selectivity, Coughlin et al. prepared random 

copolymers with different ratios of poly3 and poly2. The resulting copolymers were found to 

possess similar activity to that of poly3 (MIC50 = 40 µg/mL) while retaining the selectivity of poly2 

(HC50 > 4000 µg/mL).  

 In another study, Coughlin and co-workers93 developed amphiphilic polyONB bearing 

quaternary pyridinium, substituted with different alkyl chains (C2 - C10 and phenylethyl) (2, Figure 

1.15). The polymers were obtained using two different approaches: direct polymerisation of 

cationic monomers or post polymerisation modification of the pyridine functionalised polymer, 

using the G3 initiator in both cases. However, due to the poor solubility of these polymers, 

molecular weight and dispersity could not be determined by GPC. Therefore, 1H NMR end group 

analysis was used in the first instance, revealing a Mn of 3 kDa for each homopolymer, and MALDI-

TOF was then used, revealing that a lower molecular weight was formed compared to the one 

determined theoretically (3 kDa vs 10 kDa respectively). This discrepancy was due to a slight 

deactivation of the G3 catalyst by the pyridine ring. The resulting homopolymers were tested 

against B. subtilis and E. coli as representative bacteria. Even in this study, Coughlin et al. reported 

an increase in both antibacterial and hemolytic activity with an increase of the alkyl chain length (җ 

C6). Polymers with six or more carbons were found to be as potent as MSI-78 (a Magainin 

derivative), possessing an MIC50 < 12 µg/mL and a HC50 < 250 µg/mL. Arguably, in both mentioned 

studies, finding a balance between hydrophobicity and hydrophilicity is necessary in order to obtain 

the best activity and selectivity towards the bacterial cell. Furthermore, it has been demonstrated 

that an increase in hydrophobicity is important in order to enhance the binding of the polymer onto 

the lipid membrane and consequently lead to the cell death.  
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Fig. 1.15. Examples of amphiphilic cationic polymers (ACPs) with antimicrobial activity against Gram-positive 
and Gram-negative bacteria. 1) and 2) ACPs prepared by Coughlin et al. containing quaternary ammonium 
functionalities; 3) and 4) ACPs prepared by Eren et al. possessing DABCO and substituted phosphonium side 
chain respectively. 

 

 Similarly, Eren et al.102 prepared polyONB bearing cationic species such as quaternary 

pyridinium and DABCO (1,4-diazabicyclo[2.2.2]octane) (3, Figure 1.15). Homopolymers and 

copolymers with theoretical molecular weights ranging from 3 kDa and 10 KDa were obtained using 

the G3 initiator, although GPC results appeared to be higher in each case. According to the author, 

the presence of the double charge in DABCO containing polymers increased the antimicrobial 

activity against S. aureus by a factor of 16 compared to the mono-charged pyridinium containing 

homopolymers (MIC50: 8 µg/mL vs 128 µg/mL for polymers with Mn = 10 kDa), whereas both DABCO 

and pyridinium based polymers stayed inactive towards E. coli. At the same time, DABCO containing 

polymers presented high hemolytic activity with HC50 > 2000 µg/mL for polymers with Mn of 10 kDa. 

Furthermore, copolymerisation of DABCO and pyridinium containing monomers, allowed for the 

formation of copolymers with increased cationic character and thus improvement in antimicrobial 

activity against Gram-positive bacteria (MIC50 = 16 µg/mL), while no activity was seen in the case of 

the Gram-negative bacteria. Additional studies carried out by the Eren group on the preparation of 

ACPs, involved the preparation of: (i) random and block copolymers functionalised with  pyridinium 

group and ammonium group added via an amide bond to the polymer backbone52; (ii) polyONB 
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possessing aliphatic and aromatic phosphonium side chains94,103 (4, Figure 1.15); (iii) ONB polymers 

containing aromatic phosphonium side chains conjugated with an acrylate containing vancomycin 

moiety104; (iv) copolymers bearing zinc(II) phthalocyanine (added as generators of reactive oxygen 

species, ROS, in photodynamic antimicrobial chemotherapy, PACT) and aromatic phosphonium 

functionalities105. In these studies, Eren et al. have demonstrated that the presence of 

phosphonium cations as well as increasing the hydrophobicity of the ACPs by addition of aromatic 

functionalities increased the biocidal activity against both Gram-positive and Gram-negative 

bacteria. However, the conjugation of vancomycin to these ACPs dropped the activity against S. 

aureus, while becoming completely inactive towards E. coli.   

From the examples mentioned above, it has been demonstrated that activity and selectivity 

of ACPs is influenced by their multiblock structure (distribution of monomers within the polymer 

backbone). However, the polymer topology is another factor that needs to be considered. For 

instance, AMPs that possess a star shape106 or a branched structure107 have been shown to possess 

an increased biocidal activity and lower toxicity. Hartlieb et al.108 developed multivalent bottlebrush 

ROMP copolymers with enhanced bioactivity and selectivity via the grafting-through method. 

Firstly, RAFT (reversible addition-fragmentation chain transfer) polymerisation was used in order to 

form NB-based macroinitiators (NB-P(BocAEAm), NB-P(NiPAAm) and NB-P(NiPAAm-stat-

BocAEAm)) with intrinsic antimicrobial activity, which were then polymerised using ROMP. The final 

Boc-deprotection formed cationic bottlebrush copolymers with a very narrow molecular weight 

distribution (Ð < 1.2). In this study, the importance of the polymer structure for the design of ACPs 

was demonstrated. In fact, hetero-graft copolymers formed self-assembled morphologies where 

the hydrophobic units were trapped within the core shell, making them unavailable for cell 

membrane disruption, and thus decreasing the biocidal activity (MIC50 > 1024 µg/mL for E. coli and 

S. aureus). Homo-graft copolymers instead, behaved as linear antimicrobial polymers, and 

therefore, activity and selectivity towards both Gram-negative and Gram-positive bacteria were 

increased (MIC50 = 64 µg/mL for E. coli and S. aureus).  
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Table 1.1 summarises all the antimicrobial ROMP polymers discussed in this section, 

including both polymeric biocides and biocidal polymers. The microbes tested for each polymer 

system with the corresponding antimicrobial (MIC50) and hemolytic activity (HC50) are presented.  

Table 1.1. Overview of MIC50 and HC50 values of antimicrobial ROMP polymers. n.a. = not available.  

Polymer Microbes 
tested 

MIC50 (µg/mL) HC50 (µg/mL) Reference 

Poly(NB-VAN) S. aureus 
Enterococcus 

2.3 
2 

n.a. 
 

98 

Poly(NB-PEO-GS) S. epidermidis > 3 n.a. 65 

Poly(NB-PEO-VAN) S. aureus > 7 n.a. 100 

Poly(NB-NH3
+) (poly3-co-poly2) B. subtilis 

E. coli 
40  
40  

> 4000  
 

101 

Poly(ONB-Py-alkyl) (alkyl җ C6) B. subtilis 
E. coli 

< 12 
< 12 

< 250 
 

93 

Poly(ONB-DABCO) S. aureus 
E. coli 

8 
Inactive  

> 2000 102 

Poly(ONB-DABCO-Py) S. aureus 
E. coli 

16 
Inactive 

2000 102 

Poly(ONB-NR3
+)-co-poly(ONB-

PyR+) 
S. aureus 
E. coli 

64 
256 

> 1000 52 

Poly(ONB-PPh3+) S. aureus 
E. coli 
C. albicans 
M. tuberculosis 

8 
16 
128 
64 

99 
 

94 

Poly(ONB-DABCO)-VAN S. aureus 
E. coli 
E. faecalis 

64 
> 512 
256 

> 2000 104 

Poly(ONB-PPh3+)-VAN S. aureus 
E. coli 
E. faecalis 

32 
> 512 
16 

> 2000 104 

Poly(ONB-PPh3+)-co-poly(ONB-
Zn) 

S. aureus 
E. coli 

16 
256 

512 105 

Homo-graft bottle brush 
copolymers 

S. aureus 
E. coli 
P. aeruginosa 
S. epidermidis 

64 
64 
128 
32 

> 1024 
 

108 

Hetero-graft bottle brush 
copolymers 

S. aureus 
E. coli 
P. aeruginosa 
S. epidermidis 

> 1024 
> 1024 
> 1024 
64 

> 1024 
 

108 
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1.4. Conclusion 

The living behaviour of ROMP has allowed for the preparation of highly functionalised polymers 

with precise architectures and sequences. Initiators for ROMP have undergone extensive 

developments over many years, and the discovery of fast, active, functional group-tolerant 

ruthenium-based catalysts by the Grubbs group, have allowed for the synthesis of polymers that 

can be used in a wide range of fields, particularly the field of nanomedicine. Indeed, the ROMP 

technique has been used over the past 20 years for the realisation of novel biologically active 

materials, including carbohydrate-109,53 and peptide-110,111 containing polymers, but mostly, 

polymers containing drugs and polymers with antimicrobial activity which have been widely 

discussed in this chapter. Thanks to the control over the polymer sequence, many research groups 

have been able to synthesise block- and triblock- copolymers with amphiphilic properties that have 

led to the preparation of different self-assembled morphologies, which have allowed for the 

delivery of active molecules to specific targets. Thus, as demonstrated, ROMP has played an 

important role in the preparation of innovative materials that could not be obtained with other 

polymerisation techniques, and it will continue to be used in the future for the realisation of 

imaginative applications in biology.  

 

1.5. Project aims  

The aim of this project was to use the ROMP polymerisation as a means for the preparation of 

biologically relevant polymers, for two different applications. The first one involved the preparation 

of a polymeric drug delivery system for the delivery of NSAIDs, namely ibuprofen, to tumours. An 

amphiphilic block copolymer containing PEG as the hydrophilic portion, and ibuprofen as the 

hydrophobic portion was synthesised. Its self-assembly properties as well as drug release process 

were then investigated. The second application involved the realisation of a novel class of 

antimicrobial polymers, in the form of amphiphilic cationic polymers, bearing SSAs (supramolecular 

self-associating amphiphiles). SSAs are a class of antimicrobial molecules synthesised within the 
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Hiscock group at the University of Kent. The aim of this collaboration was to study the 

physicochemical properties of monomers as well as polymers bearing SSAs as the anionic 

component. Finally, their antimicrobial activity towards both Gram-positive and Gram-negative 

bacteria was studied.  
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CHAPTER 2. NSAIDs BASED ROMP NANOPARTICLES: SYNTHESIS, SELF-
ASSEMBLY AND DRUG RELEASE. 
 

2.1. Introduction  

According to the World Health Organisation (WHO), cancer is the primary cause of death 

worldwide, with breast, lung, colon, rectum and prostate cancers being the most common ones1. 

The global cancer statistic have estimated 19.3 million of new cases of cancer and nearly 10 million 

deaths in 20202. The main causes of cancer are due to high body mass index, lack of physical activity, 

use of tobacco and alcohol consumption1. There are several therapeutic strategies, including 

surgery, radiotherapy, chemotherapy and targeted drug therapy. Surgery is the main treatment 

used; radiotherapy and chemotherapy can inhibit the rapid growth of tumours, although these 

therapeutic strategies have a major drawback of killing normal, healthy cells3. A novel and more 

promising method for the cure and survival rate of cancer patients, involve the development and 

application of targeted drug delivery systems (DDSs).        

 

2.1.1. Targeted drug delivery systems  

Drug delivery systems (DDSs) are methods and formulations used to transport a specific biologically 

active substance in the body with the purpose of achieving a desired therapeutic effect. Five 

generations of DDSs have been developed over the last decades and targeted DDSs belong to the 

fourth generation4. The aim of targeted DDSs is improving the treatment effectiveness while 

reducing the side effects typical of conventional drug molecules. This is obtained by delivering the 

drug to a specific target within the body and therefore by maximising the concentration of the drug 

at the specific site of action, while minimizing its concentration to the nontargeted region5. 

Furthermore, this type of drug delivery is independent from the method and route of 

administration6. The target (or site of action) is the specific organ, tissue, a cell or a group of cells 

that are in chronic or acute conditions and that therefore require to be treated with specific drugs. 

The ideal targeted DDS has to be non-toxic, biodegradable or biocompatible and stable but also it 
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has to stay inert before reaching the target of interest7. Furthermore, such targeted DDSs need to 

be constructed so that they release a specific amount of the drug at specific times8. In this way a 

reduction in administration frequency can be achieved. They can be used to treat different diseases 

but their main application in the nanomedicine field is for cancer therapy7. 

 ¢ƘŜǊŜ ŀǊŜ ǘǿƻ Ƴŀƛƴ ǘȅǇŜǎ ƻŦ ǘŀǊƎŜǘƛƴƎ ǎǘǊŀǘŜƎƛŜǎΥ άǇŀǎǎƛǾŜέ ŀƴŘ άŀŎǘƛǾŜέ ǘŀǊƎŜǘƛƴƎ9. The 

άǇŀǎǎƛǾŜέ ǘŀǊƎŜǘƛƴƎ ƛǎ ŎƻƳƳƻƴƭȅ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ ŜƴƘŀƴŎŜŘ ǇŜǊƳŜŀǘƛƻƴ ŀƴŘ ǊŜǘŜƴǘƛƻƴ ό9twύ 

effect, which is based on the accumulation of the DDS at the target of interest due to systematic 

blood circulation and extravasation. Thanks to their physicochemical properties (e.g., size and 

ǎǳǊŦŀŎŜύΣ ƴŀƴƻǇŀǊǘƛŎƭŜǎ όbtǎύ ŀǊŜ Ƴƻǎǘƭȅ ǳǎŜŘ ƛƴ ǘƘŜ άǇŀǎǎƛǾŜέ ǘŀǊƎŜǘƛƴƎ ǎǘǊŀǘŜƎȅΦ ¢hey can enter the 

blood vessels and reach the targeted site by avoiding the uptake by the reticulo-endothelial system 

(RES). The EPR effect is more efficacious for intravenous administered NPs10.  

 ¢ƘŜ άŀŎǘƛǾŜέ ǘŀǊƎŜǘing refers to specific interactions between the DDS and the targeted site, 

mainly ligand-receptor interactions. The drug carrier is formulated so that it possesses specific 

ligands, such as antibodies or peptides, that can bind overexpressed receptors present at the 

targeted site11. However, this interaction is possible only when the ligand and the receptor are in 

close proximity to one another (< 0.5 nm)9. Furthermore, the target can be reached only by blood 

circulation and extravasation, followed by intracellular retention and distribution, meaning that 

ŜǾŜƴ ǘƘŜ άŀŎǘƛǾŜέ ǘŀǊƎŜǘƛƴƎ ǊŜƭƛŜǎ ƻƴ ǘƘŜ 9tw ŜŦŦŜŎǘΦ 

 There are several drug carriers that have been developed to be used as advanced delivery 

systems. These include: (i) liposomes12, vesicles consisting of phospholipid bilayers that can be 

loaded with either hydrophilic or hydrophobic drugs; (ii) non-metallic NPs13, such as silicon and 

carbon based NPs. They possess several advantages, such as low cost, biocompatibility, 

biodegradability and low toxicity; (iii) polymeric NPs, which are subcategorised into natural polymer 

NPs14, polymeric micelles15 obtained by the self-assembly of amphiphilic polymers, and colloidal 

polymeric NPs16 where the drug is either dispersed within the polymeric matrix or confined within 

a cavity. 
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 In the next section the focus is on the use of polymeric NPs in the form of polymer-drug 

conjugates (or polyprodrugs) which can form polymeric micelles.  

 

2.1.2. Polymer-drug conjugates 

The development of polymer-drug conjugates as targeted DDSs has become prevalent in recent 

years, following their first introduction to the market 30 years ago17. The first polymer-drug 

conjugate approved by the FDA (Food and Drug Administration) is a protein-based DDS where the 

protein is covalently linked to a mPEG (monomethoxy poly(ethylene glycol)) chain. Such system, 

Adagen (pegademase bovine), entered the market in 199017 as an enzyme replacement therapy for 

the adenosine deaminase deficiency18 used in patients with severe combined immunodeficiency 

(SCID). Several others have been later approved by the FDA, such as Oncaspar19 in 1994 used to 

treat acute lymphoblastic leukaemia, and Pegasys20 in 2002 used to treat chronic hepatitis C. 

Whereas numerous polymer-drug conjugates are in clinical phases I, II or III. For instance, Onzeald21, 

is a polymer-small molecule drug conjugate where the chemotherapeutic drug, irinotecan, is 

covalently linked to a PEG chain via an ester bond and it has progressed to phase III trials. Onzeald 

can be potentially used in brain cancer therapy, and it is designed so that it can attenuate or 

potentially eliminate the irinotecan side effects.  

The last few decades have seen increased efforts in the development of polymer-drug 

conjugates. These include polymer systems in which the incorporated drug can be a small molecule 

drug22, a peptide23, a protein24 as well as an antibody25.  

 

2.1.2.1. Designing polymer-drug conjugates  

Polymer-drug conjugates, also called polymeric prodrugs, are systems where the drug (a biologically 

active component) is covalently linked to a polymer chain. In this system, the drug stays inactive 

during its delivery to the site of action, such as an organ, a tissue or a cell, and can be activated only 

by specific metabolic processes that lead to the cleavage of a specific bond (ester, imine, disulphide 



45 
 

etc.) between the drug and the polymer. There are several advantages associated with the use of 

polyprodrugs, such as an increase in the drug water solubility, an enhancement of drug 

bioavailability, protection of the drug during its circulation to the site of action and an improvement 

in pharmacokinetics26. In contrast to non-covalent encapsulation strategies (dispersion of the drug 

within the polymeric matrix or confinement within a cavity), polyprodrugs have the advantage of 

precise structure and high drug-loading rate22. Furthermore, such DDSs are constructed not only to 

target a specific organ, tissue or cell, but also to release a specific amount of the drug at specific 

times8.  

 
Fig. 2.16. Representation of a polymer-drug conjugate.  

 

In general, a polymeric prodrug consists of a combination of components: a polymeric 

backbone, one or more drugs, a linker (or spacer) consisting of a functional group that can be 

cleaved under specific metabolic conditions and sometimes a targeting moiety can be added in 

order to ƻōǘŀƛƴ ǘƘŜ άŀŎǘƛǾŜέ ǘŀǊƎŜǘƛƴƎ (Figure 2.1)26. There are several factors to consider in order 

to efficiently construct a polyprodrug system, including chemical structure (typically well 

established and approved polymers are used27), molecular weight (oligomers, macromers, 

polymers), steric hindrance and the reactivity between the polymer and the drug. In general, both 

entities possess functional groups such as -COOH, -OH, - SH and -NH2 so that coupling agents such 

as DCC (dicyclohexyl carbodiimide), EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) and NHS 

(N-hydroxysuccinimide esters) are being employed. The bonds that result from the coupling of 

these functional groups need to be stable enough in order to avoid the release of the drug during 

the circulation to the target, but also labile enough so that they can be cleaved at the site of action 

Polymer 

Side chain/linker 
Drug  

Targeting 

moiety  
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via specific processes, which include enzymatic degradation28, hydrolysis under mild acidic pH29, 

reduction30 (mainly of disulphide bonds) or oxidation with ROS species31. 

The ideal drug carriers should be either biocompatible or inert biodegradable polymers as 

they can break down inside the body to produce nontoxic natural byproducts such as water and 

carbon dioxide, and therefore can be easily eliminated by the body27. However,  non-degradable 

polymers have also been employed and tested for their cytotoxicity32,33.  

 

2.1.2.2. Nanoparticles of polymer-drug conjugates 

By tuning the physicochemical properties of polymer-drug conjugates it is possible to construct 

polymeric NPs, which behave as drug carriers in the nanometre scale. Polymeric NPs are obtained 

by either precipitation or emulsification in the presence of a surfactant, or most commonly by the 

self-assembly in aqueous environment of block copolymers possessing amphiphilic properties. This 

allows for the preparation of polymeric micelles, core-shell structures where the hydrophobic 

polymer core is sequestered within a hydrophilic corona15. Polymeric micelles possess several 

advantages such as incorporation of non-water soluble drugs within the hydrophobic core and 

consequently enhancement of their bioavailability, as well as high-drug loading and controlled drug 

release achieved by slow degradation of the polymer matrix34.  

 

2.1.2.2.1. Properties of nanoparticles 

There are several factors to take into consideration when constructing a polymeric NP, such as 

particle size, shape, surface charge and PEGylation. Each of these factors can contribute towards 

the circulation time, clearance, selective tissue distribution and intracellular fate35.  

Á Particle size: polymeric NPs of size ranging from 20 nm to 100 nm are good candidates for 

in vivo applications, as they can circulate in the blood for a long period of time. On contrary, 

it has been demonstrated that large particles of diameter > 1 µm tend to be opsonized and 



47 
 

accumulate in the liver with potential capillary occlusion. Whereas smaller particles with 

diameter < 5 nm are rapidly cleared from the bloodstream through the kidneys36.   

Á Particle shape: spherical NPs are the most common used in clinical and pre-clinical setting 

as they can be rapidly internalised into cells37. However, other morphologies such as rod-

shaped (cylindrical38) NPs have shown a higher cellular uptake compared to spherical NPs39. 

For instance, Wooley et al.39 prepared folate-functionalised NPs possessing both cylindrical 

and spherical shape. In this study, cylindrical NPs have been internalised to a greater extent 

than the sphere ones as it was hypothesised that cylinders could bind multiple receptors 

thanks to their longer dimension. In this study, the formed multivalent interaction allowed 

for a more efficient cellular uptake.  

Á Surface charge: typically, positively charged NPs have a higher non-specific internalisation 

rate in the majority of cells and shorter blood circulation half-life compared to neutral and 

negatively charged NPs. The latter have also been demonstrated to less accumulate in the 

liver and spleen35,40.   

Á PEGylation: it has been proven that an increase of NPs circulation half-life is achieved by 

making the NP surface more hydrophilic. This is usually obtained by creating copolymers 

possessing PEG. PEG is a hydrophilic and relatively inert polymer that, when introduced in 

a NP formulation, helps preventing the NPs opsonisation as they remain undetected by the 

RES system9. However, although PEGylated NPs possess an increased systematic circulation 

time, there are still some limitations regarding the NPs cell internalisation. In some cases, 

the i.v. administered NPs are still directed to the liver and the spleen41. Other hydrophilic 

polymers have also been employed, such as PVP (poly vinyl alcohol) and PEI (poly 

ethyleneimine)42.  

It is evident, from these observations, the complexity of the NP-cell interaction and therefore being 

able to generate the best drug carrier can be sometimes challenging. It is critical to take into 
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considerations all these factors in order to obtain the best blood circulation time and cellular 

uptake.  

 

2.1.3. Nonsteroidal anti-inflammatory drugs (NSAIDs) in cancer therapy  

Nonsteroidal anti-inflammatory drugs (NSAIDs) are the most common prescribed drugs worldwide. 

They possess antipyretic, analgesic and anti-inflammatory properties and are hence used mainly to 

reduce fever, pain and inflammation. However, in the last few decades they have found application 

in the treatment and prevention of cancer. The relationship between chronic inflammation and 

cancer has been first discovered in 1863 by Virchow43. His hypothesis was based on the fact that 

cell proliferation was enhanced by chronic inflammation at the injured tissue. In a sense, tumours 

act as wounds that fail to heal44.   

 Several epidemiological studies have been carried out to study the effect of NSAIDs in 

reducing the cancer risk of different types of cancer including breast45,46, prostate47, colorectal48 

and ovarian49 cancers. Some of these studies revealed a reduction in cancer risk associated with the 

NSAIDs administration, but some others did not find any association between the two50. 

Furthermore, the long-term use of NSAIDs often causes several side effects such as cardiovascular, 

gastrointestinal and renal side effects51, associated with oral administration.  

 The mechanism of NSAIDs in the cancer treatment is still not very clear, but it is thought 

that they act by inhibiting the cyclooxygenase (COX) which is the enzyme responsible for the 

conversion of the arachidonic acid (AA) to prostaglandins (PGs). PGs are a group of lipids consisting 

of 20 atoms of carbon, also known as eicosanoids and are responsible of inflammatory responses 

at the site of tissue damaged or infected52. However, an overexpression of PGs, mediated by the 

COX-2 isoform, is also thought to be responsible for promoting cancer growth and metastasis53. In 

particular, the pro-inflammatory prostaglandin E2 (PGE2) has been found to be overexpressed in 

many tumours including colon54, breast55, lung56 and head and neck57 cancers. Therefore, 
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suppressing the formation of PGE2 by inhibiting COX using NSAIDs could have a chemotherapeutic 

value.  

 

2.1.3.1. NSAIDs based nanoparticles 

The majority of NSAIDs based nanoparticles present in literature are lipid based NPs such as 

liposomes and solid lipid nanoparticles (SLNs). In these cases, the NSAID drug gets encapsulated 

within the NP matrix for the management of pain and inflammation. The main purpose is to 

overcome some of the side effects associated with their oral administration, rather than for cancer 

treatment58. Although some other examples in the literature demonstrate the use of NPs of NSAIDs 

for use in tumour therapy59.  

Harding et al.60, for instance, prepared solid lipid nanoparticles (SLNs) by microwave 

assisted one-pot microemulsion using indomethacin, ketoprofen and nimesulide as NSAIDs drugs. 

The SLNs were prepared to be used as anti-inflammatory formulation with the intention of reducing 

the gastrointestinal and renal side effects typical of NSAIDs. In this instance, the microwave 

approach allowed for the encapsulation of the drug at the same time the SLN was forming, giving 

rise to a high drug loading. Other formulations include polymeric NPs where NSAIDs are physically 

entrapped within the polymer matrix. Carvalho and co-workers61, used indomethacin as anti-

inflammatory drug and studied its encapsulation properties as well as drug release from a mixture 

of EUDRAGIT® L100 (anionic copolymer based on methacrylic acid and methyl methacrylate (1:1)), 

PEG and polysorbate 80. Even in this case, the NP was formulated for inflammatory management. 
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Fig. 2.17. examples of polymer-drug conjugates containing NSAIDs. a) PSA-PEG synthesised by Serpell et al.62; 
b) HEC-ibuprofen conjugate synthesised by Edgar et al.63; c) PEG-Fmoc-ibuprofen conjugate for the delivery 
of PTX prepared by Guo et al.59    

 

Polymer-drug conjugates of NSAIDs are also present in literature. Guo et al.59 prepared a 

polymer carrier for the anticancer drug paclitaxel (PTX) based on a PEG chain consisting of ibuprofen 

and Fmoc covalently linked via amide bond. In this case the NSAID drug was introduced as the COX 

inhibitor, while PTX was playing the role of the anticancer agent. Polysaccharides have also been 

used as drug carriers64. An example is the polymer-drug conjugate prepared by Edgar et al.63 via the 

esterification of ibuprofen with hydroxyethylcellulose (HEC) which possesses hydrophilic 

properties. The prodrug system showed slow release of ibuprofen by hydrolysis of the ester bond, 

meaning that the release was long enough to minimise the stomach exposure. Moscatelli and co-

workers65, instead, prepared NPs derived by the conjugation of ibuprofen to different types of 

methacrylates via ester bond in order to obtain pH-responsive drug carriers. The NPs were prepared 

by emulsion polymerisation in water. The emulsion was capable of loading enough drug so that a 

small quantity of the drinkable formulation would be required in order to reach the minimum 

therapeutic dose of ibuprofen (200 mg). Serpell et al.62 developed a novel prodrug system where 

the polymer backbone consisted only of salicylic acid. The so formed polysalicylate (PSA) conjugated 

a) b) 

c) 
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to PEG could form NPs that under specific physiological conditions could slowly release salicylic 

acid. In this way the need of a polymer backbone for the conjugation of the drug was eliminated. 

Figure 2.2 shows some of the aforementioned polymer-NSAIDs conjugates.  

 

2.1.4. Aim of the study 

Taking into consideration the potential role of NSAIDs as therapeutic agents for the treatment of 

different type of cancers, novel polymeric NPs were synthesised in this project. The aim was to 

prepare polymer-drug conjugates of NSAIDs, namely ibuprofen. To achieve this, the ring opening 

metathesis polymerisation (ROMP) was used in order to obtain polymers with controlled length 

and composition. Amphiphilic block copolymers containing ibuprofen and PEG, as the hydrophobic 

core and the hydrophilic corona components, were synthesised and then self-assembled in aqueous 

environment in order to obtain NPs of different morphologies. The drug release of ibuprofen from 

polymeric NPs was studied in vitro using both physiological and alkaline conditions. Figure 2.3 

shows a schematic representation of the work done in this project. 

 

Fig. 2.18. Schematic representation of an amphiphilic block copolymer which undergo self-assembly forming 
spherical aggregates. Under precise condition these polymeric NPs can release the chemotherapeutic drug. 

 

 The work carried out in this chapter was peer-reviewed and published in Materials Today 

Communications66. 

Self-assembly 

Drug release 
PEG(OMe) 

Ibuprofen (Ibu) 
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2.2. Results and discussion  

2.2.1. Monomer synthesis 

The monomers required to obtain the desired ROMP homopolymers and copolymers were not 

commercially available and therefore they were synthesised as shown in the following sections. The 

selected monomers contained a norbornene system connected to a specific moiety, such as an 

NSAIDs drug or a poly(ethylene glycol) chain, through a linker. It is known from literature that the 

linker/side chain can affect the rate of the ROMP polymerisation and that the exo isomers react 

faster than the endo isomers67,68. For this reason, exo monomers were synthesised and used for the 

preparation of ROMP polymers. However, the corresponding endo isomers were also prepared as 

these were more readily available and useful to optimise reaction conditions for the synthesis of 

drug conjugates but were not polymerised.  

 

2.2.1.1. Synthesis of Ibuprofen based norbornene monomer (NB-Ibu) 

Scheme 2.1 shows the synthetic pathway used to prepare both endo- and exo- ibuprofen based 

norbornene monomers (NB-Ibu) 5a and 5b respectively. The first step (I) was the thermal 

isomerisation of endo-carbic anhydride 1a to exo-carbic anhydride 1b69. The endo adduct 1a was 

heated neat, with no solvent, at 180 °C using a heating mantle for 2 hours followed by purification 

of the crude product by recrystallisation with toluene. This afforded the exo adduct 1b with a yield 

of 14 %. The low yield was mainly due to the incomplete conversion of the endo adduct to the exo 

one; typically, only > 55 % of exo is formed at the end of the reaction (determined by GC)69. 

Therefore, repeated recrystallisation were required in order to obtained exo-carbic anhydride 1b 

with a purity > 95 %. Within our group, it was experimentally determined that endo-carbic 

anhydride was 2.4 times more soluble in toluene then its exo isomer (0.1 mg/mL and 0.04 mg/mL 

respectively; experiments were conducted by Lee Birchall at the University of Kent). The mechanism 

of the reaction involved the retro Diels Alder of the endo adduct at high temperatures, forming 

cyclopentadiene and maleic anhydride. The so formed diene and dienophile reacted together in a 
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[4 + 2] cycloaddition affording the thermodynamically stable exo adduct. However, because the 

endo isomer is the kinetically favoured product and due to the reversible nature of the 

isomerisation, a large amount of endo was still present at the end of the reaction. Many research 

groups70,71,72 carried out the recrystallisation of the crude product using benzene, however, due to 

its toxicity, in our research group it was decided to use toluene. It is worth noting that under 

standard Diels Alder conditions, the endo adduct is preferentially formed due to the frontier 

molecular orbital interaction and the stabilisation between p-orbitals in the C=O of maleic 

anhydride and those in the C=C bonds of cyclopentadiene73. Furthermore, as demonstrated by 

Sakata and Fujimoto73, the transition state (TS) of the endo adduct is 1.9 kcal/mol lower than the 

TS of the exo adduct, making the endo isomer to be the major product (kinetically favoured 

product). However, the exo isomer is 0.5 kcal/mol more stable than the endo isomer 

(thermodynamically favoured product). Therefore, when thermal conditions are used, enough 

energy can be given to the reaction to go through the higher activation energy barrier and thus the 

exo adduct is formed as the major product.  

 

Scheme 2.4. Synthetic pathway for the preparation of endo and exo ibuprofen containing norbornene 
monomers 5a and 5b. 
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 In the second step (II), as shown in Scheme 2.1, compounds 1a and 1b were reacted with 1 

eq of 5-amino pentanol 2 in a condensation reaction where triethyl amine was used in catalytic 

amounts74. The reaction afforded the alcohol derivatives 3a and 3b with a yield of 98 % and 71 % 

respectively. The lower yield for compound 3b was caused by a loss during the work up conditions. 

No purification through column chromatography was performed in this step. In the third step (III), 

the Steglich esterification of compounds 3a and 3b respectively with ibuprofen 4 was carried out 

using EDC (N-ethyl-NΩ-(3-dimethylaminopropyl)carbodiimide) as the coupling agent and DMAP 

(dimethylamino pyridine) as catalyst75. Compounds 5a and 5b were obtained both as a colourless 

oil after purification by column chromatography (EtOAc/PET 2:3) with a yield of 43 % and 73 % 

respectively. 

 

Fig. 2.19. Mechanism of the Steglich esterification between compounds 3a/3b and compound 4. 

 

The mechanism of the Steglich reaction75 (Figure 2.4) involved the initial reaction between 

the carboxylic acid 4 and EDC to form the O-acylisourea intermediate which then reacted with 

R
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= pentyl-norbornene 
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DMAP to form an acyl pyridinium species. The latter then reacted with the alcohol derivatives 3a 

and 3b to form the desired esters 5a and 5b. Amines are better nucleophiles compared to alcohols 

so in this reaction DMAP is usually introduced to avoid the formation of the N-acylurea byproduct 

via intramolecular rearrangement of the O-acylisourea intermediate (Figure 2.4). At the end of the 

reaction EDU (1-[3-(dimethylamino)propyl]-3-ethylurea) was formed. Thanks to its high solubility 

to water, it was very simple to remove it from the reaction mixture using a H2O/EtOAc extraction.  

 

2.2.1.1.1. Gas chromatography and 1H NMR of endo- and exo-carbic anhydride  

Gas chromatography (GC) was used to determine the formation of exo-carbic anhydride 1b and its 

purity after each recrystallisation. Each sample was prepared at a concentration of 1 mg/mL in 

DCM. 1 µL of sample was injected (speed of 50 µL/s and pre injection delay of 500 ms) into a Split 

inlet heated to 250 °C (split flow was set to 10 mL/min). Helium was used as the inert mobile phase 

with a flow rate of 1 mL/min. The oven was initially heated to 60 °C and then brought to 325 °C, 

while a capillary column (Phenomenex ZB-5MSPlus, 20 m length and 180 µm diameter) was used 

and the maximum temperature set to 325 °C.  

GC was first run on the endo-carbic anhydride 1a which was purchased from Acros Organics 

with 99 % purity. Under the conditions mentioned above, it was determined that compound 1a 

eluted from the column at 3.11 minutes. Consequently, by peak comparison, it was simple to 

determine the formation of the exo adduct 1b during the reaction. Furthermore, by integration of 

the area underneath each peak it was possible to determine the endo:exo ratio, and hence the 

purity of the exo adduct. Table 2.1 summarises the results obtained by GC for the pure endo, the 

crude product and first, second and third recrystallisation. As shown in this table, while endo 

possessed a retention time (RT) of ~ 3.11 minutes, the exo isomer eluted from the column at a 

slightly lower RT of ~ 2.95 minutes. After thermal isomerisation of compound 1a, the crude product 

contained an exo:endo ratio of 83:17, hence exo was formed as the major product. After each 
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recrystallisation it was possible to remove the endo adduct and to obtain compound 1b with a purity 

of 98 %. Chromatograms are shown in Figures S61 ς S65, Appendix 1.  

Table 2.2. Overview of the GC data obtained for pure endo, crude product and recrystallisation steps.  

 Peaka 

 
RT (min) Area (%) Exo purity (%)b 

Pure endo 1 
2 

- 
3.106 

- 
100.0 

- 

Crude product 1 
2 

2.952 
3.059 

100.0 
20.9 

83 

1st recrystallisation 1 
2 

2.964 
3.092 

100.0 
7.24 

93 

2nd recrystallisation 1 
2 

2.958 
3.077 

100.0 
4.24 

96 

3rd recrystallisation 1 
2 

2.970 
3.092 

100.0 
2.49 

98 

a peak 1 refers to the exo adduct, while peak 2 refers to the endo adduct. b The % of exo in the sample was calculated as 
the area % of exo divided by the total area % (area % of exo + area % of endo). 

 

 1H NMR spectroscopy was also used to monitor the progress of the endo/exo isomerisation 

and to determine the purity of 1b. This is shown in Figure S38, Appendix 1. The 1H NMR spectra of 

endo- and exo-carbic anhydride are discussed and compared to each other (Figure 2.5). Carbic 

anhydride is a symmetrical molecule, therefore five main protons can be identified. In order to 

assign each proton to each peak in the 1H NMR spectrum, COSY NMR was run and obtained. The 

alkene proton 1, is the easiest to assign as it is well known that alkene protons are deshielded as a 

result of the ̄ -bond. Proton 1 is, thus, found to be a triplet in both 1a (red spectrum) and 1b (blue 

spectrum) at 6.33 ppm and 6.34 ppm respectively. In the endo adduct, protons 3 and 4 are two 

multiplets at 3.52 ppm and 3.59 ppm respectively. However, the same protons 3 and 4 in the exo 

ƛǎƻƳŜǊ ŀǊŜ ŀ ǘǊƛǇƭŜǘ ŀǘ оΦпс ǇǇƳ ŀƴŘ ŀ ŘƻǳōƭŜǘ ŀǘ оΦлм ǇǇƳΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ ǇǊƻǘƻƴΩǎ ŎƻǳǇƭƛƴƎ ŀƴŘ 

the chemical shift are affected by the configuration of the two isomers. Due to the rigidity of bicycle 

ǊƛƴƎΣ ǘƘŜ ōǊƛŘƎŜƘŜŀŘ ǇǊƻǘƻƴǎ нΩ ŀƴŘ нέ ŀǊŜ ƛƴ ŎƘŜƳƛŎŀƭƭȅ ŘƛŦŦŜǊŜƴǘ ŜƴǾƛǊƻƴƳŜƴǘǎ ŀƴŘ ǘƘǳǎ ǘǿƻ 

distinguished peaks are obtained76. The bridgehead protons are indeed geminal protons and give 

rise to an AB system where the two protons couple with each other and hence two doublets are 

obtained (AB-type quartet). Because the difference of frequencies ɲ ˄between the nuclei is not high 
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enough compared to the coupling constant J (ɲ ˄< 10 J), second order spectra are obtained. This 

ƭŜŀŘǎ ǘƻ ǘƘŜ ƻōǎŜǊǾŀǘƛƻƴ ƻŦ ǘƘŜ άǊƻƻŦƛƴƎ ŜŦŦŜŎǘέ ǿƘŜǊŜ ǘƘŜ ƛƴǘŜƴǎƛǘȅ ƻŦ ǘƘŜ ƛƴǘŜǊƴŀƭ ǇŜŀƪǎ ƛǎ ƎǊŜŀǘƭȅ 

enhanced, while the intensity of the outer peaks becomes smaller (see Figure 2.5). The coupling 

constant for the AB system (JнΩ-нέ) is calculated and found to be 9.3 Hz for 1a and 8.7 Hz for 1b. In 

the endo isomer, the bridgehead protons are slightly deshielded compared to the exo ones. In both 

cases a doublet of triplets and a broad doublet are obtained at 1.81/1.58 ppm and 1.67/1.45 ppm 

respectively for compound 1a and 1bΦ CǊƻƳ /h{¸ baw ƛǘ ƛǎ ŦƻǳƴŘ ǘƘŀǘ ǇǊƻǘƻƴ нΩ ŎƻǳǇƭŜǎ ǿƛǘƘ нέ 

ŀƴŘ оΣ ǊŜǎǳƭǘƛƴƎ ƛƴ ŀ ŘƻǳōƭŜǘ ƻŦ ǘǊƛǇƭŜǘǎΦ tǊƻǘƻƴ нέ ƛǎ ŦƻǳƴŘ ǘƻ ŎƻǳǇƭŜ ǿƛǘƘ нΩΣ о ŀƴŘ 1 (long range 

coupling), however because the coupling constants Jнέ-3 and Jнέ-1 are relatively small, only a broaden 

doublet can be observed. The integration for each peak is also obtained and as expected each peak 

integrates for 2H due to the symmetry of ǘƘŜ ƳƻƭŜŎǳƭŜΣ ŜȄŎƭǳŘƛƴƎ ǇǊƻǘƻƴǎ нΩ ŀƴŘ нέ ǿƘƛŎƘ ƛƴǘŜƎǊŀǘŜ 

for 1H each.  

 

Fig. 2.20. 1H NMR in CDCl3 of endo-carbic anhydride 1a (red spectrum) and exo-carbic anhydride 1b (blue 
spectrum). 
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2.2.1.1.2. 1H NMR of compounds 3 and 5 

Formation of endo and exo compounds 3 and 5 was confirmed by 1H NMR. Figure 2.6 shows the 

comparison of 1H NMR spectra between compounds 3a and 3b. As noted, the stereoisomerism 

affects the chemical shift and multiplicity of each proton within the two compounds. The alkene 

proton 1 in the endo isomer 3a is a triplet at 6.09 ppm, while in the exo isomer 3b the same proton 

is found to be shifted downfield at 6.29 ppm. Interestingly, the resonance of protons 3 and 4 in 3a 

are switched in comparison to its starting material 1a (red spectrum, Figure 2.5): proton 3 is shifted 

downfield at 3.39 ς 3.36 ppm, while proton 4 is shifted upfield at 3.24 ς 3.23 ppm. This behaviour 

is not seen in the exo isomer 3b, where protons 3 and 4 retain the same sequence of their starting 

material 1b, while being shifted downfield due to the proximity of the N atom (3.27 ppm and 2.68 

ppm for protons 3 and 4 respectively). Protons 6 and 10 in the alkyl chain are easy to identify as 

each of them only couple with two protons (protons 7 and 9 respectively) forming two triplets. 

Proton 10 is shifted upfield due to the proximity to the -OH group (3.60 ppm and 3.64 ppm in 

compound 3a and 3b respectively). Proton 6 is shifted downfield as it is close to the less 

electronegative N atom (3.33 ppm and 3.48 ppm in compound 3a and 3b respectively). The 

remaining alkyl protons 7, 8 and 9 should form three distinguished doublets of triplets (or quintets) 

as each of them couples with two chemically different CH2, however, in both 3a and 3b, they form 

multiplets in the range between 2 ppm and 1 ppm, and in some cases tend to coalesce to each 

ƻǘƘŜǊ ŀǎ ǿŜƭƭ ŀǎ ǿƛǘƘ ǘƘŜ ōǊƛŘƎŜƘŜŀŘ ǇǊƻǘƻƴǎ нΩ ŀƴŘ нέΦ ¢ƘŜ ƭŀǘǘŜǊ ŀǊŜ ƳƻǊŜ Ŝŀǎƛƭȅ ƛƴŘƛǾƛŘǳŀƭƛǎŜŘ ƛƴ 

3b than 3a (see Figure 2.6).  
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Fig. 2.21. 1H NMR spectra in CDCl3 of compounds 3a and 3b with compound structure and carbon numbering.  

 

Compounds 5a and 5b, NB-Ibu monomers, were obtained by coupling compounds 3a and 

3b with ibuprofen 4. Consequently, the 1H NMR spectra for these compounds is very similar to the 

spectra obtained for their alcohol derivatives 3a/3b with the addition of the ibuprofen peaks. Figure 

2.7 shows the 1H NMR spectra of endo and exo NB-Ibu monomers. As expected, the addition of 

ibuprofen to 3a/3b slightly changes the chemical shift of protons 1 ς 10 but does not affect the 

multiplicity, except from proton 10 for which, in both 5a and 5b, a triplet of doublets is obtained. 

This might be due to a long range coupling with proton 12 caused by the mobility of the alkyl chain. 

In the aromatic region, two peaks are found: protons 15 and 16 form two doublets at 7.18 ppm and 

7.08 ppm in compound 5a and at 7.19 ppm and 7.10 ppm in compound 5b. Proton 12 couples with 

the CH3 13 forming a quartet at 3.67 ppm, while the coupling of 13 with 12 gives rise to a doublet 

at 1.48 ppm. Proton 18 couples with CH 19 forming a doublet at 2.43 ppm, proton 19 couples with 

(CH3)2 20 forming a septet at 1.84 ppm whilst the coupling with 18 is not seen, and finally protons 

20 couple with 19 giving rise to a doublet at 0.88 ppm. It is noted that the resonance of the 
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ibuprofen protons is the same for both endo and exo compounds. This is most likely due to the 

distance of the ibuprofen moiety in respect to norbornene ring. 

 

Fig. 2.22. 1H NMR spectra in CDCl3 of compounds 5a (blue) and 5b (red) with compound structure and carbon 
numbering. 

 

2.2.1.2. Synthesis of PEG based norbornene monomer (NB-PEG) 

As shown in Scheme 2.2, four steps were required to obtain the PEG based monomers 10a (endo) 

and 10b (exo). The first step (I) was the thermal isomerisation from endo-carbic anhydride 1a to its 

exo form 1b (description in Section 2.2.1.1). The second step (II) was the condensation of compound 

1a and 1b respectively with glycine 6, that afforded the pure endo- and exo-glycine derivatives 7a 

and 7b after recrystallisation from ethyl acetate77 with a yield of 35 % and 49 % respectively. To 

obtain a better living group, compounds 7a and 7b were reacted (step III) with an excess of thionyl 

chloride, which was used both as a chlorinating agent and solvent78. This afforded the endo- and 

exo-glycinoyl chloride derivatives 8a and 8b with a yield of 91 % and 94 % respectively. These latter 

compounds were reacted in the last step (IV) with poly(ethylene glycol) methyl ether (PEG) (Mn = 
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550) 9, in the presence of stochiometric Et3N77, in order to form the endo and exo monomers 10a 

and 10b (NB-PEG) with a yield of 87 % and 86 % respectively. The so formed monomers would 

confer water solubility to the polymer in due course.  

 

Scheme 2.5. Synthetic pathway for the preparation of PEG containing norbornenyl monomers, 
10a (endo) and 19b (exo). 

 

2.2.1.2.1. 1H NMR of compounds 7, 8 and 10 

As mentioned above, compounds 7a and 7b were obtained by the simple condensation of carbic 

anhydride (1a and 1b) with glycine 6. Glycine is an amino acid of simple structure, consisting of only 

one NMR relevant proton. This allow for an easy interpretation of the NMR spectra of compounds 

7a and 7b, as well as compounds 8a and 8b, which are the chlorinated version of the glycine based 

norbornene. In Figure 2.8, blue spectrum, is shown the 1H NMR spectrum of exo-glycine derivative 

7b. This does not substantially differ from the exo-carbic anhydride (1b) spectrum (red spectrum, 

Figure 2.5) in terms of multiplicity, while the chemical shift of each proton changes due to the 
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introduction of the glycine moiety. Proton 1 is a triplet at 6.31 ppm, protons 3 and 4 are shifted 

downfield at 3.32 ppm (triplet) and 2.78 ppm (doublet) respectively. Proton 6 is the CH2 on the 

glycine which does not couple to any other protons in the molecule and therefore forms a singlet 

ŀǘ пΦну ǇǇƳΦ LƴǘŜǊŜǎǘƛƴƎ ƛǎ ƛƴǎǘŜŀŘ ǘƘŜ ōŜƘŀǾƛƻǳǊ ƻŦ ǘƘŜ ōǊƛŘƎŜƘŜŀŘ ǇǊƻǘƻƴǎ нΩ ŀƴŘ нέΦ Lƴ ǘƘe exo-

carbic anhydride 1b ǇǊƻǘƻƴ нΩ ƛǎ ǘƘŜ Ƴƻǎǘ ǳǇŦƛŜƭŘ ōŜǘǿŜŜƴ ǘƘŜ ǘǿƻ ōǊƛŘƎŜƘŜŀŘ ǇǊƻǘƻƴǎ ŀƴŘ ŘǳŜ ǘƻ 

ǘƘŜ ŎƻǳǇƭƛƴƎ ǿƛǘƘ нέ ŀƴŘ ǘƘŜ ŀƭƪŜƴŜ ǇǊƻǘƻƴ мΣ ŦƻǊƳǎ ŀ ŘƻǳōƭŜǘ ƻŦ ǘǊƛǇƭŜǘǎΦ IƻǿŜǾŜǊΣ ƛƴ 7bΣ ǇǊƻǘƻƴ нΩ 

ƛǎ ŦƻǳƴŘ ǘƻ ōŜ ǘƘŜ Ƴƻǎǘ ŘƻǿƴŦƛŜƭŘΣ ǿƘƛƭŜ ǇǊƻǘƻƴ нέ ƛǎ the most upfield. This same behaviour does 

not occur on the endo isomer 7a as shown in Figure S11, Appendix 1. It is not entirely clear what 

ŎŀǳǎŜŘ ǘƘŜ ŜƴǾƛǊƻƴƳŜƴǘǎ ƻŦ ǘƘŜ ǘǿƻ ǇǊƻǘƻƴǎ ǘƻ άŦƭƛǇέΣ ōǳǘ ǘƘƛǎ ƛǎ ƴƻǘ ƻŦ ƛƳǇƻǊǘŀƴŎŜ ŦƻǊ ŎƻƴŦƛǊƳƛƴƎ 

the formation of compound 7b.  

 

Fig. 2.23. 1H NMR spectra in CDCl3 of exo 7b (blue) and exo 8b (orange). Compound structures are shown as 
well as carbon numbering.  

 

 As regards to the exo-glycinoyl chloride derivative 8b, it is expected to obtain a very similar 

spectrum of 7b, with a downfield shift of each proton caused by the introduction of a more 
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electronegative Cl atom. As shown in the orange spectrum in Figure 2.8, this effect is most seen on 

proton 6 which is the closest to the Cl. The chemical shift of proton 6 goes from 4.28 ppm in 7b to 

4.62 ppm in 8b. This can be enough for confirming that compound 8b has been successfully 

obtained. Interestingly, the addition of Cl has an effect on the bridgehead protons, which coalesce 

together forming a broad singlet at 1.56 ppm. This effect is however not seen on the endo-glycinoyl 

chloride derivative 8a, as shown in Figure S15, Appendix 1. 

 

Fig. 2.24. 1H NMR in CDCl3 of monomer 10b. Structure and numbering is also shown.  

 

The reaction of 8a and 8b with PEG-methyl ester 9 afforded monomers 10a and 10b, where 

the exo isomer 10b (NB-PEG) was the one used for the following polymerisations. Figure 2.9 shows 

the 1H NMR spectrum of compound 10b: in this case, the chemical shift of protons 1 ς 6 appears to 

be the same of compound 7b, although the bridgehead protons are slightly shifted downfield in 

10b. The selected PEG for this reaction possesses a molecular weight of 550 g/mol, meaning that it 

is consisting of about 12 ethoxy repeating units. As a result, the NMR spectrum present a broad and 
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very intense peak at 3.65 ppm which integrates for 48H: two CH2 (protons 8 and 9) multiplied by 12 

repeating units. However, it is still possible to identify two multiplets that integrates for 2H each at 

both sides of the PEG peak. These are protons 8 and 9 at both extremities of the PEG polymer chain 

(4.29 ppm and 3.55 ppm respectively). At 3.38 ppm there is a singlet that integrates for 3H and it is 

identified as proton 10, the CH3 group at the end of the PEG chain. The 1H NMR of its endo isomer 

10a is shown in Figure S19, Appendix 1.  

 

2.2.1.3. ESI-MS analysis of NB-Ibu and NB-PEG monomers and their intermediates 

The formation of NB-Ibu (5b) and NB-PEG (10b) monomers and their intermediates was also 

confirmed by liquid chromatography mass spectroscopy (LC-MS). In this case the electrospray 

ionisation (ESI) source was used. ESI is a soft source of ionisation, which means that no 

fragmentation occurs, therefore determination of the molecular ion is possible79. For each 

compound the ESI in the positive mode was used, therefore the compounds were ionised so that 

they acquire a positive charge (either H+ or Na+).  

Table 2.3. Low resolution ESI-MS results obtained for compounds 3b, 5b, 7b and 10b. 

 m/ z [M+H]+ 

 Theoretical Actual 

3b 250.1  250.2 
5b 438.3 438.2 
7b 244.1  244.1 
10b 742.58 742.4 

 

Table 2.2 summarises the mass/charge (m/z) ratio results obtained for compounds 3, 5, 7 

and 10. These values are not affected by the stereoisomerism of endo and exo, therefore only the 

results for the exo isomers were recorded. Compound 8 could not be analysed by ESI-MS as it is 

readily hydrolysed to its glycine form 7. Whilst for compounds 3b, 5b and 7b it was possible to 

obtain a simple m/z spectrum mainly consisting of one peak (Figures S41 ς S43, Appendix 1), this 

could not be obtained in the case of the NB-PEG monomer (10b). As shown in Figure 2.10 (b), the 
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m/z spectrum for 10b consists of a series of peaks with different m/z ratio and different intensity, 

which are placed so that they form a Poisson distribution of the m/z. This is the typical spectrum 

found in polymers, due to the fact that polymers never exist as only one polymer chain, but they 

rather exist as a distribution of polymer chains with different lengths. When PEG was reacted with 

compound 8 to form 10, a new polymer was formed and hence the m/z spectrum of 10b followed 

the m/z spectrum pattern of a polymer. For clarity, this has been compared with the spectrum of 

PEG550 (Figure 2.10, a).  

 

Fig. 2.25. Low resolution ESI-MS spectra of: a) PEG (Mn = 550) and b) NB-PEG monomer (10b) in comparison. 

 

2.2.2. Polymers synthesis  

As shown in Scheme 2.3, monomers 5b (NB-Ibu) and 10b (NB-PEG) were polymerised using the 

commercially available 3rd generation Grubbs catalyst (H2IMes)(3-bromopyridine)2-(Cl)2Ru=CHPh 

(G3), in anhydrous DCM using ethyl vinyl ether as terminating agent. The resulting homopolymers, 
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poly5b and poly10b, were then purified by precipitation with diethyl ether affording sticky brown 

solids in high yield, 98 % and 92 % respectively77. In both cases, the polymerisations were carried 

out using a ratio monomer to catalyst [M]/[C] of 20:1 and at a monomer concentration of 0.045 M. 

From kinetic studies, it was determined that both monomers polymerised to completion in less 

than 10 minutes. 

 

Scheme 2.6. Homopolymerisation of monomers 5b and 10b to afford homopolymers poly5b and poly10b 
respectively. 

  

To obtain the block copolymer poly5b-b-poly10b, the NB-Ibu monomer 5b was firstly 

polymerised using a ratio [M]/[C] of 20:1 and dry DCM as solvent. After 10 minutes an equimolar 

quantity of NB-PEG monomer 10b was added to the reaction mixture giving an overall ratio [M]/[C] 

of 40:1. Statistical copolymer poly5b-co-poly10b was prepared by adding both monomers (1:1 

molar ratio) at the same time, to a solution of G3 in anhydrous DCM. In each case the 

polymerisation was terminated by adding few drops of ethyl vinyl ether to the reaction mixture and 

block and statistical copolymers were purified by precipitation with diethyl ether (Scheme 2.4). 
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Scheme 2.7. Block and statistical copolymerisation of monomers 5b and 10b to afford poly5b-b-poly10b and 
poly5b-co-poly10b respectively.  

 

2.2.2.1. 1H NMR of homo- and co-polymers 

NMR spectroscopy was one of the analytical methods used to determine the success of the 

polymerisation. The most important characteristic of a polymer 1H NMR spectrum is the broadening 

of the peaks. This is mainly due to poor molecular rotation as well as repeating units being situated 

in marginally different chemical environments. This means that, the same proton placed in different 

repeating units possess a slightly different chemical shift leading to an apparent broadening of the 

peak.  

 Figure 2.11 shows the 1HNMR spectra of the ibuprofen and PEG containing homopolymers, 

poly5b and poly10b. The polymerisation of 5b and 10b was successful as demonstrated by the 

broadening of the peaks. As noted, the 1H NMR spectra of both homopolymers do not differ too 

much from their monomer spectra. Especially, the chemical shift of the protons in the ibuprofen 

and PEG moieties is not altered by the formation of a polymer chain as expected. Therefore, these 

protons can be easily assigned by comparison with their monomer spectrum. However, few 

changes in the norbornene proton resonances can be detected. As mentioned in Chapter 1 (Section 

1.2.2.4), during ROMP, a metallacyclobutane intermediate forms between the alkene bond in the 

norbornene ring and the metal alkylidene complex (G3). This eventually opens via a [2 + 2] 
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cycloreversion forming two new double bonds that connect each repeating unit along the polymer 

backbone. This effect is seen in the 1H NMR spectra of polymers by the disappearance of the typical 

triplet at 6.3 ppm (alkene peak in the monomer) and the appearance of two broad peaks between 

6.0 ppm and 5.0 ppm in the polymer spectrum. The formation of two broad peaks is attributed to 

the presence of both cis and trans double bonds (proton 1) along the polymer backbone. The 

polymerisation is not stereospecific in the reaction conditions used, therefore, the formation of 

either cis or trans double bonds is not controlled. In fact, the selectivity towards cis or trans varies 

significantly with catalyst80, monomer, solvent81 and temperature82 used. In addition to the changes 

in proton 1, the bridgehead protons 2 are also affected by the formation of the polymer chain. 

While in the monomers the bridgehead protons are found to be in chemically different 

environments, in the polymer this should not be the case and protons 2 should be seen as one peak 

that integrates for 2H. However, the NMR spectrum of poly10b still shows two distinct peaks at 

2.16 ppm and 1.58 ppm each of them integrating for 1H. These are found to be slightly deshielded 

in comparison to protons 2 in monomer 10b. Different is the case of poly5b, where the bridgehead 

protons are now found to be as one peak at 3.0 ppm with integration of 2H. Therefore, the change 

in the chemical environment of the bridgehead protons is dependent on the type of monomer used.  

 The 1H NMR spectra of block and statistical copolymers (poly5b-b-poly10b and poly5b-co-

poly10b) shown in Figure S27 and S29, Appendix 1, also demonstrated that the co-polymerisations 

were successful. Since monomers were added into the reaction mixture in a 1:1 molar ratio, the 1H 

NMR spectra offered a straightforward interpretation. The formation of the polymer backbone was 

confirmed by the broadening of the peaks and by the presence of the cis/ trans peaks between 6.0 

ppm and 5.0 ppm. Furthermore, both ibuprofen and PEG peaks were present, and their integration 

was in a 1:1 ratio as expected. However, by NMR spectroscopy it was not possible to distinguish 

between block and statistical copolymers and therefore the 1H NMR spectra as well as the 14C NMR 

spectra appeared to be indistinguishable between one another.  
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Fig. 2.26. 1H NMR spectra of poly5b (orange) and poly10b (blue). Polymer structures and carbons numbering 
are also shown.  

 

2.2.2.2. Quantitative 1H NMR of copolymers 

Although the co-polymerisations of 5b and 10b were carried out using an equivalent molar ratio of 

the two monomers, four different copolymers with different ratio of NB-Ibu and NB-PEG were 

obtained. Two of which were block copolymers and two were statistical copolymers. Since ROMP 

is a living polymerisation, copolymers with controlled length and composition are typically formed. 

Therefore, obtaining copolymers with non-consistent NB-Ibu/NB-PEG ratio is mainly caused by 

experimental errors during the weighing process.  

The quantitative 1H NMR spectroscopy (qNMR) has been widely used in both academia and 

industry for the absolute and relative quantification of multi-components in a mixture83. While in 

the absolute quantification an internal standard is used to determine the concentration and purity 

of an analyte of interest, in the relative quantification the internal standard is not introduced. In 

this case, integrals of interest are compared with one another allowing to measure accurate ratios 
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of different species in the same sample. Here, the qNMR was used to accurately determine the ratio 

of NB-Ibu and NB-PEG within the polymer backbone and eventually use it to determine the 

structure-activity relationship. In this experiment it was important that all of the signals had fully 

relaxed between pulses, therefore a relaxation delay d1 of 90 seconds was set up. As shown in 

Figure 2.12 (a), the peaks chosen are highlighted in orange and blue. The orange box is related to 

the aromatic protons 20 and 21 in the ibuprofen moiety, while the blue box corresponds to protons 

6 and 8 in the PEG moiety (Figure 2.12, b). These were chosen as both integrated for 4H, but mostly 

because they did not overlap any other peak, allowing for accurate integration.  

 

Fig. 2.27. a) qNMR of block and statistical copolymers. Protons 6/8 and 20/21 are integrated and compared 
to one another. b) Copolymer structure with carbons numbering.  

 

 As shown in Figure 2.12, two block copolymers poly5b-b-poly10b with 50:50 and 64:36 NB-

Ibu/NB-PEG ratio were obtained, as well as two different statistical copolymers poly5b-co-poly10b 

poly5b-co-poly10b [63:37]  

poly5b-b-poly10b [64:36] 

Poly5b-b-poly10b [50:50]  

poly5b-co-poly10b [60:40] 
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with 60:40 and 63:37 NB-Ibu/NB-PEG ratio were obtained (results are summarised in Table 2.4, 

Section 2.2.2.4). 

 

2.2.2.3. Kinetic studies on homopolymerisation 

The kinetic of ROMP polymerisation catalysed by ruthenium-based initiators G1, G2 and G3 has 

been widely studied over the years84,85. It is known from literature that the rate of living 

polymerisations follow a first order dependency on the monomer and the initiator86. This is also 

known as pseudo-first order kinetics, meaning that the polymerisation is second order overall, but 

it is first order in respect to monomer and catalyst. Because the concentration of the catalyst 

remains constant throughout the reaction, its consumption is so small that the change in 

concentration becomes negligible. The rate law for living polymerisations is therefore described as 

followed: 

ὶὥὸὩὯὓ ὅ Ὧὓ  Eq. 2.1. 

where k is the rate constant, [M] is the concentration of the monomer, [C] is the concentration of 

the catalyst and kΩ is the new rate constant which includes the concentration of the catalyst.   

Therefore, the rate of disappearance of the monomer, M, is: 

Ὠὓ

Ὠὸ
Ὧᴂὓ  

Eq. 2.2. 

To which it is possible to determine the pseudo first order equation: 

ὰὲ
ὓ

ὓ
Ὧᴂὸ 

Eq. 2.3. 

where t is the time, M0 is the initial concentration of monomer and M is the concentration of 

monomer at time t.  

 In this project, 1H NMR spectroscopy was used to study the kinetic of homopolymerisation 

of monomers 5b (NB-Ibu) and 10b (NB-PEG) and thus determine the rate of monomer conversion. 
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To a solution of monomer 5b or 10b in DCM with an initial concentration of 0.046 M, Grubbs 3rd 

generation catalyst was added. Aliquots of 50 µL were taken from the reaction mixture at 

predefined time points and then quenched with a solution of ethyl vinyl ether in DCM. The solvent 

was evaporated and CDCl3 added in order to monitor the monomer to polymer conversion by 1H 

NMR. Due to the low concentration of the NMR samples prepared, 1024 scans were used for each 

analysis. The so obtained spectra were baseline- and phase- corrected before integration of the 

peaks was carried out. The comparative integration of the alkene peak at ~ 6.3 ppm on the 

monomers and the cis/ trans peak at 5.0 ς 6.0 ppm on polymers, allowed for the determination of 

monomer conversion over time. These values were then converted into ln([M]/[M0]) and plotted 

against time.  

 

Fig. 2.28. Plot of ln([M]/[M]0) vs time for the ROMP of monomers 5b (orange) and 10b (blue). Reaction was 
carried out at room temperature in DCM at an initial monomer concentration of 0.046 M. Aliquots were taken 
from the reaction mixtures at 10, 20, 30, 40, 50, 60, 90, 120, 180 and 240 seconds in the case of 5b, and at 
60, 120, 180, 240 and 300 seconds in the case of 10b. These were quenched with ethyl vinyl ether and then 
analysed with 1H NMR spectroscopy.  

 

 The living character of the polymerisation was confirmed by the plot of ln([M]/[M] 0) versus 

time shown in Figure 2.13. As expected, the plot showed linearity meaning that the polymerisation 

of both monomers followed a first order kinetics. In both cases the reaction was fast, and the 

monomers were consumed within 5 minutes, with a monomer conversion of 99.4 % for 5b and 99.8 

% for 10b. From the angular coefficient of the straight line, it was possible to determine the rate 
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constant ƪΩ which proved to be equal to 2.65 x 10-2 L · mol-1 · s-1 for the polymerisation of monomer 

5b (orange line, Figure 2.13) and equal to 2.38 x 10-2 L · mol-1 · s-1 for the polymerisation of monomer 

10b (blue line, Figure 2.13). By knowing the value of the constant rate, it was then possible to 

determine the half-life t1/2 of the polymerisation, which was the time required for the monomer 

concentration to decrease one-half its initial value. The half-life for a first order kinetics was 

calculated using the following equation: 

ὸȾ
ὰὲς

Ὧᴂ
 

Eq. 2.4.  

 By using equation 2.4, the half-life for the polymerisation of monomer 5b was calculated 

to be 26 seconds, while 29 seconds were required to decrease the concentration of monomer 10b 

of one-half of its initial concentration.  

Table 2.4. Kinetic data for the ROMP of monomers 5b and 10b using G3 initiator. 

 Reaction 

time (s) 

Monomer 

conversion (%) 

ƪΩ  

(L · mol-1 · s-1) 

t1/2 (s) 

5b 240 99.4 2.65 x 10-2 26 

10b 300 99.8 2.38 x 10-2 29 

 

 Table 2.3 summarises the kinetic data obtained for the homopolymerisation of the 

ibuprofen containing monomer 5b and the PEG containing monomer 10b. Kinetic studies for the 

copolymerisation of 5b with 10b to obtain block and statistical copolymers poly5b-b-poly10b and 

poly5b-co-poly10b were not carried out. However, as the plots ln([M]/[M] 0) vs time for both 

homopolymerisations possessed very similar trend, it could be assumed that the copolymerisation 

would behave in the same manner. In these reactions, the copolymerisations were carried out for 

a total of 20 minutes in order to obtain complete conversion of the two monomers.  

 Stacked 1H NMR spectra for the homopolymerisation studies of 5b and 10b are shown in 

Figures S39 and S40, Appendix 1. 
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2.2.2.4. Gel Permeation Chromatography (GPC) of polymers 

Gel Permeation Chromatography (GPC) also referred to as Size Exclusion Chromatography (SEC) is 

the most common technique used to determine molecular weight and distribution of polymers87.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

it is relatively low cost, simple and provides accurate and reliable information about the molecular 

weight distribution of polymers. The principle is similar to Liquid Chromatography (LC) as it is 

consisting of a liquid mobile phase and a solid stationary phase. However, the separation of the 

components within the sample relies on the size, or rather the hydrodynamic volume, of the 

polymers rather than chemical properties. The stationary phase (column) is consisting of extremely 

small porous beads, therefore bigger polymers elute faster than smaller ones, which instead require 

more time to exit the column as they can enter the pores in the beads. 

 In this study, each polymer was dissolved in THF which was also used as mobile phase. The 

samples were injected with a flow rate of 1 mL/min into a 2xPLgel 5µm MIXED-C (300 x 7.5 mm) 

column with temperature set to 40 °C. The polymers were then detected using a refractive index 

(RI) detector and compared to a polystyrene calibration curve.    

 As mentioned in Section 2.2.2.2, four different copolymers were prepared and 

subsequently tested for their self-assembly properties and drug release. Two of them the block 

copolymers, poly5b-b-poly10b and two of them the statistical copolymers poly5b-co-poly10b. 

Here in Figure 2.14, the molecular weight distribution of homopolymers poly5b and poly10 and 

their copolymer counterparts is shown. As expected, both homopolymers and copolymers 

possessed a very narrow molecular weight distribution as also indicated by their dispersity values 

shown in Table 2.4 (Ð < 1.6). This is typical of living polymerisations, where the fast initiation step 

and the irreversible propagation step allow for the preparation of polymers with low dispersity and 

controlled molecular weights. The Mn values obtained by GPC analysis were in fact comparable to 

those calculated theoretically (Table 2.4). Although the dispersity values were lower than 1.6 for 

each polymer, the introduction of the PEG chain into the ROMP backbone, slightly increased the 

polymer dispersity due to PEG being a polymer chain itself that possessed its own average 
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distribution. This could be better seen when comparing the Ð values between the ibuprofen 

containing homopolymer poly5b and the PEG containing homopolymer poly10b: the first was 

obtained with Ð = 1.27, while the second possessed a dispersity value of Ð = 1.36. As a consequence, 

both block and statistical copolymers were obtained with a higher molecular weight distribution.  

 

Fig. 2.29. Molecular weight distribution of homopolymers and copolymers. Homopolymers are indicated by 
the blue lines, whereas block and statistical copolymers are indicated by the yellow and grey lines 
respectively.  

Table 2.5. Polymerisation characteristics of block and statistical copolymer derived from 5b and 10b. 

Polymer Yield 
(%) 

n:m:G3 
(th)a 

n:mb  % 
NB-Ibuc 

% 
NB-PEGc 

Mn  
(th) 

Mn 
GPC 

Mw 
GPC 

Ðd 

(Mw/M n) 

Poly5b* 98 20:1 /  100 /  8 800 11 100 13 600 1.27 
Poly10b* 92 20:1 /  /  100 15 000 11 000 14 200 1.36 
Poly5b-b-
poly10b 

78 20:20:1 26:14 64 36 21 900 19 300 24 900 1.29 

Poly5b-co-
poly10b 

76 20:20:1 25:15 63 37 22 000 19 300 26 200 1.36 

Poly5b-b-
poly10b 

65 20:20:1 20:20 50 50 23 600 19 600 28 300 1.44 

Poly5b-co-
poly10b 

76 20:20:1 24:16 60 40 22 700 23 900 30 700 1.56 

*poly5b and poly4 were both obtained with > 99 % of monomer conversion in 5 min. a Theoretical feed ratio. 
b Observed feed ratio calculated by quantitative 1H NMR analysis. c Determined by quantitative 1H NMR 
analysis. d Polydispersity determined by GPC in THF and reported relative to polystyrene standards. 

 

Table 2.4 summarises the polymer properties obtained for the synthesised homo- and co-

polymers. The GPC results, including the number average (Mn) and weight average (Mw) molecular 

weights as well as the dispersity values are here shown.  
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2.2.2.5. The importance of an active catalyst  

Grubbs 3rd generation catalyst is a very active initiator, tolerant to air and moisture. However, if not 

handled carefully it can oxidise and therefore it can lose its activity. As determined by Jones et al.88, 

in the presence of traces of air there is an increase in the rate of decay of G3 caused by competing 

oxidation that yields benzaldehyde. For someone that uses G3 for the first time this cannot be 

noticed immediately, however it is very simple to know when G3 is being oxidised. In fact, a simple 

visual analysis can be carried out, due to G3 changing colour from green in its active form to brown 

in its oxidised form (Figure 2.15, c).  

 The first polymerisation experiments carried out during this project used a deactivated G3 

initiator due to an old batch being dispatched from Sigma-Aldrich. The results did not meet the 

criteria of living polymerisation: very broad molecular weight distributions and high dispersity 

values were obtained for the homopolymerisations of 5b and 10b. Kinetic studies were also carried 

out resulting in very long polymerisation time compared to those obtained with the employment 

of active G3. For instance, when using the oxidised G3, the conversion of 5b was only > 85 % after 

4 hours while 40 minutes were required for 10b to reach > 90 % of conversion (Figure 2.15, b). On 

contrary, active G3 afforded poly5b and poly10b with > 99 % monomer conversion in less than 5 

minutes (Figure 2.15, a).  

Table 2.6. Polymerisation results obtained for oxidised/not active initiator versus active initiator.  

 Polymer Reaction 
timea) 

Monomer 
conversion 

(%) 

Mn  
(Th) 

Mn  
GPC 

Mw  
GPC 

Ð 
(Mw/M n) 

Oxidised G3 Poly5b 4 h > 85 8 800 95 800 210 600 2.20 
Poly10b 40 min > 99 15 000 47 700 103 100 2.16 

Active G3 Poly5b 4 min > 99 8 800 11 100 13 600 1.27 
Poly10b 5 min > 99 15 000 11 000 14 200 1.36 

a) Reaction conditions: [Monomer]/[Catalyst] = 20:1; CH2Cl2; 25 °C. 

 

 As shown Table 2.5, there is a significant difference between the polymers synthesised with 

active G3 and oxidised G3. It is evident that homopolymers obtained with the active initiator 

presented lower molecular weights and narrower distributions of the polymer chains when 
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compared to those obtained with the employment of deactivated G3. As shown in Table 2.5, 

dispersity values greater than 2.0 were obtained when the polymerisation was carried out with the 

deactivated catalyst. Furthermore, for these polymers, the number average molecular weight, Mn, 

was much greater than the theoretical Mn (almost one order of magnitude bigger). This could be 

due to the slow initiation step which led to ǎŜŎƻƴŘŀǊȅ ƳŜǘŀǘƘŜǎƛǎ ƻǊ άōŀŎƪ-ōƛǘƛƴƎέ ǊŜŀŎǘƛƻƴǎΦ ¢Ƙƛǎ 

caused the formation of chain transfer processes which could give longer polymer chains but also 

broaden the molecular weight distribution. The initiation step was, on contrary, faster when active 

G3 was used and thus provided polymers with Mn values that were comparable to those obtained 

theoretically.  

 

Fig. 2.30. Kinetic results for the homopolymerisation of 5b (orange) and 10b (blue). a) Conversion of 5b and 
10b using active G3. рл ˃[ ƻŦ ŀƭƛǉǳƻǘǎ were taken at predefined time points and quenched with a solution of 
ethyl vinyl ether in DCM. The samples were dried and analysed by 1H NMR). b) Conversion of 5b and 10b 
using the deactivated G3. The polymerisation was carried out inside of an NMR tube using CDCl3 as solvent. 
The reaction was monitored by 1H NMR every 10 minutes. c) Image of active G3 to the left (green) and 
deactivated G3 to the right (brown).  

 

It is therefore important, when using G3, to maintain the catalyst under inert atmosphere 

in order to slow down the oxidation process, and if possible, to keep it away from light.  The initiator 

can be either transferred into a Schlenk tube to facilitate the vacuum/nitrogen cycles or it can be 

kept in its bottle and flushed with nitrogen after each use.  
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2.2.3. Self-assembly of block and statistical copolymers  

The synthesised block copolymer poly5b-b-poly10b possessed amphiphilic properties. It consisted 

of a hydrophilic portion, the PEG-containing block, and a hydrophobic portion, the ibuprofen-

containing block. It is known from literature that, in aqueous solutions, amphiphilic copolymers can 

self-assemble into a variety of structures including micelles, vesicles, nanotubes, nanofibers and  

lamellae89. The self-assembly process is governed by a combination of weak, non-covalent forces 

including hydrogen bonding, hydrophobic effects, electrostatic interactions and Van der Waals 

forces which together can ensure the stability of the system in solution89. The first main force 

involved in the self-assembly process is the hydrogen bond formation between the water molecules 

and the hydrophilic portion of the amphiphile which gives rise to an enthalpic gain in solvation. The 

second one is the hydrophobic effect90 which causes the self-aggregation of the non-polar portion 

of the amphiphile. The introduction of the hydrophobic chains in water leads to the disruption of 

the hydrogen bonding network that surrounds the hydrophilic chains and in returns leads to a 

rearrangement of the molecules of water around the non-polar chains. The latter are attracted to 

each other due to the hydrophobic interaction and form aggregated structures which are 

entropically favoured and are generated so that the water disruption is minimised. In this way 

micellar structures consisting of a hydrophobic core and a hydrophilic corona are obtained. 

 There are several factors that can affect the shape and size of the polymeric aggregates in 

solution, including the polymerisation degree, polymer concentration, nanoprecipitation solvent, 

temperature and pH. Knowing that polymer self-assembly by nanoprecipitation is solvent-

dependent92, self-assembly of the copolymers was obtained by dissolving the polymer (20 mg) in 1 

mL of three different solvents (acetone, THF, acetonitrile), to which deionised water (10 mL) was 

added dropwise, over a 20 min period to the stirred solution to give a polymer with a final 

concentration of 2 mg/mL. In this stage, the copolymers formed NPs suspension through solvent 

exchange between the organic solvent and deionised water. The aggregate solution was 

subsequently transferred into a dialysis membrane, sealed and dialysed against distilled water for 
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24 h (water was changed three times over this period) to remove residual organic solvent. The self-

assembly was then analysed by dynamic light scattering (DLS) and transmission electron microscopy 

(TEM). DLS data were recorded using a polyphospholipid refractive index of 1.45. TEM samples 

were analysed on Formvar coated copper grids, to which a negative stain of uranyl acetate was 

added, allowing for better contrast for nanostructures comprised of low molecular weight atoms 

(C, H, N) under the electron beam. 

 

2.2.3.1. Dynamic light scattering studies 

DLS is a very powerful tool for the study of the diffusion behaviour of macromolecules and the 

determination of aggregates in solution93. This technique can determine the size, intended as 

hydrodynamic diameter dH, of particles by measuring the Brownian motion of macromolecules in 

solution, which is caused by the constant collision with solvent molecules. The motion of 

macromolecules depends on their size, temperature and solvent viscosity. When a monochromatic 

beam of light hits the particles in solution, the light scatters in all directions depending on the shape 

and size of the particles. Due to the Brownian motion, the distance between the particles constantly 

changes and thus the scattering intensity fluctuates over time. By analysing the intensity 

fluctuations of the scattered light, it is then possible to determine the diffusion coefficient (D) and 

therefore the hydrodynamic diameter of particles by using the Stokes-Einstein equation (Eq 2.5):  

Ὀ  
ὯὝ

σ“–Ὠ
 

Eq. 2.5. 

Where kB is the Boltzmann constant (1.38 x 10-23 kg m2 s-2 K-1), T is absolute temperature (K) 

and – is the viscosity of the solvent. Generally, large particles diffuse slowly and thus adopt similar 
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positions at different time points, whereas small particles diffuse faster and therefore do not adopt 

a specific position.  

 

Fig. 2.31. DLS particle size distributions of poly5b-b-poly10b [64:36] and poly5b-co-poly10b [63:37] from 
acetone and poly5b-b-poly10b [50:50] and poly5b-co-poly10b [60:40] from acetonitrile.  

 

 Figure 2.16 shows the DLS particle distribution for the block copolymer poly5b-b-poly10b 

[64:36] (PDI = 0.2) and the statistical copolymer poly5b-co-poly10b [63:37] (PDI = 0.4) which were 

self-assembled in acetone, whereas of the block copolymer poly5b-b-poly10b [50:50] (PDI = 0.5) 

and statistical copolymer poly5b-co-poly10b [60:40] (PDI = 0.7) which were self-assembled in 

acetonitrile (DLS distribution for all of the investigated systems is shown in Figure S66, Appendix 1). 

As shown in the intensity (%) vs diameter (nm) graph, for all of the four self-assembled polymers, a 

broad distribution of the particle size was obtained. This was also confirmed by the polydispersity 

index (PDI) values calculated by the instrument, which were determined to be between 0.2 and 0.7. 

As known from literature, in fact, highly monodisperse particle solutions are characterised by PDI Җ 

0.1, while PDI of 0.1 ς 0.4 and PDI > 0.4 give rise to moderately and highly disperse particle solutions 

respectively94. By this means, it could be assumed that self-assembly of both statistical and block 

copolymers in acetone afforded NPs with narrower size distribution compared to those obtained 

by nanoprecipitation from acetonitrile. Although, in both cases NPs of non-uniform size were 
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obtained. Nevertheless, the statistical copolymers presented, as expected, a different distribution 

of the particle size compared to the block copolymers which were much larger. For example, the 

largest peak (67 % by intensity) seen for poly5b-co-poly10b [63:37] was for particles at 13 nm. 

Because of the random distribution of the PEG and ibuprofen side chains tethered to the 

norbornene backbone, this was interpreted as the polymer collapsing in on itself, forming single 

chain nanoparticles95. A small amount of these NPs (32 %) formed random aggregates of a bigger 

size (230 nm) that precipitated in solution. TEM analysis of poly5b-co-poly10b [63:37] confirmed 

an absence of ordered self-assembly (Figure 2.19, Section 2.2.3.2). Block copolymers poly5b-b-

poly10b [64:36] and poly5b-b-poly10b [50:50] instead behaved as non-ionic amphiphilic polymers 

and in water formed NPs in the size range of 50ς600 nm as shown in Figure 2.16 with an average 

diameter of 196 nm.  

 

2.2.3.2. Transmission electron microscopy (TEM) studies 

Transmission electron microscopy (TEM) is a technique commonly used in combination with DLS 

for the study of self-assembly processes. By irradiation of the specimen (sample deposed onto a 

grid) with a high energy beam of electrons, the TEM microscope allows for the development of 

images of individual nanoscale objects. TEM is, therefore, used to visualise sample morphology but 

also to quantify structural features, such as particle size of the self-assembly systems. Although TEM 

possesses several advantages, there are still some challenges associated with the sample 

preparation. During the drying process, some self-assemblies can rearrange giving rise to a 

collection of images that are not representative of the sample in its native environment. However, 

for self-assemblies that are stable under drying conditions, useful information can be obtained96.  

Figure 2.17 (a) shows the TEM image obtained for the block copolymer poly5b-b-poly10b 

[64:36] self-assembled from acetone. The image revealed that the self-assembly of the block 

copolymer produced NPs with different sizes, which was in accordance with the results obtained 
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by DLS where high PDI values were determined.  More specifically, two different particle size 

distributions could be seen. As shown in figure 2.17 (b) and 2.17 (c), the copolymer poly5b-b-

poly10b [64:36] possessed a distribution of smaller NPs with size ranging from 10 nm to 50 nm and 

a distribution of bigger NPs with size ranging from 60 nm to 240 nm. Furthermore, examining the 

histogram in Figure 2.17 (b) in more detail, it was possible to identify two additional different 

particle distributions which were centred at 70 nm and 120 nm respectively. However, this could 

be due to the low number of images taken for this sample which led to a low counting, n < 200, and 

therefore results could not be taken as representative for the whole self-assembly solution.  

 

Fig. 2.32. a) TEM image of block copolymer poly5b-b-poly10b [64:36] self-assembled from acetone; b) 
distribution of the larger particles of image (a) with average size (108 ± 35)nm; d) distribution of the smaller 
particles of image (a) with average size (28 ± 9)nm. 

 

The TEM results did not entirely correspond to the DLS measurements, which provided a 

greater average diameter, as is common due to the solvation sphere measured by DLS, and the 

compacting effect of the vacuum in TEM. Furthermore, Figure 2.17 (c) indicated that the formation 

of smaller NPs was dominant, and that they possessed an average diameter of 30 nm.  

As a results of the DLS and TEM analysis, it was not possible to assume with certainty that 

micellar structures (core-shell structures) were obtained. The micellization is in fact a dynamic 

a) b) 

c) 
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phenomenon where n monomeric amphiphilic molecules S associate to form micelles Sn (nS ᵶ Sn). 

This is an equilibrium process whereby the monomeric amphiphiles constantly migrate from one 

micelle to another until the equilibrium is reached and micelles with similar size are formed 

(monodisperse distributions are obtained)97. For this reason, it could be assumed that poly5b-b-

poly10b [64:36] did not form micellar structures but rather aggregates that adopted a spherical 

shape. The same behaviour was found for poly5b-b-poly10b [50:50] self-assembled in acetone, THF 

and acetonitrile.  

Of all the samples analysed, here poly5b-b-poly10b [50:50] self-assembled from 

acetonitrile is shown in Figure 2.18 and described. Figure 2.18 (c) and (d) show the nanoparticle 

distribution for bigger and smaller spherical NPs respectively. In this case more counts were taken, 

n ~ 500, and therefore the sample showed a more regular distribution of bigger and smaller NPs in 

the TEM compared to poly5b-b-poly10b [64:36] self-assembled from acetone. The poly5b-b-

poly10b [50:50] formed bigger NPs with an average size centred around 80 nm  while the smaller 

NPs possessed a diameter of ~ 20 nm. These results were in agreement with the DLS analysis as 

also in this case a broad distribution of the particle size was obtained. However, due to the effect 

of the TEM preparation process contrasting with DLS, overall smaller NPs size values were obtained. 

TEM analysis of the poly5b-co-poly10b samples in all cases showed irregular supramolecular 

morphologies (Figure 2.19 ŀƴŘ CƛƎǎΦ {осҍоуΣ 9{Lύ and only big random agglomerates were visible.  
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Fig. 2.33. a) TEM of larger NPs of poly5b-b-poly10b [50:50] scale 2000 nm; b) TEM of smaller NPs of poly5b-
b-poly10b [50:50] scale 200 nm; c) and d) size distribution for poly5b-b-poly10b [50:50] in acetonitrile TEMs 
for a) (100 ± 36)nm and b) (19 ± 3)nm respectively. 

 

Table 2.6 shows the diameters obtained by TEM for the self-assembly systems investigated. 

As demonstrated, for the acetone systems, a higher ratio of hydrophobic portion in the block 

copolymer (poly5b-b-poly10b [64:36]) seemed to give rise to smaller NPs with a higher diameter 

(d = 28 nm) compared to the one obtained for the block copolymer consisting of an equal 

hydrophobic/hydrophilic ratio (d = 20 nm). On contrary, bigger NPs possessed a lower diameter 

when compared to the [50:50] polymer (108 nm vs 118 nm). However, the difference was minimal 

(< 10 %) meaning that the values could be affected by many factors including the rate of drop 

addition of deionised water to the polymer solution as well temperature at the time of the 

experiment. Furthermore, as mentioned before, the results obtained for poly5b-b-poly10b [64:36] 

might not be taken as representative as only 169 counts were considered for the determination of 

the average NP diameter.  

As regards to poly5b-b-poly10b [50:50], this polymer was synthesised in a bigger scale and 

therefore more sample was available for the study of the organic solvent effect. While the 

dissolution of the polymer in acetone and THF did not considerably affect the size of both small and 
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big NPs, this seemed to change when acetonitrile was used. Small NPs obtained from acetonitrile 

system possessed a diameter of 19 nm, while a diameter of 100 nm was obtained for the bigger 

ones (versus 118 nm in acetone and 110 nm in THF). Therefore, the higher the polarity of the solvent 

used for nanoprecipitation (dielectric constant of acetonitrile ‐ = 37.5), the lower the size of the 

NPs obtained in solutions.  However, even in this case the difference was minimal and therefore 

changing the solvent for nanoprecipitation did not seem to drastically change the size of the NPs 

nor their shape.  

Further experiments need to be done in order to confirm the validity of the results. For 

instance, increasing the length of the polymer chain as well as increasing the hydrophilic portion 

within the block copolymer.     

Table 2.7. table comparing the diameter of all the self-assemblies obtained. Different organic solvents were 
used to dissolved block copolymers poly4-b-poly2 [64:36] and [50:50] affording NPs with comparable size. 

Polymer Solvent d (nm)small NPs
a,b d (nm)big NPs

a,c 

Poly5b-b-poly10b [64:36] CO(CH3)2 28 ± 9 108 ± 35 
Poly5b-b-poly10b [50:50] CO(CH3)2 20 ± 3 118 ± 38 
Poly5b-b-poly10b [50:50] THF 20 ± 2 110 ± 29 
Poly5b-b-poly10b [50:50] CH3CN 19 ± 3 100 ± 36 

a Determined by TEM. b Average size of smaller NPs. c Average size of larger NPs. (See Figures S67-S70, 
Appendix 1). 

 

In any case, poly5b-b-poly10b [50:50] and poly5b-co-poly10b [60:40] (PDI = 0.7 by DLS) 

systems prepared from acetonitrile afforded two comparable polymer sequences that allowed for 

the investigation of any differences in the release of ibuprofen against differences in polymer 

sequence architecture. 

 

Fig. 2.34. TEM images of poly4-co-poly2 [60:40] self-assembled from acetone. 

2 µm 500 nm 500 nm 200 nm 
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 The TEM images obtained for all the polymers (block and statistical copolymers) self-

assembled by nanoprecipitation from acetone, THF and acetonitrile are shown in Figures S67 ς S74, 

Appendix 1.  

 

2.2.3.3. Critical Aggregate Concentration (CAC) of block copolymers 

The critical aggregate concentration (CAC) is the concentration above which single polymeric chains 

with amphiphilic properties start to form aggregates in an aqueous solution. Typically, at low 

concentrations, amphiphiles stay at the surface of the liquid, with the hydrophilic portion 

interacting with the water, while the hydrophobic portion migrate from the interface (e.g. interact 

with the air). When more molecules of amphiphiles are added to the water, a decrease in surface 

tension is seen and when the surface of the water is saturated with molecules, these are then 

collected as aggregates in water. This is the critical aggregate concentration. There are several 

methods used to determine the CAC of polymeric NPs, including spectrofluorometry98,99, 

conductometry100, DLS99 and tensiometry101. In this study the latter method was used to measure 

the CAC of poly5b-b-poly10b [50:50] self-assembled from acetone, THF and acetonitrile as a 

function of the surface tension (ST).  

 As mentioned in Section 2.2.3, self-assemblies of poly5b-b-poly10b [50:50] were prepared 

so that the final concentration in water solution was 2 mg/mL after dialysis. The latter was then 

serially diluted in order to obtain at least 10 samples with decreasing concentrations. The polymer 

concentration and surface tension values were plotted on a graph and the CAC values, together 

with the ST values, were determined on the intercept of two straight lines, at the point where the 

surface tension no longer decreased with increasing of the polymer concentration. 
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Fig. 2.35. Concentration vs surface tension (ST) of poly5b-b-poly10b [50:50] self-assembled from a) acetone, 
b) THF, c) acetonitrile.  

 

Figure 2.20 shows the change in surface tension of the poly5b-b-poly10b [50:50] self-

assemblies as a function of the polymer concentration in solution. As shown in all three cases, the 

surface tension decreased with increasing in concentration and when the CAC was reached, the ST 

change was minimal. As shown in Table 2.7, poly5b-b-poly10b [50:50] self-assembled from acetone 

and THF started to aggregate at a concentration of 1.30 mg/mL and 1.39 mg/mL respectively. 

However, the CAC value obtained for poly5b-b-poly10b [50:50] self-assembled from acetonitrile 

was lower and it was found to be 1.06 mg/mL. The lower CAC value for this system could be the 

reason for the smaller NP size of 100 nm obtained by TEM when compared to those obtained by 

nanoprecipitation from acetone and THF (118 nm and 110 nm respectively).  

Table 2.8. CAC and ST values obtained for poly5b-b-poly10b [50:50] self-assembled from acetone, THF and 
acetonitrile.  

poly5b-b-poly10b 
[50:50] 

CAC 
(mg/mL) 

ST 
(mN/m) 

(CH3)2CO 1.30 63.1 

THF 1.39 61.0 

CH3CN 1.06 61.5 
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The CAC for the synthesised statistical copolymers poly5b-co-poly10b was not determined 

as both DLS and TEM showed that random aggregates that precipitated in aqueous solution were 

obtained. Instead, CAC of poly5b-b-poly10b [64:36] could not be run due to sample unavailability 

at the time of the experiment.   

 

2.2.4. Release of ibuprofen from polymeric nanoparticles 

Poly5b-b-poly10b [50:50] self-assembled from acetone, THF and acetonitrile, as well as poly5b-co-

poly10b [60:40] self-assembled from acetonitrile, were placed in different sets of tubes to which 2 

M aqueous NaOH (pH 14.3), phosphate buffered saline (PBS, pH 7.4), foetal bovine serum (FBS, pH 

7.3), pig liver esterase 30 units/mL in water (PLE, pH 7), and unbuffered water (pH 7) were added 

to give a final concentration of 1 mg/mL. The samples were incubated at 40 °C in a thermocycler. 

Each sample was removed at predefined time points (2 hr, 4 hr, 8 hr, 24 hr, 48 hr, 96 hr), frozen to 

quench the reaction and analysed afterwards by HPLC (Fig. S41). A gradient processing method was 

used, starting from 28 % methanol in water with 0.1 % of formic acid. Samples (10 µL) were run at 

35 °C at a flow rate of 4 mL/min. Absorbance was ƳƻƴƛǘƻǊŜŘ ŀǘ ˂ Ґ ннр ƴƳΦ ¢ƘŜ ƛƴǎǘǊǳƳŜƴǘ was 

calibrated using standard solutions of ibuprofen in methanol (50, 100, 150, 200, 250 ppm, Figure 

S77, Appendix 1).  

Figure 2.21 illustrates the release of ibuprofen using 2 M NaOH in water. In the case of NPs 

obtained from the block copolymer, the majority of ibuprofen was released within the first 10 hours 

with a release percentage of 97 % in the acetonitrile and the acetone systems, and 90 % for the 

system prepared in THF. In the following hours, for a period of up to four days, only a small amount 

of ibuprofen was released with the NP reaching complete degradation in 24 hours. This was in 

accordance with the results obtained from TEM, for which each solvent system used afforded NPs 

that were very similar in size (diameter of 100 ς 120 nm). Therefore, changing the solvent used for 
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precipitation of the micelles did not alter the degradation kinetics significantly. On contrary release 

of ibuprofen for the statistical copolymer self-assembled from acetonitrile, the hydrolysis was 

faster, and the majority of the drug was released within the first 2 hours (89 %). By a prior 

calibration of the instrument, it was also possible to quantify the concentration of the released drug 

which after 96 hours was in agreement with the theoretically expected value for quantitative 

hydrolysis which was 170 ppm for poly5b-b-poly10b [50:50] and 210 ppm for poly5b-co-poly10b 

[60:40]. The faster release of the statistical copolymer was consistent with higher accessibility of 

hydroxide ions to the ester linkages in a single chain polymer compared to bigger spherical structure 

adopted by the block copolymer.  

 

Fig. 2.36. Concentration of ibuprofen released (ppm) vs reaction time (hours) in 2 M NaOH solution in water. 
The concentrations are determined by calibration using standards of ibuprofen in methanol at 50, 100, 150, 
200 and 250 ppm. 

 

In the media which mimic physiological conditions more closely (PBS, FBS and PLE), the 

hydrolysis of ibuprofen from both of the copolymers poly5b-b-poly10b [50:50] and poly5b-co-

poly10b [60:40]  was much slower, with none of these media causing release of ibuprofen 

(measurable by HPLC) at a temperature of 40 °C over a period of 96 hours. This suggested that the 

shielding of the polymer-drug ester linkage within the hydrophobic core of the micelle retarded 
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chemical hydrolysis as well as impeding access of enzymes102. The resistance to enzymatic 

degradation from the poly5b-co-poly10b [60:40] contrasted with the basic chemical hydrolysis 

result, consistent with formation of single-chain nanoparticles by chain collapse, which provided a 

steric barrier to enzymes but not ions.  

 Figure 2.22 shows the typical chromatogram profile obtained for the release of ibuprofen 

from polymeric NPs. In the HPLC conditions used, ibuprofen eluted at a retention time (RT) of ca. 

3.2 min with a purity of > 99 %.  

 

Fig. 2.37. Chromatogram retention time (min) vs absorbance (mAU) of ibuprofen.  

 

 Unfortunately, these experiments were carried out before the lock down caused by Covid-

19. Consequently, analysis on the statistical copolymer self-assembled from acetone and THF could 

not be run. With the premises that changing the solvent system for NP formation did not 

significantly change the drug release process, the decision on focusing on the follow-up work was 

taken. 
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2.2.5. Synthesis of NSAIDs based NB monomers containing an imine linkage 

Following the unsuccessful results for the release of ibuprofen from polymeric NPs using 

physiological conditions, another approach was taken. As mentioned in Chapter 1, Section 1.3.1.1, 

the pH in the tumour extracellular environment slightly decreases in comparison to the normal 

blood stream: from 7.4 to ~ 6.0 ς 7.0103, which eventually drops to lower pH of 5.5 ς 6.0 in 

endosomes and 4.5 ς 5.0 in lysosomes104. Many research groups developed polymer-drug 

conjugates where the drug was covalently linked to the polymer backbone through linkages that 

could degrade under mild acidic conditions, including imine32,105, acetal106,107 and hydrazone108 

bonds. For instance, Dai et al.32 synthesised polymeric NPs containing doxorubicin (DOX), where the 

drug was attached to the block copolymer poly(2-(diisopropylamino)ethyl methacrylate-b-poly-(4-

formylphenyl methacrylate-co-polyethylene glycol mono-methyl ether methacrylate) (abbreviated 

to PDPA-b-P(FPMA-co-OEGMA)) via an imine bond (Schiff base). The so formed polymer gave rise 

to spherical micelles that could undergo charge-conversion (from negative to positive charge) at pH 

~ 6.5, followed by cellular internalisation into the tumour cells where DOX was released at pH ~ 

5.5.   

 

 
 

Reaction 
conditions 

pTsOH, Toluene 
Dean-Stark 

Pyrrolidine, DCM 
4 Å MS, N2 

Ti(EtO)4, THF, 
reflux, N2 

 

 Scheme 2.8. Synthetic scheme for the preparation of compound 13a, 13b and 13c respectively the 
benzophenone, the ketoprofen and the ketoprofen methyl ester containing NB monomers. Different reaction 
conditions have been attempted.  
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Following the results obtained by Dai and co-workers, in this study the synthesis of a NB 

monomer consisting of an imine bond between the NB ring and the drug was attempted. In order 

to obtain such a system, ketoprofen was employed. Ketoprofen is a propionic acid derivative of 

ibuprofen and possesses a ketone group. For this reason, it was selected as the drug of the study. 

Initially the formation of the imine bond was tested between the primary amine 11 (NB-NH2)109 and 

benzophenone 12a, which was cheaper then ketoprofen and hence selected for the reaction 

conditions optimisation (Scheme 2.5). Compounds 11 and 12a were reacted together in the 

presence of catalytic p-toluenesulfonic acid (pTsOH) in toluene using a Dean-Stark trap110. The 

reaction was carried out for 24 hours and the final product isolated by flash chromatography 

(EtOAC:PET 6:4) with a yield of 37 %. The formation of compound 13a was confirmed both by 1H 

NMR and by X-ray diffraction as shown in Figure 2.23 and Figure 2.24. Due to the nature of the 

substituents to the double bond, only one product could be formed.  

 

Fig. 2.38. 1H NMR in CDCl3 of compound 13a, including compound structure and carbon numbering. Each peak has 

been assigned for each proton. b) Ball and stick representation of the single crystal X-ray structure of endo-13a.  
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Single crystals of 13a were obtained by slow evaporation from acetone. A suitable crystal 

was mounted at 250 K and collected at the same temperature on a SuperNova, Dual, Cu at 

home/near, AtlasS2 diffractometer. The experiment was run by Lee Birchall. The ketoimine bond 

C=N distance was measured and found to be 1.2760 Å, which was significantly shorter than the 

single bond C-N (1.4557 Å) and the ethylene C-C bond (1.5244 Å) as a demonstration of the effective 

formation of 13a.  

 

Fig. 2.39. Crystal Data for C24H22N2O2 (M =370.43 g/mol): triclinic, space group P-1 (no. 2), a = 6.0805(3) Å, b = 
10.1042(5) Å, c = 15.8303(7) Å, h  = 94.167(4)°, ̡  = 94.199(4)°, ɹ  = 99.270(4)°, V = 953.78(8) Å3, Z = 2, T = 
249.99(11) YΣ ˃ό/ǳYʰύ = 0.655 mm-1, Dcalc = 1.290 g/cm3Σ тммр ǊŜŦƭŜŎǘƛƻƴǎ ƳŜŀǎǳǊŜŘ όуΦфϲ Җ нɸ Җ мппΦлфϲύΣ 
3641 unique (Rint = 0.0237, Rsigma = 0.0313) which were used in all calculations. The final R1 was 0.0416 (I > 
нˋόLύύ ŀƴŘ wR2 was 0.1144 (all data). 

 

The same conditions were applied for the reaction of the primary amine 11 with ketoprofen 

12b and ketoprofen methyl ester 12c (obtained by the reaction of 12b in MeOH with catalytic 

H2SO4). However, in both cases no reaction occurred due to the poor solubility of NB-NH2 in toluene. 

The same issue was encountered when the synthesis of compound 13a was subsequently repeated. 

In a second attempt, compounds 12a, 12b and 12c were each reacted with compound 11 using 

anhydrous DCM as solvent, molecular sieves (4 Å) and catalytic pyrrolidine at 40 °C111 (Scheme 2.5). 

Even in this case, no reaction occurred probably due to the equilibrium being shifted more towards 

the reagents rather than the product caused by inefficient deprotonation of the hemiaminal. Cogan 

1.2760 (17) Å 

1.4557 (16) Å 
1.5244 (18) Å 
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and Ellman112 successfully prepared a series of N-sulfinyl ketimines by the condensation of 

sulfinamides and ketones using Ti(IV) salts to promote the imine formation but were also previously 

used for the reaction of ketones with amines113. In particular Ti(OEt)4 afforded the desired products 

with high yield even when ketones with more substantial steric demand where employed. Here, 

compounds 12a, 12b and 12c were each reacted with compound 11 in the presence of 2 equivalents 

of Ti(OEt)4 using THF as solvent and heating to reflux under anhydrous conditions (Scheme 2.5). 

Unfortunately, Ti(OEt)4 hydrolysed to form TiO2 which was difficult to remove even by Celite® 

filtration and subsequent flash chromatography. Furthermore, characterisation by IR spectroscopy 

did not show formation of the desired product. However, drying THF more carefully (e.g. 

benzophenone-sodium still) could have avoided the formation of TiO2 in the reaction mixture and 

therefore maintaining active the catalyst throughout the reaction.  

Due to time constrain and due to the unsuccessful results, no further experiments were 

carried out. However, future work could be looking into optimising the Ti(OEt)4 catalysed reaction 

conditions.  

 

2.3. Conclusion 

The synthesis and development of polymeric NPs containing NSAIDs drugs, namely ibuprofen, to 

be used in nanomedicine was investigated in this study66. The ring opening metathesis 

polymerisation, ROMP, was used as a versatile tool for the preparation of block and statistical 

copolymers of controlled length and composition. The highly ring strained cyclic olefine norbornene 

(NB), was selected as the monomeric unit as it allowed for the easy linkage of ibuprofen in one case 

and PEG in the other case, both via an ester bond. PEG was introduced in the monomeric unit for 

its hydrophilic properties which allowed for the formation of amphiphilic polymers that could self-

assembled in aqueous environment forming NPs of specific size and shape.  
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As demonstrated by the GPC results, the highly active G3 initiator afforded homopolymers 

as well as block and statistical copolymers, containing ibuprofen and PEG, with very narrow 

distribution of the molecular weights (Ð < 1.5) and Mn values that were very close to those obtained 

theoretically. The slightly higher dispersity values obtained for the homo- and co-polymers bearing 

PEG was a reflection of the PEG chain (Mn = 550) which possessed an average distribution itself. 

 The so synthesised block copolymer possessed amphiphilic properties and therefore could 

form self-assembly morphologies when added to water. In particular, as determined by TEM 

microscopy, small aggregates with average diameter of 19 - 28 nm and big aggregates with 

diameter of 100 ς 120 nm were formed at the same time. Although the self-assembly process by 

nanoprecipitation was carried out using three different organic solvents, namely acetone, THF and 

acetonitrile, no specific effect was found in terms of size and shape during the formation of the 

NPs, thus demonstrating the versatility of the synthesised ROMP polymers. It also highlighted the 

importance of using a specific sequence within the polymer backbone. In fact, a random distribution 

of the hydrophilic/hydrophobic portions, in the statistical copolymer, did not afford specific self-

assembly morphologies, but rather single chain nanoparticles which in solution aggregated with 

each other and eventually precipitated as big agglomerates.  

 The drug releasing process was also investigated against both block and statistical 

copolymer systems in order to further evidencing the differences between a controlled system, 

such that of the block copolymer, with the statistical one. Although no ibuprofen was released for 

a period of up to four days at 40 °C under physiological conditions (PBS, FBS and PLE), NPs could 

undergo degradation under basic conditions (2 M NaOH). It was determined that ibuprofen could 

be slowly released from polymeric NPs (> 90 % in 10 hours), while the hydrolysis was faster in the 

case of the single chain NPs. In this case, the majority of the drug (90 %) was released within the 

first two hours as a consequence of the easy access of the hydroxy ions to the ester bond.  
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 Despite the fact that hydrolysis was not successful when systems that mimic physiological 

conditions were employed, it could be argued that the so formed polymeric NPs are very stable 

under those conditions. Therefore, they could still find an application as nanotherapeutics since no 

drug will be released before reaching the site of action, for instance the tumour cells. Potentially, 

they could also be used in chemoprevention for people with a high risk of developing cancers, as 

well as in diagnostic as the polymeric NPs would not release their payload prematurely under 

physiological conditions. Another application would include the treatment of rheumatoid arthritis 

(RA) since NSAIDs are known to help managing the chronic pain, inflammation and swelling that are 

typical of RA114. The use of NSAIDs based NPs would help reduce the long term administration of 

the drug, as well as reducing the side effects typical of NSAIDs oral administration (gastrointestinal 

ulceration, bleeding and renal distruption115). 

 Given the mild acidic pH values that are present in the tumour extracellular environment, 

some efforts have been made in the development of drug delivery candidates that possessed a 

bond, between the polymer and the drug, that could cleave under these conditions. Therefore, 

attempts to synthesise monomers consisting of an imine bond have been made. To this purpose, 

another NSAIDs drug, ketoprofen, has been used, however, after several attempts using different 

reaction conditions, a ketoprofen based NB monomer could not be obtained.  
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CHAPTER 3. CATIONIC ROMP POLYMERS CONTAINING 
SUPRAMOLECULAR SELF-ASSOCIATING AMPHIPHILIC (SSA) 
MOLECULES AND THEIR ANTIMICROBIAL ACTIVITY. 
 

3.1. Introduction 

For decades infections in humans have been kept in check by the development of antimicrobial 

drugs use. However, the treatment options have become more and more limited due to the rapid 

evolution of antimicrobial resistance (AMR). The World Health Organisation (WHO) has declared 

that AMR is one of the top 10 global public health threats that humanity is facing1 and is primarily 

caused by the misuse and overuse of antimicrobials. Microorganisms such as bacteria, viruses, 

fungi, and parasites mutate and change their composition over time making the drugs used to treat 

them not effective anymore. Therefore, AMR refers to the ability of the cells to survive at higher 

concentrations of drugs than the typical lethal dose. For example, a study carried out by the 

European Centre for Disease Prevention and Control (ECDC) has estimated that since 2007 about 

3,300 people die in the EU/EEA (European Union/European Economic Area) each year as a direct 

consequence of an infection due to AMR2. The latest data published by the UK Health Security 

Agency (UKHSA) in November 2021, showed a decrease in antibiotic resistant bloodstream 

infections from 65,583 in 2019 to 55,384 in 2020 which was the lowest since 20163. In the same 

way, the number of deaths caused by AMR decreased in 2020 where 2,228 deaths were estimated 

compared to 2,596 in 20193. However, it is important to highlight that this decline is mainly due to 

the restrictions that took place during the pandemic caused by Covid-19, where less social mixing 

and enhanced hand hygiene have played an important role, rather than the discovery of new 

antibiotics. For instance, the total consumption of antibiotics, intended as daily doses per 1,000 

inhabitants, has decreased by 10.9 % between 2019 and 2020.  

Figure 3.1 shows the incidence of bloodstream infections (BSIs) caused by 8 main pathogens (also 

known as superbugs) per 100,000 people between 2016 and 2020. It is evident that for each 

pathogen there is an increase in BSI between 2016 and 2019, while the infection decreased in 2020 
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as a result of the reduced contact between individuals due to Covid-19 pandemic. Escherichia coli, 

for instance, caused a BSI rate of 73.0 per 100,000 population in 2016 with an increase to 77.7 in 

2019, and a decrease to 66.9 in 2020.  

 

Fig. 3.1. Incidence per 100,000 population of 8 main pathogen bloodstream infection in England between 

2016 and 2020. Figure was taken from the 2020 ς 2021 report of the WHO3. This image contains public 

sector information licensed under the Open Government Licence v3.0.  

 

3.1.1. Polymer therapeutics with antimicrobial activity 

In order to overcome the issue caused by antimicrobial resistance, in recent years scientists have 

focused their attention into the development of antimicrobial polymers which mimic the 

biophysical and physicochemical properties of naturally occurring antimicrobial peptides (AMPs)4. 

They present, in fact, higher therapeutic stability and slower evolution of resistant strain bacteria 

compared to traditional small molecule antibiotics4,5. Typically, conventional antibiotics inhibit 

bacterial metabolic processes such as cell growth and cell division by acting on DNA and RNA 

synthesis as well as wall or protein synthesis. In response to the antimicrobial action, some bacteria 

enter a dormant cell state caused by the slowing of cellular metabolism. In this way bacterial cells 

do not actively divide and become intrinsically more resistant to antibiotics6,7. On the other hand, 

AMPs act by targeting the lipid bilayer bacterial cell membrane which is not involved in any of the 

typical resistance mechanisms8,9. This way, the bacterial cells can be killed without harming human 

cells and especially without inducing resistance (Figure 3.2). Naturally occurring AMPs, such as 
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Meganin-210, Protegrin 111, Indolicidin12 and -̡defensin 313, are amphiphilic peptides mainly 

composed of nonpolar side chain amino acids such as tryptophan and polar/cationic amino acid 

units such as lysine and arginine. As shown in Figure 3.2, the cationic residues (red in Figure 3.2) are 

attracted electrostatically to the bacterial cell membrane, which is mainly composed of anionic 

groups, while the hydrophobic residues (blue) are inserted into the non-polar membrane core, thus 

initiating membrane disruption. This mechanism is less specific and therefore more difficult for the 

bacteria to avoid. Furthermore, because the bacterial cell membrane is highly negatively charged 

compared to those of human cells, AMPs are more selective to bacteria over human cells14,15.  

 

Fig. 3.2. Representation of antimicrobial peptides (AMPs) inducing bacterial cells death. Here, the AMPs 
interact first with the cell membrane fallowed by insertion into the bilayer. The hydrophobic portion of AMPs 
(blue) align with the lipid region, while the hydrophilic portion (red) of the AMPs form the internal core. 
Reproduced by permission from Springer Nature Customer Service Centre GmbH (reference 8).  

 

 Due to the poor bioavailability and the high production costs of AMPs, in the past decade 

several research groups have started developing synthetic polymers that possessed similar 

physicochemical features to natural AMPs, which is the key for improved antimicrobial activity. In 

order to selectively target and disrupt bacterial cell membranes, polymers with cationic and 

hydrophobic groups have been developed (amphiphilic cationic polymers, ACPs)16. Such polymers 

can be prepared either by the polymerisation of monomers bearing antimicrobial functionalities, 

or by modification of the polymer structure via post-polymerisation reactions17. Different 

polymerisation techniques have been employed in order to prepare synthetic antimicrobial 
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polymers. These include living free radical polymerisations such as atom transfer radical 

polymerisation (ATRP)18,19 and reversible addition fragmentation chain transfer polymerisation 

(RAFT)20,21, but also ring-opening polymerisation (ROP)22 and ring-opening metathesis 

polymerisation (ROMP) for which examples have been widely discussed in Chapter 1, Section 

1.3.2.2. Examples are shown in Figure 3.3. 

 

Fig. 3.3. Examples of polymers possessing antimicrobial activity synthesised using ATRP, RAFT, ROP and ROMP 
in the preparation of polyacrylates, polymethacrylates, polycarbonates and polynorbornenes respectively. 
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ROP ROMP 

Perrier (2022) Whittaker (2017) 

Yang (2021) Coughlin (2008) 
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When designing antimicrobial polymers, several parameters need to be considered:  

(i) The amphiphilic balance: excessive hydrophobicity can generate polymers with poor 

water solubility and high toxcity, while very low hydrophobicity leads to poor 

antimicrobial activity23.  

(ii) The cationic group structure: for instance, doubly-charged amine species such as 

DABCO show higher activity compared to monocharged amines such as the pyridinium 

cation24, whilst improvement in antimicrobial activity can be achieved by the use of 

phosphonium cations25,26.  

(iii) The molecular weight (MW): high MW affects properties such as solubility, diffusion 

and aggregation, and at the same time increases the toxicity towards human cells23.  

(iv)  The polymer topology: this includes homopololymers, random and block copolymers24 

but also branched and star shape polymers27,28. Generally random copolymers show 

higher antimicrobial activity compared to block copolymers as the latter tend to form 

nanoparticles in solution upon self-assembly, thus encapsulating the cationic units into 

the core shell. Examples are discussed in Chapter 1, Section 1.3.2.2. 

Taking all of these parameters into account, in this project we were interested in developing a novel 

antimicrobial polymer prepared via ROMP in the form of a drug delivery system, where the drugs 

used are urea/thiourea sulfonate anions synthesised within the Hiscock group at the Univeristy of 

Kent. These molecules are identified as supramolecular self-associated amphiphilic salts and are 

known as SSAs.  

 

3.1.2. Supramolecular self-associating amphiphiles (SSAs) 

The Hiscock group have studied and developed a new class of molecules, named SSAs 

(supramolecular self-associating amphiphiles) which have been demonstrated to possess 

antimicrobial activity against both Gram-positive (methicillin-resistant Staphylococcus aureus, 
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MRSA)29 and Gram-negative bacteria (Escherichia coli)30,31. SSA molecules are urea/thiourea 

sulfonate-based salts and are constructed so that they possess an anionic hydrogen bond accepting 

(HBA) group, a urea/thiourea moiety that acts as both a HBA and HBD (hydrogen bond donating) 

group and a hydrophobic region (Figure 3.4).  

 

Fig. 3.4. General structure of SSAs. They possess a hydrophobic group (black), an HBA/HBD moiety (red) 
where X is usually an O or an S atom, a spacer (orange), a hydrophilic HBA (yellow) and a counter cation (A+). 

 

A library of about 50 SSAs has been prepared by Hiscock et al. via alteration of the 

substituents R1 and R2 in the hydrophobic group (small substituents such as CF3, OMe, NO2, NH2, H, 

but also aromatic rings such as benzothiazole, naphthalene, anthracene have shown to alter the 

acidity of the NHs32) and/or the spacer between the urea/thiourea and the sulfonate groups (n = 1, 

2 or 3). Different counter cations, mainly TBA (tertrabutylammonium), pyridinium, potassium and 

sodium have also been employed32.   

Owing to the presence of two HBA groups (the O/S on urea/thiourea moiety and the SO3
-) 

and one HBD group (the NHs on the urea/thiourea), a so-ŎŀƭƭŜŘ άŦǊǳǎǘǊŀǘŜŘέ ǎȅǎǘŜƳ ƛǎ ƻōǘŀƛƴŜŘ. In 

this system an intramolecular hydrogen bond cannot be formed between the HBA and HBD groups 

of the same molecule and therefore an interaction between different molecules occurs. This means 

that the anionic component of SSAs can adopt multiple self-associative hydrogen bonding modes 

simultaneously33 as shown in Figure 3.5 (b). Hiscock et al. have shown that in the solid state (via X-

ray diffraction), SSAs can form: (i) a urea/thiourea dimer, (ii) a urea/thiourea-anion stacking and (iii) 

a urea/thiourea-urea/thiourea stacking (syn or anti) modes that can be manipulated by changing 

Hydrophobic 

group 

HBA/HBD Hydrophilic 

HBA 

Counter 

cation 
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the chemical composition, the solvent, but also by modifying the counter cation34. For instance, it 

was found that the presence of a weakly coordinating cation, such as TBA, tend to form urea-anion 

dimers, while the presence of strongly coordinating cations, such as K+ and Na+, preferentially form 

urea-urea stackings34Φ IƻǿŜǾŜǊΣ ƛǘΩǎ ƛƳǇƻǊǘŀƴǘ ǘƻ ƴƻǘŜ ǘƘŀǘ ǘƘŜ ōƛƴŘƛƴƎ ƳƻŘŜǎ ŘŜǘŜǊƳƛƴŜŘ ǘƘǊƻǳƎƘ 

solid state studies may differ to the modes that SSAs form in the solution state, as self-association 

can be altered by the presence of a solvent. The Hiscock group have widely demonstrated35 that, in 

the solution state, SSAs can form aggregates in both DMSO and water. In the first case, dimeric 

species with hydrodynamic diameters < 10 nm are formed, while in the second case SSAs tend to 

form larger aggregates with diameters > 100 nm. These larger structures have been determined by 

a combination of 1H NMR, DLS and tensiometer which is used for the determination of the critical 

aggregate concentration (CAC). Furthermore, they could be visualised by transmission and 

fluorescence (when possible) microscopy. The presence of dimeric species in DMSO were also 

confirmed to exist in the gas-phase, determined by high resolution mass spectrometry (HR-MS), 

and in the solid phase, using X-ray diffraction (XRD).   

 Whilst in many cases the cationic component of amphiphilic salts is the one that carries the 

antimicrobial activity, Hiscock et al. have demonstrated that it is the anionic component of SSAs 

that form interactions with the bacterial membrane, thus causing bacterial cell disruption. The 

interaction of SSAs with the bacterial phospholipid bilayer was studied by solution state 1H NMR 

using a SMA (styrene-maleic anhydride copolymer) phospholipid nanodisc36. It was hypothesised 

that SSAs preferentially interact with phosphatidylethanolamine (PE) and phosphatidylglycerol (PG) 

over phosphatidylcholine (PC) phospholipid head groups. Since PC is found to be prevalent at the 

outer surface of eukariotic cells, SSAs would be more selective towards the bacterial cell membrane 

and thus are not toxic to human cells. As shown in Figure 3.5 (c), SSAs are hypothesied to complex 

both PE and PG through a combination of hydrogen bond formation and electrostatic interactions. 

In the case of PC, only weak electrostatic interactions are possible between the sulfonate group of 

SSAs and the tertiary ammonium group of PC, therefore the general complexation is weak. The 
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quantification of small molecules:phospholipid interactions36 was studied by Hisckock et al. on 

three SSA models using a novel solution-state 1D 1H NMR assay.    

 

Fig. 3.5. Scheme showing: (a) a representative structure of the SSA; (b) a representation of the hydrogen 
bonding modes adopted by the anionic component of SSAs; (c) hypothesised interaction of SSA with the 
phospholipid bilayer of bacteria cell membrane. Figure adapted from reference 36.  

 

3.1.3. Aim of the study 

In collaboration with the Hiscock group, it was decided to develop a novel polynorbornene system 

bearing the antimicrobial SSA molecules synthesised within their group. In particular, it was decided 

to synthesise pyridine derived norbornene (NB) and oxanorbornene (ONB) molecules (4b and 9, 

Scheme 3.1, a) taking inspiration from the paper published by Tew et al.17 in 2008, where 

amphiphilic polyoxanorbornene (polyONB) bearing quaternary alkyl pyridinium side chains showed 

Urea/thiourea-anion 

dimer 

urea/thiourea-anion 

stacking 

Anti-urea/thiourea-

urea/thiourea stacking  

Syn-urea/thiourea-

urea/thiourea stacking  

Ҍ 

PC 

PE 

PG 

Coiled SMA 

polymer belt 

Phospholipid 

Self-association 

a) 

b) 

c) 



114 
 

bacterial growth inhibition against B. subtilis and E. coli. These pyridine-based NB and ONB 

molecules were then reacted with two different SSAs (SSA-1 and SSA-2) in order to form four 

different monomers (mon1 ς mon4) in the form of salts, which were then polymerised via ROMP 

in order to obtain four novel amphiphilic homopolymers (poly1 ς poly4) (Scheme 3.1, b). Both 

monomers and polymers were then tested against Gram-positive (MRSA) and Gram-negative (E. 

coli) bacteria.  

 

Scheme 3.1. a) synthesis of mon1 ς mon4 and b) synthesis of homopolymers poly1 ς poly4 carried out in this 
project.  

 

 

 

 

a) 

b) 
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3.2. Results and discussion 

3.2.1. Monomer synthesis 

The monomers required to synthesise the desired ROMP polymers were not commercially available 

and therefore they were synthesised as shown in the following sections. The monomers were 

pyridinium-based NB or ONB molecules, where the counter anion was the urea- or thiourea-

sulfonate SSA (SSA-1 and SSA-2 respectively).  

It is known from the literature that exo isomers react faster than the endo isomers37, and 

therefore exo monomers were synthesised and used for the preparation of ROMP polymers. 

However, each reaction was first tested on the endo isomer as it is commercially available at a 

cheaper price (Chapter 2, Section 2.2.1).  

 

3.2.1.1. Synthesis of pyridine-based NB intermediate, 4a and 4b 

Scheme 3.2 shows the synthetic pathway used to obtain the endo/exo-NB derived pyridine 4a and 

4b. These were obtained with a modification from the literature procedure17. In the first step, endo- 

and exo-carbic anhydride (1a and 1b) were each reacted with 1 molar equivalent of 4-

(aminomethyl)pyridine 2 at room temperature using DCM as a solvent. The reactions occurred 

rapidly, in each case a white solid precipitated after only two minutes from the complete addition 

of reactant 2. However, the reactions were left to stir for 1 hour in order to make sure that all carbic 

anhydride was consumed. The white solid was filtered and washed with DCM, affording the open 

amides, 3a (endo) and 3b (exo), with yields of 90 % and 92 % respectively. In the second step, 3a 

and 3b were each dissolved in a solution of 0.5 M of methanolic HCl. The reactions were heated for 

50 minutes at 50 °C38 and the pure products, as the closed amides, were obtained by neutralisation 

with saturated NaHCO3 solution and then extraction with DCM. Compounds 4a (endo) and 4b (exo) 

were obtained as white solids with yields of 81 % and 83 % respectively. 
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Scheme 3.2. Synthetic scheme for the preparation of pyridine containing NB intermediate.  

 

The formation of both endo and exo compounds 3 and 4 was confirmed by 1H NMR. It is 

important noting that in each case, endo and exo compounds possess slightly different NMR 

spectra. Due to the difference in stereochemistry between endo and exo compounds, the chemical 

environment of each proton differs, and this has therefore an effect on their chemical shift and on 

their multiplicity. For instance, 1H NMR spectra in DMSO-d6 of compounds 3a and 3b show some 

differences (Appendix 2, Figures S1 and S5); since compound 3 is asymmetric, the characteristic 

alkene peaks of norbornene are found at different frequencies. This is particularly noticeable on 

endo isomer 3a, where two doublets of doublets that integrate for 1H each are present in the typical 

alkene region, at 6.19 ppm and 5.94 ppm. On the contrary, in the exo isomer 3b, the alkene peaks 

are present as a multiplet that integrates for 2H at 6.24-6.21 ppm, therefore they are slightly more 

deshielded in comparison to the endo alkene protons (peaks are shifted downfield). Formation of 

compound 3 is also confirmed by the presence of the NH peak, which in both cases results in a 

triplet due to the coupling with the CH2 in para position to the pyridine ring. The peak integrates 

for 1H and it resonates at 8.34 ppm and 8.52 ppm for compound 3a and 3b respectively.  

The behaviour of the bridgehead protons on the norbornene ring is also interesting. For the 

endo isomer 3a ǿŜ Ŏŀƴ ƻōǎŜǊǾŜ ǘƘŜ ǘȅǇƛŎŀƭ άǊƻƻŦƛƴƎ ŜŦŦŜŎǘέ ƻŦ ŀƴ !. ǎȅǎǘŜƳΣ ǿƘŜǊŜ ǎŜŎƻƴŘ ƻǊŘŜǊ 

spectra are obtained, and in fact we can determine a doublet of doublets centred at 1.28 ppm that 

integrates for 2H. However, the exo isomer 3b shows a different behaviour where two distinct 

doublets with integrations of 1H at 2.25 ppm and 1.25 ppm are observed, as if the spectrum is first 

order. The difference between the Larmor frequencies of the coupled nuclei (ɲ)˄ in 3a and 3b is 

calculated using MestReNova39 (ɲe˄ndo = 24 Hz; ɲe˄xo = 400 Hz). In the exo isomer it is found that ɲ ˄
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is larger compared to the coupling constant (JAB = 8.23 Hz) and the ratio ɲ/˄JAB = 50 is typical of first 

order NMR spectra. Whereas, in the endo isomer ɲ ˄is closer to the coupling constant (JAB = 7.4 Hz) 

and thus a second order effect is obtained.  

 No major difference is noted between 3a and 3b when comparing the aromatic protons on 

the pyridine ring. This is due to the large distance between the pyridine and the norbornene ring 

and therefore the chemical shift for the aromatic protons is not affected as strongly by the 

isomerisation.  

 Compounds 4a and 4b were obtained by ring closing of 3a and 3b in methanolic HCl. The 

latter are symmetric molecules and thus the NMR spectra for endo- and exo-NB pyridine-based 

intermediates (4a and 4b) are comprised of a lower number of protons compared to their open 

counterparts (3a and 3b). For instance, as shown in Figure S7 (Appendix 2), the alkene proton of 

the exo isomer 4b in DMSO-d6 is now a triplet at 6.32 ppm that integrates for 2H. The CH2 in para 

position to the pyridine ring does not couple to any other close proton and is therefore a singlet at 

4.57 ppm. The same CH2 protons in 3b are found to form a quartet of doublets at 4.27 ppm, due to 

the protons not being magnetically equivalent. By COSY NMR it is determined that the CH2 protons 

are coupling to each other as well as to the closest aromatic proton. Furthermore, the formation of 

4a and 4b is confirmed by the absence of the NH proton. In 4b, it can also be seen that the peaks 

ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ ōǊƛŘƎŜƘŜŀŘ ǇǊƻǘƻƴǎ ŀǊŜ ŎƭƻǎŜ ǘƻ ƻƴŜ ŀƴƻǘƘŜǊΣ ƳŜŀƴƛƴƎ ǘƘŀǘ ǘƘŜ άǊƻƻŦƛƴƎ ŜŦŦŜŎǘέΣ 

usually obtained for rigid systems like carbic anhydride and its derivatives, is more pronounced (ɲ ˄

= 100 Hz, JAB = 9.80 Hz).  

 

3.2.1.2. Synthesis of pyridine-based ONB intermediate, 9 

ONB (7) was selected due to the ease of synthesis, in fact, the Diels-Alder [4+2] cycloaddition of 

furan (5) and maleic anhydride (6) was carried out under very mild conditions, at room temperature 

in THF for 1 hour40 (Scheme 3.3). The product 7 was obtained by recrystallisation in the reaction 
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solvent with a yield of 71 %. In general, during this reaction, only the exo isomer is formed, which 

constitutes the only known exception to the rule where the endo isomer is predominantly formed.  

 

Scheme 3.3. Synthetic scheme for the preparation of pyridine containing ONB intermediate, 9. 

 

The stereochemistry of this reaction has been widely studied both experimentally41,42,43, 

using NMR spectroscopy, and theoretically44, using computational methodologies. Lee and 

Herndon45 studied the reaction between furan and maleic anhydride using NMR spectroscopy. They 

demonstrated that the reaction in acetonitrile at 40 °C with a reactant concentration of 1.50 M, 

formed initially only the endo adduct. However, at 24 minutes the concentration of endo and exo 

was the same, while after 48 hours only exo was evident in the reaction mixture. They also 

demonstrated that at lower concentrations (0.5 M), the reaction became faster and the exo adduct 

was obtained after 50 minutes. Lee and Herndon were able to calculate the rate constant (kendo and 

kexo) for the formation of endo and exo isomers and found that kendo > 500 kexo, which corresponded 

to an activation energy difference (ɲEa) of 15.9 kJ/mol in favour of the endo adduct (kinetically 

favoured). However, the exo adduct was 7.9 kJ/mol more stable than endo (thermodynamically 

favoured), and due to the reversibility of the process, only the exo isomer was eventually formed 

in the reaction. Later, using quantum chemical calculations, Svatos et al.46 were able to show that 

in acetonitrile the energy of the transition state (TS) for the endo isomer was only 0.3 kJ/mol higher 

than the exo isomer. This means that the preference for a given stereoisomer was only determined 
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by the stability of the product, which was calculated to be 11.5 kJ/mol higher for the exo adduct 

(Figure 3.6).  

 

Fig. 3.6. Gibbs free energy profile for the [4+2] cycloaddition of furan and maleic anhydride with preferential 
formation of the exo adduct. The figure is an adaptation from reference 46.  

 

In the second step (Scheme 3.3), oxanorbornene 7 was reacted with 1 eq of 4-

(aminomethyl)pyridine 2 at room temperature using DCM as the solvent. The reaction gave a white 

precipitate that was filtered after 1 hour, affording the open form 8 with a yield of 85 %. 

Subsequently, ring closing of compound 8 in 0.5 M methanolic HCl afforded the pyridine containing 

ONB intermediate 9, which was isolated by neutralisation with saturated NaHCO3, followed by 

extraction in DCM. Compound 9 was obtained pure as a pale pink solid with a yield of 64 %.  

1H NMR and 13C NMR in CDCl3 (Figures S9 and S10, Appendix 2) confirmed the attainment 

of compound 7, where chemical shift and multiplicity were comparable with those found in 

literature40. The 1H NMR is composed of three peaks: the alkene peak is a triplet at 6.59 ppm, while 

the other two protons are a triplet and a singlet at 5.47 and 3.19 ppm respectively, each of them 

integrating for 2H. The 13C NMR consists of four peaks: at 169.94 ppm the C=O is found, at 137.02 
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ppm, it is the alkene carbon, while at 82.24 and 48.73 ppm the two tertiary carbons on the ONB 

ring are found.  

1H NMR in DMSO-d6 of compound 8 (Figure S11, Appendix 2) is very similar to the one 

obtained for 3b (exo isomer), however, while maintaining the same multiplicity, the protons on the 

ONB ring are shifted downfield due to the presence of the oxygen atom on the norbornene bridge. 

Thus, the two alkene peaks are present as a multiplet at 6.48-6.46 ppm (compared to 6.24-6.21 

ppm of 3b) that integrate for 2H; the protons vicinal to the alkene ones are two singlets that 

integrate for 1H each at 5.11 and 4.97 ppm, while the two protons vicinal to the C=O group couple 

with each other and the protons next to the alkene giving rise to a quartet at 2.65 ppm that 

integrates for 2H. The aromatic protons and the CH2 in the para position to the pyridine are instead 

not affected by the O atom on the norbornene ring and so the chemical shift values are the same 

as those obtained for compound 3b.  

 In the same way as compound 4b, the pyridine-based ONB 9 is a symmetric molecule, thus 

the 1H NMR in CDCl3 (Figure S13, Appendix 2) gives rise to a simpler spectrum composed of six 

peaks. The aromatic protons couple with each other forming two doublets at 8.55 and 7.19 ppm; 

the alkene peak is a triplet at 6.56 ppm that integrates for 2H; the proton closest to the alkene 

couples with the alkene proton and with the proton vicinal to the C=O giving rise to a triplet at 5.32; 

the two remaining protons are present both as singlets at 4.65 ppm (CH2) and 2.93 ppm (CH-C=O); 

the NH is not present here.   

 

3.2.1.3. Synthesis of urea- and thiourea-sulfonate salts, SSA-1 and SSA-2 

Preparation of urea/thiourea-sulfonate pyridinium salts, SSA-1 and SSA-2, was carried out following 

the procedure developed by Hiscock et al34,32. Isocyanate 10 and isothiocyanate 11 were reacted 

with 1 eq of aminomethane sulfonic acid 12, in pyridine and heated to 60 °C overnight. Pyridine 

was used here both as a reactant and a solvent. In both reactions, products SSA-1 and SSA-2 
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precipitated in solution forming a white suspension that was filtered and then washed with EtOAc 

to remove any trace of pyridine. As shown in Scheme 3.4, SSA-1 and SSA-2 were obtained cleanly 

with a yield of 74 % and 85 % respectively.  

 

Scheme 3.4. Synthetic scheme for the preparation of SSA-1 (urea-sulfonate pyridinium salt) and SSA-2 
(thiourea-sulfonate pyridinium salt). 

 

 SSA-1 and SSA-2 were selected for this study for different reasons: (i) for the simplicity of 

their synthesis; (ii) because they contained a pyridinium cation that allowed easy proton transfer 

reactions with 4b and 9; (iii) because they were structurally similar to each other, allowing to carry 

out structure-activity relationship studies; (iv) because their physicochemical as well as 

antimicrobial properties were widely studied by Hiscock and co-workers. The successful synthesis 

of both SSAs was confirmed by 1H NMR and 13C NMR in DMSO-d6 as they were found to match the 

values previously published by Hiscock et al. (Appendix 2, Figures S15 ς S18). Since these 

compounds have been widely discussed in their publications, their characterisation and properties 

will not be discussed in this thesis. 

 

3.2.1.4. Synthesis of NB and ONB monomers bearing SSA-1 and SSA-2 

Scheme 3.5 shows the synthetic approach used for the preparation of the four monomers 

containing SSAs. SSA-1 and SSA-2 were reacted with an excess (1.2 eq) of norbornene 4b and 

oxanorbornene 9 in MeOH, at room temperature for a period of up to 2 hours. The reaction of 

these four compounds in different combinations led to the formation of four new monomers (mon1 

ς mon4). These were obtained by precipitation from DCM, which was used to remove the excess 
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of 4b/9 and the pyridine formed during the reaction. Monomers mon1 ς mon4 were obtained as 

white/light pink powders with a yield of 63 %, 86 %, 83 % and 86 % respectively. In the case of 

mon3, however, a different purification method was used. The 1H NMR of mon3 after precipitation 

with DCM, showed the presence of the methanol peak that could not be removed even under 

extreme conditions, such as heating to 100 °C under vacuum. This was due to formation of a 

hydrogen bond between MeOH and the product which contained a number of HBA atoms. 

Therefore, MeOH was removed by dissolution of mon3 in water using a sonicator bath heated to 

40 °C, followed by evaporation of the solvent using a rotary evaporator.  

 

Scheme 3.5. Synthetic scheme for the preparation of NB and ONB monomers containing SSAs, mon1 ς mon4.  

 

 The mechanism of the reaction involved the proton transfer from the pyridinium cation in 

SSA-1/SSA-2 to the pyridine group on compounds 4b and 9 forming pyridine as a by-product. It was 

hypothesised that the driving force of this reaction was the formation of a weak acid and a weak 

base. In fact, the pyridinium on SSAs behaved as a Bronsted acid possessing a pKa of ~ 5, while it 

was assumed a pKa of ~ 6 for the conjugated acid of pyridine-based NB/ONB which therefore 

behaved as a Bronsted base. In order for this reaction to be successful, a protic polar solvent such 

as MeOH was needed. Due to the small difference in pKa between the reactants, the equilibrium 

was only partially shifted towards the product. This effect was particularly noticeable for the 

reaction of 4b with SSA-1, where it was difficult to determine the time at which the equilibrium was 

reached, and therefore when product could be isolated. Due to the insolubility of both SSA-1 and 

product (mon1) in the precipitating solvent (DCM), it was not possible to isolate mon1 unless all 

the limiting reagent was consumed in the reaction. It was experimentally estimated that for the 
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reaction of mon1, equilibrium was reached after 40 minutes, while mon2 ς mon4 reached 

equilibrium after 2 hours. However, this could not be confirmed with certainty.  

 

3.2.1.4.1. NMR characterisation and variable temperature (VT) studies of monomers 

The formation of monomers mon1 - mon4 was primarily confirmed by 1H NMR spectroscopy. For 

instance, Figure 3.7 shows the 1H NMR spectrum in DMSO-d6 of mon1 (blue) compared to the 

spectra of reactants 4b (red) and SSA-1 (green).  

 

Fig. 3.7. 1H NMR spectra of mon1 (blue), SSA-1 (green) and 4b (red) in comparison. Structure of mon1 with 
proton numbering is also shown.  

 

It could be seen that the chemical shift of the pyridinium protons (8 and 9 in Figure 3.7) as 

well as proton 11 shifted downfield compared to compound 4b, clearly indicating that the proton 

transfer reaction was successful. Protons 8 and 9 are two doublets at 8.86 ppm and 7.90 ppm, while 

proton 11 is a singlet at 4.85 ppm, each integrating for 2H (previously 8.52, 7.24 and 4.57 ppm 

respectively on compound 4b). The aromatic protons on the SSA anion, 3 and 4, should couple with 

each other forming two doublets. However, they resonate at very close frequencies (7.51 ppm), 

and hence they are seen as a doublet of doublets in a pseudo second order effect. The urea NHs 

mon1 
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are also visible in the spectrum as two broad singlets at 9.23 and 7.02 ppm, however their chemical 

shift changes according to the concentration of the sample (the more diluted, the more upfield). 

Protons 7, 13, 14, 15 (alkene) and 16 (bridgehead) do not considerably change their chemical shift 

with respect to their starting materials, and their multiplicity is retained.  

Similar considerations can be made for mon3 which is formed by anionic SSA-1 and cationic 

ONB 9. Hence, the only major difference from mon1, is that mon3 possesses an O atom on the 

norbornene bridge, therefore the NMR spectrum does not contain the upfield bridgehead protons.  

More peculiar is the case of monomers bearing the thiourea-SSA (SSA-2). It has been 

proposed by Hiscock et al. that the introduction of a more acidic HBD thiourea functionality in the 

SSA anionic component, results in the formation of a secondary structure due to a slow exchange 

process, where an intramolecular hydrogen bond between the sulfonate oxygen and the thiourea 

NH is formed47. This is a reversible process that has been verified through 1H NMR variable 

temperature studies at 298 K and 333 K. This effect was found to be present on both mon2 and 

mon4. Figure 3.8 (2) shows the NMR spectra of mon2 at 298 K (blue) and 333 K (red): it is evident 

that when the monomer is at room temperature two species are present in solution (species a and 

b, Figure 3.8, 1), indicated by the splitting of the NH and CH2 resonances into two peaks each that 

together integrate for 1H and 2H respectively (highlighted in grey, Figure 3.8, 2). These two species 

are the linear and the cyclic forms of the thiourea-sulfonate anion (Figure 3.8, 1). At high 

temperatures, however, the two NH peaks and the two CH2 peaks coalesce together due to the 

breakage of the intramolecular hydrogen bond, meaning that only one species is visible in the NMR 

spectrum at 333 K.  
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Fig. 3.8. 1) Proposed formation of a secondary structure of SSA-2, open form a, and closed form b. 2) 1H NMR 
spectra of mon2 at 298 K (red) and 300 K (blue). Highlighted in grey are the NHs protons and the CH2 proton 
on SSA anion (proton 11).  

 

Taking into consideration the 1H NMR of mon2 at 333 K, the aromatic region consists of 

protons 8 and 3 which are two doublets at 8.83 ppm and 7.71 ppm, while protons 9 and 4 resonate 

at the same frequencies forming a multiplet at 7.87-7.85 ppm. The aromatic protons on the SSA 

anion are shifted downfield compared to the same protons in mon1; this may be due to the 

presence of the more acidic sulphur atom, which due to the inductive effect, removes electron 

density from the protons. They therefore become deshielded and are shifted to higher chemical 

shifts. The CH2 protons (proton 7) on the SSA anion, after heating to 333 K, are shown in the 

spectrum as a broad singlet at 4.33 ppm and are therefore shifted downfield in comparison to mon1 

mon2 

1) 

2) 

298 K 

333 K 
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(3.95 ppm). The protons on the NB ring are not affected by the presence of the sulphur atom and 

therefore they resonate at the same frequencies found in mon1.  

The same considerations can be made for mon4 with the only exception that the 

norbornene ring possesses an O atom on the bridge instead of a CH2 and thus no peaks are present 

in the range 0-2.5 ppm (Figure S25, Appendix 2).    

 The 13C NMR spectrum of mon1 (Figure 3.9-b) is presented here as a representative 

description for all of the four monomers, as their spectra are similar to one another (Figures S20, 

S22, S24 and S26, Appendix 2). All carbons have been assigned using a combination of HMQC 

(Heteronuclear Multiple Quantum Coherence) and HMBC (Heteronuclear Multiple Bond 

Correlation). From these studies, it was found that the carbonyl carbons 12 and 6 are the most 

deshielded and are found to be at 177.5 ppm and 155.0 ppm. These are followed by the quaternary 

aromatic carbons 5 and 10 at 154.2 ppm and 144.2 ppm. The aromatic carbons 8 and 9 are located 

at 142.04 ppm (more deshielded as it is close to the N atom) and 125.1 ppm, while the rest of the 

norbornene carbons are placed at 137.8 ppm for carbon 15, which is found to be in the typical range 

for the alkene carbon in norbornene, and in the range 47.7 - 40.9 ppm for carbons 13, 14, 16 and 

11. Carbon 7 is a low intensity peak at 55.9 ppm; the low intensity could be due to an increase of 

the relaxation time caused by the proximity of carbon 7 to the SO3 group. More peculiar is the 

situation for the aromatic carbons 2 and 3 in SSA, since a CF3 group is attached to the para position 

in respect to the urea moiety. It is known that 19F possess a quantum spin number Ὅ  ρςϳ , as it is 

consisting of an uneven number of protons and neutrons in its nucleus. This means that fluorine 

can couple with carbon in a 13C NMR following the splitting rule of (n + 1). While hydrogen-carbon 

couplings are not seen in normal 13C NMR spectra due to the C-H decoupling that prevents the 

splitting of the peaks, this is not possible, or it is more difficult to obtain on a carbon-fluorine 

coupling and thus splitting is observed48. The fluorine in CF3, as shown in Figure 3.9-c, can couple 

with carbons 2, 3 and the CF3 carbon itself. As a result, three quartets with different coupling 

constants are present in the NMR spectrum: the first coupling (the one with CF3) generates a 
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quartet at 124.7 ppm with J = 270.7 Hz, while the coupling with carbons 2 and 3 forms two quartets 

at 120.9 ppm with J = 32.0 Hz, and 125.9 ppm with J = 3.7 Hz. Carbon 4 is not affected by the 

presence of fluorine and therefore is seen as a singlet at 117.2 ppm.   

 

Fig. 3.9. (a) Structure of mon1 ǿƛǘƘ ŎŀǊōƻƴΩǎ ƴǳƳōŜǊƛƴƎΤ όōύ 13C NMR spectrum of mon1 in DMSO-d6; (c) 
carbon-fluorine region zoomed in.  

  

 The difference between this 13C NMR spectrum compared to the other monomers relies on 

the presence of a more acidic sulphur atom on the urea moiety (in mon2 and mon4) and the more 

electronegative oxygen atom on the norbornene bridge (in mon3 and mon4). Consequently, the 

carbons closest to those atoms are deshielded and thus shifted more downfield in the spectra. For 

instance, carbon 6 on mon2 and mon4 (thiourea-based monomers) is shifted to 180.3 ppm 

compared to 115.1 ppm on mon1 and mon3 (urea-based monomers), while carbon 14 on mon3 

and mon4 (ONB-based monomers) is shifted to 80.6 ppm compared to 44.6 ppm on mon1 and 

mon2 (NB-based monomers).  

mon1 

a) 

b) 

c) 
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3.2.2. Polymer synthesis  

As shown in Scheme 3.6, the synthesised monomers, mon1 - mon4, were polymerised using the 

commercially available 3rd generation Grubbs catalyst (H2IMes)(3-bromopyridine)2-(Cl)2Ru=CHPh 

(G3), in anhydrous DMF using benzaldehyde as a terminating agent. The resulting polymers (poly1 

ς poly4) were then purified by precipitation from DCM affording poly1 and poly3 as brown powders 

(94 % and 39 % yield respectively), and poly2 and poly4 as dark green powders (72 % and 32 % yield 

respectively). In each case, the polymerisation was carried out overnight at room temperature, 

using a monomer to catalyst ratio [M]/[C] of 20:1 and at a monomer concentration of 0.045 M. 

 

Scheme 3.6. Synthetic scheme for the preparation of homopolymers poly1 - poly4, obtained by ROMP 
polymerisation of monomers mon1 ς mon4 respectively, using Grubbs third generation catalyst, G3.  

  

Obtaining the aforementioned homopolymers was not straightforward, mainly due to the 

insolubility of monomers in many organic solvents. The polymerisation conditions were optimised 

on the synthesis of poly1. At first, the homopolymerisation of mon1 was carried out in polar 

solvents such as MeOH, MeCN and DMSO, with a monomer concentration of 0.045 M and a 

monomer to catalyst ratio of 20:1. However, in each case, the solvent deactivated the catalyst G3 

and hence only the unreacted monomer was present in the 1H NMR spectra. Secondly, the reaction 
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was carried out in anhydrous DMF (as it was found in the literature to have previously been used 

for ROMP49) using the same monomer concentration and monomer to catalyst ratio. The reaction 

was left to stir overnight at room temperature, then terminated using ethyl vinyl ether. The 1H NMR 

of the precipitated powder (obtained by precipitation from Et2O) showed formation of a polymer 

as demonstrated by the typical broadening of the peaks. However, some impurities were present, 

which were hypothesised to be products of the hydrolysation of ethyl vinyl ether which was added 

in excess in the reaction mixture. The excess ethyl vinyl ether most likely, reacted with the trace 

H2O present in DMF forming acetaldehyde (CH3 doublet at 2.12 ppm and CHO quartet at 9.66) and 

ethanol (CH3 triplet at 1.06 ppm and CH2 quartet at 3.44 ppm). In addition, DMF traces were also 

present. Although ethanol and acetaldehyde are low boiling point and volatile liquids, it was not 

possible to remove them, as well as DMF traces, using a Schlenk line with heating, nor using the 

speed vacuum technique. This could be due to the entrapment of these small molecules within the 

polymer framework. In order to prevent this issue, DMF was further dried using MS 3 Å and the 

terminating agent was changed to benzaldehyde. In this case, the polymer was obtained by 

precipitation with DCM and then washed at least six time in order to remove any trace of DMF. The 

1H NMR, shown in Figure 3.10, was found to be free from the aforementioned impurities and only 

a small amount of DMF was present.  

 Once the conditions for the polymerisation of mon1 were optimised, 

homopolymers poly2, poly3 and poly4 were synthesised. It is believed that the lower yield obtained 

for these three polymers was mainly due to the work up conditions, where washing the polymers 

multiple times with DCM led to some polymer loss. However, in the case of the ONB based 

polymers, poly3 and poly4, the precipitation from DCM was not as successful as in the case of poly1 

and poly2, and only little precipitation occurred. This could be due to the higher affinity of the ONB 

polymers towards DMF. The introduction of the O atom on the polymer backbone might have 

increased the polarity of the ONB based polymers compared to the NB based ones. As a 

consequence, the precipitation was more difficult and some of the polymer was left behind in the 
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mother liquor. Even the use of more apolar solvents such as Et2O and hexane did not improve the 

precipitation yield.  

 

3.2.2.1. 1H NMR characterisation of polymers, poly1 ς poly4 

As shown in Figure 3.10, formation of poly1 was confirmed by the typical broadening of 

each peak. Furthermore, it was confirmed by the disappearance of the alkene peak of mon1 at 6.33 

ppm, and the appearance of a broad doublet characteristic of the cis/ trans double bonds (proton 

15) at 5.66 ς 5.48 ppm. The other peaks were assigned by comparison with the NMR spectrum of 

mon1 (Section 3.2.1.4.1) and by analysing its COSY NMR. In fact, the chemical shift for most of the 

protons was retained, however the CH2 (proton 16) formed two broad singlets which were shifted 

downfield in comparison with mon1 (1.89 and 1.49 ppm compared to 1.39 and 1.21 ppm). The 

integration of each peak was also retained and the ratio between the SSA peaks and the polymer 

peaks were 1:1, meaning that for each cationic repeating unit there was one anionic SSA.  

 

Fig. 3.10. 1H NMR of poly1 in DMSO-d6 with polymer structure and peak assignment.  
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 The polymerisation of mon2 ς mon4 were also successful as confirmed by the 1H NMR 

spectra of each polymer (Figures S27, S29, S31 and S33, Appendix 2). The peaks were broadened 

and the typical cis/ trans alkene peak in the polymers was found to be at ~ 5 ppm in each spectrum. 

Homopolymers poly2 and poly4, were found to behave in the same way as their respective 

monomers, where the thiourea-sulfonate anion formed a secondary structure at room temperature 

due to slow exchange (Figure 3.8). As shown in Figure 3.11, a variable temperature experiment was 

carried out on poly2 demonstrating that when at high temperatures (333 K), the peaks 

representative of the thiourea-sulfonate anion coalesced together giving rise to one structure only. 

This effect is better viewed on proton 7, CH2, on the SSA anion, which resonates at 4.29 ppm, 

although some of the signal is hidden by the water peak (Figure 3.11).  

 

Fig. 3.11. 1H NMR of poly2 in DMSO-d6 at 298 K and at 333 K. The homopolymer structure is shown and 
protons have been assigned.  

 

 13C NMR spectra was obtained for all four of the polymers synthesised as shown in Figures 

S28, S30, S32 and S34, Appendix 2. In this case, to obtain spectra with a low signal to noise ratio, 

NH 

8 
9 

DMSO-d6 

3, 4 

7 

NH 

15 

11, H2O 13 

14 
16    16Ω 

298 K 

333 K 



132 
 

more than 5000 scans were necessary, as well as a polymer sample of ~ 40 µg/mL. Consequently, 

the peaks attributed to the carbon-fluorine coupling were also visible.  

 

3.2.2.2. Gel Permeation Chromatography (GPC) of poly1 ς poly4  

Molecular weights of poly1 ς poly4 were determined using GPC chromatography (Aglient 

Technologies PL-GPC 50). Each polymer was dissolved in DMF with 0.1 % w/w of toluene which was 

added to act as the flow rate marker. The eluent used was DMF containing 0.1 % w/w lithium 

bromide at a flow rate of 1.0 mL/min. 100 µL of sample was injected and polymers were detected 

using a differential refractive index (RI) detector. The system was calibrated using 10 narrow 

dispersity poly(methyl methacrylate) standards (Mp = 2210000 ς 1810 g/mol). The GPC analysis 

discussed in this section were conducted at the University of Sheffield by Samuel Harrison of the 

5ǊΦ {Ŝōŀǎǘƛŀƴ {ǇŀƛƴΩǎ ǊŜǎŜŀǊŎƘ ƎǊƻǳǇ Φ 

 

 

Fig. 3.12. Molecular weight profile of poly1 ς poly4. 

 

As shown in Figure 3.12, the four synthesised homopolymers presented a bimodal 

distribution of molecular weights, meaning that two polymer distributions with different molecular 

weights were formed during the reaction. This could be a result of the long reaction time used for 
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these four polymerisations. Since DMF was used as the reaction solvent, it was difficult to study the 

kinetics of the polymerisation for three main reasons: (i) deuterated DMF for NMR studies was 

expensive; (ii) DMF is a high boiling point, not volatile solvent, hence the NMR analysis of reaction 

mixture aliquots was not feasible; (iii) GPC that uses DMF as an eluent was not readily available. 

Therefore, the polymerisation was run overnight in order to make sure that all of the monomer was 

consumed by the end of the reaction. However, it was hypothesised that, due to the long reaction 

ǘƛƳŜΣ άōŀŎƪōƛǘƛƴƎέ ǊŜŀŎǘƛƻƴǎ ƻŎŎǳǊǊŜŘΣ ǿƘŜǊŜ ǘƘŜ ŀŎǘƛǾŜ ƳŜǘŀƭ ŀƭƪȅƭƛŘŜƴŜ ŀǘ ǘƘŜ ŜƴŘ ƻŦ ǘƘŜ ǇƻƭȅƳŜǊ 

chain reacted intramolecularly with another double bond along the polymer backbone giving rise 

to two different polymer distributions. The number average molecular weight (Mn), the weight 

average molecular weight (Mw) and the polydispersity index (Ð) values obtained for each polymer 

are shown in Table 3.1. In the case of poly1 and poly2, the Mn values obtained by GPC for the two 

distributions, if summed together, were very similar to the theoretical one, whereas in the case of 

poly3 and poly4, they were lower. This suggested that, although the polymerisation was left 

overnight, not all of the monomer reacted and thus a lower Mn was observed. However, in all four 

of the polymers synthesised, a very low polydispersity index was obtained, with values ranging from 

1.01 to 1.24, demonstrating the great versatility of the third generation Grubbs catalyst, G3.  

Table 3.1. Polymerisation characteristic of homopolymers poly1 ς poly4. 

Polymer*   Yield (%) n:G3 (th)a NB:SSAb Mn (th)c Mn (GPC) Mw (GPC) Ðd  
(Mw/ M n) 

Poly1 94 20:1 1:0.90 11 100 
 

10 600 
2 200 

12 400 
2 300 

1.17 
1.01 

Poly2 72 20:1 1:1.04 11 400 
 

10 600 
2 300 

13 100 
2 300 

1.24 
1.01 

Poly3 39 20:1 1:1.11 11 100 
 

7 100 
2 200 

8 200 
2 200 

1.15 
1.01 

Poly4 32 20:1 1:1.10 11 400 
 

8 000 
2 300 

9 200 
2 300 

1.16 
1.01 

* Monomer conversion could not be determined due to the use of DMF as reaction solvent. Reaction was left overnight. 
a Theoretical feed ratio. b Ratio SSA anion to NB cation determined by qNMR (d = 90 s). c Theoretical number average 

molecular weight. d Polydispersity determined by GPC in DMF and reported relative to poly(methyl methacrylate) 

standards.   
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 In order to determine whether the polymerisation disrupted the ionic bond between the 

SSA anion and the polyNB/polyONB cation, a relative quantitative NMR was run for each polymer 

using a relaxation delay of 90 seconds. By comparing integrals of interest with each other it was 

possible to determine the ratio between the cation and the anion within the polymer backbone. 

Specifically, the alkene peak (proton 15) on the polyNB/polyONB cation were integrated and 

compared this with the integration of the CH2 peak (proton 7) on the urea/thiourea anion. As shown 

in Table 3.1 (and Figure S77, Appendix 2), the ratio of the NB cation to the SSA anion was found to 

be 1:1 for all four of the polymers, meaning that the ionic bond was maintained during the 

polymerisation. Where the integration for the SSA peaks were found to be higher than 1, it was 

caused by the very close proximity to another peak (proton 11) in the spectrum that might have 

affected the integration. Overall, it was demonstrated that for each repeating unit there was one 

SSA anion.  

 

3.2.3. Physicochemical properties of NB/ONB-SSA monomers, mon1 ς mon4  

For the characterisation and the study of the physicochemical properties of the SSAs, the Hiscock 

group developed a multivalent approach which included a series of experimental techniques 

summarised in a flow chart shown in Figure 3.13. It is important to note that, although TEM and 

SEM microscopy techniques are mentioned in this flow chart, the Hiscock group demonstrated their 

unreliability in offering good results as the samples do not survive the method preparation50. For 

this reason, no TEM/SEM was carried out for any of the monomers synthesised, while the rest of 

the flow chart was used to characterise monomers mon1 ς mon4 and compare their 

physicochemical properties with the SSAs (SSA-1 and SSA-2).  
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Fig. 3.13. Flow chart including all the characterisation techniques used by the Hiscock group for the analysis 
of the physical-chemical properties of the SSA molecules, also used for the characterisation of monomers 
mon1 ς mon451. Square = action; triangle = decision. Figure adapted from ref 51. 

 

3.2.3.1. Single crystal XRD, a solid-state study 

As previously mentioned in Section 3.1.2, Hiscock et al. studied the intermolecular binding modes 

adopted by the anionic component of SSAs using single crystal X-Ray diffraction (XRD)34,35. They 

found that, in the solid state, SSAs could form different packing modes thanks to the formation of 

intermolecular hydrogen bonds through their HBD and HBA groups and that this was strongly 

dependant on the counter-ion used. In particular, three situations were encountered: (i) weakly 

coordinating counter cations such as tetrabutylammonium (TBA) gave rise to urea/thiourea dimers; 

(ii) moderately coordinating counter cations such as pyridinium formed urea-anion (or thiourea-

anion) tapes; (iii) strongly coordinating counter cations such as sodium or potassium formed urea-

urea (or thiourea-thiourea) stacks (these are represented schematically in Figure 3.5, Section 
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3.1.2.). For instance, the CF3 substituted benzene urea-sulphonate anion in SSA-1 formed dimeric 

species when the TBA counter-ion was used. In this case, the HBD urea group hydrogen bonded to 

the HBA sulphonate group of another SSA anion, and because TBA was not a coordinating species, 

only a dimer was formed.  However, when TBA was exchanged for the pyridinium cation, this acted 

as a competitive HBD species, and consequently a urea-sulphonate hydrogen bonded tape in the 

anti-configuration  was formed. These two crystal structure images are available in the Hiscock et 

al. publication34.  

 Single crystals of mon1 and mon2 were grown by slow evaporation from MeOH. A suitable 

crystal was selected, mounted at 200 K and then cooled to 100 K for collection on a SuperNova, 

Dual, Cu at home/neat, AtlasS2 diffractometer. Experiment on mon1 was run by Lee Birchall, while 

experiment on mon2 was run by Professor Jennifer Hiscock, both at the University of Kent. As 

shown in Figure 3.14, in the solid state, mon1 (consisting of a urea-sulphonate anion and a 

pyridinium-based norbornene cation) formed a urea-anion tape similar to SSA-1. In this case the 

pyridinium HBD group formed a hydrogen bond with one of the oxygen atoms of the sulphonate 

group. However, due to the presence of a bigger, sterically hindered counter cation, mon1 formed 

a staggered syn-stacking mode, where a hydrogen bond was formed between the urea group of 

one SSA anion and the sulphonate group of another SSA anion. The difference in stacking mode 

from anti to syn in SSA-1 and mon1, could be caused by the difference in size of the counter cations. 

In fact, the pyridinium cation in SSA-1 tended to be located among the urea-sulphonate anions and 

therefore the anti-configuration was energetically more favoured (crystal structure previously 

published34).  

In mon2 the same types of hydrogen bonds were formed: the HBD pyridinium hydrogen 

bonded to one of the oxygen atoms on the sulfonate group and at the same time, two hydrogen 

bonds were formed between the HBD thiourea group and the HBA sulphonate group. However, in 

this case, the presence of the sulphur atom on the thiourea, did not result in the formation of a 

tape motif as in mon1, but instead formed the typical thiourea-anion stacking as shown in Figure 
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3.15. Crystal structures of mon3 and mon4 could not be obtained due to time constraints and very 

limited availability of the instrument. However, single crystals of mon3 and mon4 were obtained 

by slow evaporation from MeOH and are ready to be analysed. 

 

Fig. 3.14. Ball and stick representation of the single crystal X-ray structure of mon1, exhibiting a hydrogen 
bonded tape formation through the urea-anion binding mode. Crystal Data for C24H23N4O6F3S (M =552.52 
g/mol): monoclinic, space group P21/c (no. 14), a = 23.527(3) Å, b = 5.5052(6) Å, c = 20.755(3) Å,  ̡= 
114.673(16)°, V = 2442.7(6) Å3, Z = 4, T = 99.99(11) YΣ ˃ό/ǳ Yʰύ = 1.826 mm-1, Dcalc = 1.502 g/cm3, 11709 
ǊŜŦƭŜŎǘƛƻƴǎ ƳŜŀǎǳǊŜŘ όуΦнтнϲ Җ нɸ Җ мпнΦопсϲύΣ псрт ǳƴƛǉǳŜ όRint = 0.1170, Rsigma = 0.1415) which were used 
in all calculations. The final R1 ǿŀǎ лΦлффр όL Ҕ нˋόLύύ ŀƴŘ wR2 was 0.2930 (all data).  

  

In Table 3.2 the hydrogen bond distances and angles of SSA-1, mon1 and mon2 are 

summarised, calculated from the single-crystal X-ray structures. The SSA-2 crystal structure was not 

available. These hydrogen bonds lengths were calculated as the distance from donor to acceptor 

(D-A) and the hydrogen bond angles were taken between D-HτA. As shown in the table, the 

hydrogen bond formed between the pyridinium cation and the sulphonate anion was found to be 

the shortest in each case with values ranging from 1.8 to 1.9 Å, while the urea (or thiourea) NHs 

formed hydrogen bonds with the sulphonate anion with lengths > 2.0 Å. 
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Table 3.2. Hydrogen bond length and angles obtained using Olex2 for SSA-1 (previously published data), 
mon1 and mon2. Here atoms have been numbered so that N1 is the pyridinium nitrogen which bonds O1. 
O1 is the oxygen bonding with two NHs. N2 and N3 are the urea nitrogen, where N2 is the one binding to O1. 

 HBD Hydrogen 
atom 

HBA Hydrogen 
bond length 
(D---A) (Å) 

Hydrogen 
bond angle 
(D-H---A) (°) 

SSA-1 N1 
N3 

H1 
H3 

O1 
O2 

1.895 (2) 
2.095 (2) 

168.7 (2) 
157.5 (2) 

mon1 N1 
N2 
N3 

H1 
H2 
H3 

O1 
O1 
O2 

1.816 (4) 
2.161 (4) 
2.091 (5) 

151.0 (6) 
141.8 (3) 
167.5 (4) 

mon2 N1 
N2 
N3 

H1 
H2 
H3 

O1 
O1 
O2 

1.909 (9) 
2.048 (9) 
2.030 (10) 

165.2 (8) 
162.4 (8) 
166.4 (7) 

 

 

Fig. 3.15. Ball and stick representation of the single crystal X-ray structure of mon2, shows formation of 
thiourea-anion stacking. Crystal Data for C24H23F3N4O5S2 (M =568.58 g/mol): monoclinic, space group C2/c 
(no. 15), a = 40.110(14) Å, b = 7.8300(15) Å, c = 15.943(4) Å,  ̡= 98.50(3)°, V = 4952(2) Å3, Z = 8, T = 
100.00(12) YΣ ˃ό/ǳ Yʰύ = 2.555 mm-1, Dcalc = 1.525 g/cm3Σ мтлус ǊŜŦƭŜŎǘƛƻƴǎ ƳŜŀǎǳǊŜŘ όуΦфмсϲ Җ нɸ Җ 
133.192°), 4378 unique (Rint = 0.3577, Rsigma = 0.2217) which were used in all calculations. The final R1 was 
лΦмттм όL Ҕ нˋόLύύ ŀƴŘ wR2 was 0.5056 (all data).  

 

3.2.3.2. ESI-MS, a gas-phase study 

Electrospray ionisation mass spectroscopy (ESI-MS) is a technique widely used for the analysis of 

both small and large molecules of different polarities52. ESI is a soft source of ionisation, meaning 

that very little energy is retained by the analyte, thus no fragmentation occurs and at the same 

time, non-covalent interactions (e.g., hydrogen bonds) are preserved in the gas phase. The Hiscock 
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group have used this technique to study the formation of intermolecular interactions on SSAs in 

order to determine whether the self-association of these molecules, specifically the formation of 

dimeric species was present in the gas phase. For instance, it was demonstrated by high resolution 

ESI-MS, that both SSAs used in this chapter, SSA-1 and SSA-2, existed in the monomeric state [M]- 

and dimeric state [M+M+H]-, where M is the anionic component of SSAs.  This effect was specifically 

seen on SSAs that possessed an anionic substituent, such as the one synthesised in this study, or a 

carboxylic acid residue, which was also used and studied by Hiscock and co-workers32.  

 

Fig. 3.16. High resolution MS spectra of: a) monomeric species and b) dimeric species of SSA-2; c) cationic 
component (NB) and d) anionic component (urea-sulphonate) of mon1; e) cationic component (ONB) and f) 
anionic component (thiourea-sulphonate) of mon4. Anionic components have been detected using ESI- as 
[M] -, while cationic components have been detected using ESI+ as [M+H]+. Dimeric species have been found 
as [M+M+H]-.  

 

For instance, as shown in the ESI-MS spectra presented in Figure 3.16, the thiourea-

sulphonate anion (SSA-2) formed both the monomeric species [M]- with m/z of 312.9933 (a) and 

the dimeric species [M+M+H]- with m/z of 629.9936 (b) in the gas phase. This did not happen in the 

four monomers synthesised, mon1 ς mon4, and as shown in Figure 3.16 only the monomeric 

species for both cationic (NB/ONB) and anionic (urea/thiourea-sulphonate) components were 

present in the MS spectra. For instance, the MS spectrum (d, Figure 3.14) of mon1 obtained in the 

negative ion mode (ESI-) showed an m/z of 297.1574, while the MS spectrum (c, Figure 3.16) 

a) b) 

c) 

d) 

e) 
f) 



140 
 

obtained in the positive ion mode (ESI+) showed an m/z of 255.1140. These were respectively the 

m/z values of the urea anion [M]- and the NB cation [M+H]+ in the monomeric form and were 

equivalent to the calculated values (Table 3.3). In the same way, the anionic and cationic 

components of mon4 were detected using ESI- and ESI+ respectively and as shown in Figure 3.16 

((e) and (f)), m/z of 312.0465 and 275.1034 were found for the thiourea anion and the ONB cation. 

However, in the case of the thiourea anion (both in mon2 and mon4), m/z of 311.0495 and 

310.0478 were detected, which could be attributed to the loss of 1H- in the first case and 2H- (more 

abundant) in the second case. It could be hypothesised that because the thiourea anion lost two 

hydrogens in the gas phase, the formation of the dimeric species was prevented.  

Table 3.3. High resolution ESI-MS values calculated and found for SSA-1, SSA-2 and mon1-mon4. 

 m/ z [M] - m/ z [M+M+H]- m/ z [M+H]+ 

 Theoretical Actual Theoretical Actual Theoretical Actual 

SSA-1 297.0162 297.0159 595.0404 595.0390 80.0500 n.a. 
SSA-2 312.9928 312.9933 626.9936 629.9936 80.0500 n.a. 
mon1 297.0162 297.1574 /  /  255.1128 255.1140 
mon2 312.9928 312.0445 /  /  255.1128 255.1140 
mon3 297.0162 297.1475 /  /  257.0921 257.0929 
mon4 312.9928 312.0465 /  /  257.0921 257.0931 

 

3.2.3.3. Quantitative 1H NMR 

Since 1960, quantitative NMR (qNMR) has been an important tool for quantifying the concentration 

and purity of small organic molecules. In particular, it has been used by the Hiscock group to initially 

determine, in solution state, the presence of lower- and/or higher- order structures within the 

sample. These structures have been hypothesised to correspond to dimers in one case and to bigger 

aggregates in other cases32. Due to their large size, higher-order structures adopt solid-like 

properties meaning that they cannot be observed by solution state NMR. The absolute 

ǉǳŀƴǘƛŦƛŎŀǘƛƻƴ ƳŜǘƘƻŘ ƛƴ ǉbaw ŀƭƭƻǿǎ ŦƻǊ ǘƘŜ ǉǳŀƴǘƛŦƛŎŀǘƛƻƴ ƻŦ ƳƻƭŜŎǳƭŀǊ ŎƻƳǇƻƴŜƴǘ άƭƻǎǘέ ǿƘŜƴ 

integrals of interest are compared to a calibrant (a standard of known concentration). The calibrant 

is chosen according to specific requirements: (i) it has to be soluble in the solvent used, (ii) it has to 

possess low volatility, (iii) it has to be chemically inert, (iv) it has to produce a simple NMR spectrum 
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(singlet resonances are preferred) and most importantly (v) its peaks cannot overlap those of the 

analyte in order to have an effective signal integration. By knowing the concentration of the 

calibrant Ccal, the concentration of the analyte Cx of interest, their respective number of nuclei (Ncal 

and Nx) and the integral area of the internal standard Ical, it is possible to determine the integral 

area of the analyte Ix (and therefore the percentage of higher-order structures present in the 

sample) using the following formula53 :  

Ὅ

Ὅ
 
ὅ

ὅ
ὼ
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ὔ
 

Eq. 3.1. 

In this study, monomers mon1 ς mon4 were analysed by using two different solvent 

systems: (i) 1 % DCM as internal standard in DMSO-d6 with a monomer concentration of 112 mM 

and (ii) 5 % EtOH as internal standard in D2O with a monomer concentration of 5.56 mM. The qNMR 

results were then compared to those of SSA-1 and SSA-2 obtained using the same solvent systems. 

In both cases, the internal standard was chosen for the miscibility with the deuterated solvent and 

because the resonance of the 1H nuclei do not overlap with those of the monomers. All experiments 

were carried out using a relaxation delay (d1) of 60 seconds in order to ensure no signal loss and 

thus accurate integration. 

It is also important to notice that at concentrations below the limit of detection of the NMR 

spectrometer used, it is not possible to confirm the absence of any self-associated species. 

 Table 3.4 summarises the results from quantitative 1H NMR studies obtained for SSA-1 and 

SSA-2, which have been carried out by the Hiscock group, and monomers mon1 ς mon4. As shown 

in Table 3.4, in a solution of DMSO-d6 with 1 % DCM, both SSAs did not show any evident signal 

άƭƻǎǎέ όл ҈ ƭƻǎǎύ ǿƘŜƴ ǘƘŜ ƛƴǘŜƎǊŀǘƛƻƴ ǿŀǎ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŀǘ ƻŦ ǘƘŜ ƛƴǘŜǊƴŀƭ ǎǘŀƴŘŀǊŘΦ ¢ƘŜǊŜŦƻǊŜΣ 

they tended to form lower-order structures which were hypothesised to be dimers (results 

confirmed by DOSY 1H NMR studies). On the other hand, when aqueous conditions were used (5 % 

EtOH in D2hύΣ ǘƘŜ ǊŜǎǳƭǘǎ ŦǊƻƳ ǉbaw ǎƘƻǿŜŘ ŀƴ ŀǇǇŀǊŜƴǘ άƭƻǎǎέ ƻŦ ŎƻƳǇƻǳƴŘ ǎƛƎƴŀƭ ǿƘŜƴ 

compared to the ethanol peaks (e.g., 46 % of signal was lost in the case of SSA-2). It was 
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hypothesised that this may be due to the formation of bigger self-associated aggregates which 

adopted solid-like properties.   

Table 3.4. Overview of the results from quantitative 1H NMR studies obtained from DMSO-d6, standardised 
with 1 % DCM at 112 mM and D2O standardised with 5 % ethanol at 5.56 mM. The table shows the proportion, 
as percentage, of cation and anion of SSA-1, SSA-2 and monomers mon1 - mon4 to become NMR silent. All 
quantitative 1H NMR experiments were conducted with a delay time (d1) of 60 s at 298 K. 

 % Loss D2O % Loss DMSO-d6 

 Cation  Anion Cation Anion 

SSA-1 37 37 0 0 
SSA-2 46 46 0 0 
mon1 4 0.5 12 12 
mon2 1.5 1.5 12.5 10.5 
mon3 0 0 9 15 
mon4 0 0 12.5 12.5 

 

Interestingly, all four norbornenyl-based monomers, mon1 ς mon4, possessed different 

behaviour compared to the SSAs. As a matter of fact, the quantitative NMR results of the monomers 

at a concentration of 5.56 mM in D2O with 5 % EtOH, showed ƴƻ ŘƛǎŎŜǊƴƛōƭŜ άƭƻǎǎέ (< 4 % loss) of 

signals for both the anionic and cationic components. While only about 10 % of signal was lost when 

monomers were dissolved in a solution of DMSO-d6 with 1 % DCM (the highest value was 15 % for 

mon3). These results appeared to be completely in disagreement with the classical behaviour of 

the SSAs. We believe that this was strongly influenced by the size of the pyridinium-containing 

norbornenyl cation which, due to steric hindrance, prevented the formation of hydrogen bonding 

between the anionic component of the monomer and therefore no larger self-associated 

aggregates were formed in aqueous solution. On the other hand, the 10 % of signal lost in DMSO-

d6 could be caused by experimental error or could be due to favourable conditions associated with 

a higher solubility of monomers in this solvent system. 

 A representative spectrum of quantitative 1H NMR of mon1 in D2O with 5 % EtOH as internal 

standard is shown in Figure 3.17. Quantitative 1H NMR of mon2, mon3 and mon4 are shown in 

!ǇǇŜƴŘƛȄ нΣ CƛƎǳǊŜǎ {ттΣ {туΣ {тфΦ !ǎ ǎƘƻǿƴΣ ƴƻ ŀǇǇŀǊŜƴǘ άƭƻǎǎέ ƻŦ ŎƻƳǇƻǳƴŘ ǿŀǎ ǇǊŜǎŜƴǘ ŀǎ ǘƘŜ 

signals integrated for two protons in both anionic (orange) and cationic (blue) components.  
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Figure 3.17. 1H NMR spectrum with a delay (d1 = 60 s) of mon1 (5.56 mM) in D2O/ 5 % EtOH. Comparative 
integration indicated 4 % of the anionic component (orange box) and 0.5 % of the cation component (blue 
box) has become NMR silent, concluding that no apparent loss is present in this sample. 

 

Figure 3.18 shows an example of quantitative 1H NMR of monomers (mon1) in DMSO-d6 

using 1 % DCM as internal standard. In this case 12 % of signal was lost for both cationic and anionic 

components. Quantitative 1H NMR spectra of mon2, mon3 and mon4 are available in the Appendix 

2 (Figures S73, S74, S75).  

 

Figure 3.18. 1H NMR spectrum with a delay (d1 = 60 s) of mon1 (112 mM) in DMSO-d6/ 1 % DCM. Comparative 
integration indicated that 12 % of both cationic and anionic components of the sample have become NMR 
silent.  

 

EtOH CH
2
 

DCM CH
2
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3.2.3.4. 1H DOSY NMR studies  

In order to further validate the results obtained by qNMR whereby all of the synthesised monomers 

did not form any larger self-associated structure, a series of 1H NMR DOSY experiments were 

performed. In this case, two conditions were used: (i) 5.56 mM in D2O with 5 % EtOH (mainly used 

for improving solubility of monomers in deuterated water) and (ii) 112 mM in DMSO-d6 with 0.5 % 

H2O.  

Diffusion ordered spectroscopy (DOSY)54 is a technique that allows the user to differentiate 

NMR signals from a mixture of molecules depending on their differences in molecular weights. 

More importantly, by measuring the diffusion coefficient it is possible to estimate the molecular 

size intended as hydrodynamic diameter (dH) of each molecule present in the mixture. The diffusion 

coefficient (D) is, in fact, affected by size and shape of molecules and it is determined by the Stokes-

Einstein equation:  

Ὀ  
ὯὝ

σ“–Ὠ
 

Eq. 3.2. 

Where kB is the Boltzmann constant (1.38 x 10-23 kg m2 s-2 K-1), T is absolute temperature (K) 

and – is the viscosity of the solvent. Therefore, the greater the size of the molecule, the smaller the 

diffusion coefficient and consequently the slower the molecule will diffuse. The limitation of DOSY, 

however, is the approximation by which each molecule is assumed to be a spherical particle.  

As shown in Table 3.5, mon1 ς mon4 did not form any large self-associated aggregates as 

both cation and anion exhibited a dH < 1.4 nm in a solution of DMSO-d6 with 0.5 % H2O, and dH < 

1.1 nm when dissolved in D2O with 5 % EtOH. The results obtained in DMSO-d6 suggested that 

similar to most of the SSAs synthesised by the Hiscock group35, the anionic component of mon1 ς 

mon4 tended to form dimeric species (due to hydrogen bond formation). The result was that each 

SSA anion, within the dimer, dragged one molecule of norbornenyl cation. However, it is important 

to note that only about 90 % of the monomers in solution behaved in this manner. As we have 

mentioned before in Section 3.2.3.3, about 10 % of signal was lost in qNMR. With regards to mon1 
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ς mon4 in D2O solution, the hydrodynamic diameter for both cation and anion were found to be 

lower compared to those obtained in DMSO-d6 suggesting that only monomeric species were 

ǇǊŜǎŜƴǘ ƛƴ ǎƻƭǳǘƛƻƴΦ ¢Ƙƛǎ ǿŀǎ ŦǳǊǘƘŜǊ ǾŀƭƛŘŀǘŜŘ ōȅ ǘƘŜƻǊŜǘƛŎŀƭ ǾŀƭǳŜǎ ŎŀƭŎǳƭŀǘŜŘ ǳǎƛƴƎ ǘƘŜ άƳƻlecular 

ǿŜƛƎƘǘ ǘƻ ǎƛȊŜ ŎŀƭŎǳƭŀǘƻǊέ ǎǳǇǇƭƛŜŘ ōȅ bŀƴƻŎƻǇƻǎƛȄΣ ŦƻǊ ǿƘƛŎƘ ōƻǘƘ ŎŀǘƛƻƴƛŎ ǎǇŜŎƛŜǎ όb. ŀƴŘ hb.ύ 

presented a dH ~ 0.93 nm, while both anionic species (SSA-1 and SSA-2) presented a dH ~ 0.99 nm.   

Table 3.5. Overview of diffusion coefficients and hydrodynamic diameter for mon1 - mon4 in 
DMSO-d6 and D2O at 298 K. Errors for diffusion constants are no greater than ± 1 x 10-13 m2/s. 

Compound Solvent Cation Anion 
 

 D (m2/s) dH (nm) D (m2/s) dH (nm) 

Mon 1 DMSO-d6 + 0.5 % 
H2O 

1.67 x 10-10 1.31 1.55 x 10-10 1.41 

Mon 2 DMSO-d6 + 0.5 % 
H2O 

1.71 x 10-10 1.28 1.64 x 10-10 1.34 

Mon 3 DMSO-d6 + 0.5 % 
H2O 

1.61 x 10-10 1.37 1.52 x 10-10 1.44 

Mon 4 DMSO-d6 + 0.5 % 
H2O 

1.68 x 10-10 1.31 1.63 x 10-10 1.34 

Mon 1 D2O + 5 % EtOH 4.18 x 10-10 1.04 3.97 x 10-10 1.10 

Mon 2 D2O + 5 % EtOH 4.45 x 10-10 0.98 4.17 x 10-10 1.05 

Mon 3 D2O + 5 % EtOH 4.44 x 10-10 0.98 4.0 x 10-10 1.09 

Mon 4 D2O + 5 % EtOH 4.46 x 10-10 0.98 3.94 x 10-10 1.11 

 

Figure 3.19 shows the DOSY spectrum obtained for mon1 in DMSO-d6 with 0.5 % H2O. It 

was evident that the anion (red, peaks 1, 4 ς 6 and 9) and the cation (blue, peaks 2, 3, 7, 8, 10-13) 

possessed very similar diffusion coefficients (Dan = 1.55 x 10-10 vs Dcat = 1.67 x 10-10 m2/s) due to very 

similar molecular weights (Mwan = 297.23 vs Mwcat = 254.29 g/mol) and therefore sizes. In fact, from 

a first look, it was not possible to hypothesise whether there was a strong coordination between 

the two components, although the pyridinium cation was known to moderately coordinate the 

SSAs34. Similar DOSY spectra were obtained for monomers mon2, mon3 and mon4 as shown in the 

Appendix 2 (Figures S61, S62, S63). 
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Fig. 3.19. 1H DOSY NMR spectrum of mon1 (112 mM) in DMSO-d6 at 298 K. Hydrodynamic diameter of the 
anionic and cationic components of mon1 were calculated to be dH = 1.41 nm and dH = 1.31 nm respectively. 
Peaks 1, 4-6 and 9 correspond to the anionic component of mon1 while peaks 2, 3, 7, 8, 10-13 correspond to 
the cationic component of mon1. 

 

 It is worth noting that, typically, the thiourea-sulfonate anion (SSA-2) forms secondary 

structures where, due to a reversible slow exchange process, an intramolecular hydrogen bond 

exists between the sulfonate ion (HBA) and one NH (HBD) in the thiourea moiety as shown in Figure 

3.20. Typically, this secondary structure b is not involved in the self-association process, and in the 

DOSY spectrum it is assumed that it diffuses at a different rate compared to the primary structure 

a. However, as shown in Figure 3.21, structure a and b (respectively peak 10 and 11) diffused at the 

same rate. This could be due to the fact that a dimeric structure was formed in solution where the 

NH on structure b formed a hydrogen bond with the sulfonate group in structure a (proposed 

structure c, Figure 3.20). 
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Fig. 3.20. Proposed formation of secondary structure of anionic component of SSA-2 (structures a and b) and 
proposed formation of dimeric species (structure c) on mon2. 

 

 

Fig. 3.21.  1H DOSY NMR spectrum of mon2 (112 mM) in DMSO-d6 at 298 K. Hydrodynamic diameter of the 
anionic and cationic components of mon2 were calculated to be dH = 1.34 nm and dH = 1.28 nm respectively. 
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Peaks 1, 2, 4, 6, 7, 10, 11 correspond to the anionic component of mon2 while peaks 3, 5, 8, 9, 12-15 
correspond to the cationic component of mon2.  

 

 Figure 3.22 represent the DOSY 1H NMR spectrum of mon1 in D2O with 5 % EtOH. The SSA 

anion, highlighted in red (peaks 3, 4 and 7), had a similar molecular weight to the norbornenyl cation 

(highlighted in blue, peaks 1, 2, 5, 8 and 9) and thus diffused at a very similar rate (Dan = 3.97 x 10-

10 vs Dcat = 4.18 x 10-10 m2/s). Here, peaks 6 and 10 were excluded for calculation purposes as their 

values were affected by their proximity to the solvent peaks.  

 

Fig. 3.22. 1H DOSY NMR spectrum of mon1 (5.56 mM) in D2O with 5 % EtOH at 298 K. Hydrodynamic diameters 
of the anionic and cationic components of mon1 were calculated to be dH = 1.10 nm and dH = 1.04 nm 
respectively. Peaks 3, 4 and 7 correspond to the anionic component of mon1 while peaks 1, 2, 5, 6 and 8 ς 10 
correspond to the cationic component of mon1. 

 

Similar DOSY spectra were obtained for mon2, mon3 and mon4 as shown in the Appendix 

2 (Figures S65, S66 and S67). 
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3.2.3.5. 1H NMR dilution studies 

In order to determine the strength of the hydrogen-bonded self-association events occurring 

among the anionic components of each SSA, the Hiscock group developed a 1H NMR dilution 

method which allowed for the determination of the self-association constant when compounds 

were dissolved in a solution of DMSO-d6 (competitive solvent system to H bonds) with 0.5 % H2O 

starting from a concentration of 112 mM. However, the drawback of this technique is that it is 

limited to one component, one-dimensional homogeneous aggregation. Due to the fact that mon1 

ς mon4 possessed ~ 10 % of high-order structures (as demonstrated by qNMR) in this solvent 

system, it could not be possible to quantify the strength of the H bonds. However, 1H NMR dilution 

studies were performed on mon1 ς mon4 for the qualitative determination of the presence of 

hydrogen-bonded events in the case of those ~ 90 % of dimeric species in solution. Samples were 

prepared in a series, starting from a concentration of 112 mM and then sequentially diluted to a 

concentration of 1.75 mM for a total of 15 samples. For each sample a 1H NMR spectrum was taken 

and the change in chemical shift of four different protons was monitored with changes in 

concentration (the more diluted the sample, the more the chemical shift moves towards the upfield 

region). Specifically, the N-H resonances on the SSA anion and the aromatic (Ar-H) resonances on 

the norbornenyl cation were selected for this study.  

 Figure 3.23 shows the graphs of chemical shift vs concentration of mon1 (graph a) and 

mon2 (graph b) as representative models for both urea- and thiourea-based norbornenyl 

monomers. As shown in both graphs, there was a change in chemical shift which depended on the 

concentration of the monomer in solution, which provided evidence for low-order self-associated 

species due to hydrogen bonding formation. In particular, in mon1 the 1H nucleus that underwent 

the biggest change in chemical shift was the N-H represented with the orange circle, whereas in the 

case of mon2, the aromatic proton (Ar-H) represented with the grey triangle underwent the biggest 

change in ppm. This behaviour was also observed for mon3 (urea-based oxanorbornenyl monomer) 

and mon4 (thiourea-based oxanorbornenyl monomer), indicating that the presence of an oxygen 
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or a sulphur atom could have an effect on the hydrogen bond strength. Graphs of mon3 and mon4 

are shown in the Appendix 2 (Figures S84, S85). Typically, thiourea-based SSAs that are slow 

exchange species do not participate in any of the self-association events, as the NH resonances do 

not show any chemical shift change32. However, in the case of mon2 and mon4 this occurred, and 

thus we could further validate the DOSY NMR results and the hypothesis whereby the slow 

exchange/secondary structure was involved in the formation of the dimeric species (Figure 3.20, c).   

a) 

 

b) 

 

Fig. 3.23. Graph illustrating the 1H NMR down-field change in chemical shift of protons with increasing 
concentration of mon1 (a) and mon2 (b) in DMSO- d6 0.5 % H2O (298 K). 

 

3.2.3.6. Dynamic light scattering (DLS) and zeta potential (ZP) studies 

Although it was determined by quantitative 1H NMR that mon1 ς mon4 only formed about 10 % of 

larger structures when dissolved in DMSO-d6, we were interested to study their self-assembly 

properties using DLS and their stability by measuring the zeta potential (ZP). In particular, DLS was 

carried out using a concentration of mon1 ς mon4 of 5.56 mM in H2O with 5 % EtOH and 112 mM 

in DMSO, whereas ZP studies could only be carried out in water solution as DMSO damages the zeta 

cell.    

 In this study, mon1 ς mon4 were dissolved in (i) a solution of 5 % EtOH in H2O with a final 

concentration of 5.56 mM and (ii) in DMSO with a concentration of 112 mM. In both cases, the 

samples were heated to 40 °C to undergo an annealing process and were then cooled down to room 
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temperature before any measurement was taken. Since the molecules were novel and no refractive 

index data (RI) was available, the data were recorded without selecting any RI, thus only size 

distribution by intensity could be obtained (number or volume distribution could not be obtained).  

 Unexpectedly, as shown in Table 3.6 and Figure S86 (Appendix 2), mon1 ς mon4 seemed 

to form aggregates in water solution with an intensity average diameter between 130 nm and 230 

nm, with ONB-based mon3 and mon4 having larger particle sizes. These results were comparable 

to those obtained for SSA-1, which had a dH of 220 nm, and SSA-2 with a dH of 235 nm. However, 

as determined by qNMR in D2O/5 % EtOH, those monomers did not form any larger self-associated 

structures, therefore the DLS results obtained were not expected. It was hypothesised that these 

results could be due to agglomeration of smaller structures in solution that could be seen by the 

instrument as particles of coherent shape and size. In general, it is difficult to obtain high quality 

data from dispersions with agglomerated particles as too much light is scattered and hence 

broadened peaks can be obtained55. Agglomeration is enhanced with increasing concentration and 

this behaviour is typical of SSAs when analysed at a concentration of 112 mM in DMSO. In fact, 

mon1 ς mon4 (Table 3.6 and Figure S88 of Appendix 2) as well as SSAs in general, formed large 

agglomerates in solution with hydrodynamic diameters above the limit of detection (dH > 1000 nm). 

This was further validated by the correlation function which gave information about the signal-to-

noise ratio as well as the presence of dust particles or agglomerates. The correlation function 

obtained for mon1 ς mon4, did not show a smooth single exponential decay or a linear baseline 

(Figure S89, Appendix 2), and these effects are always related to the presence of agglomerates or 

lumps. Furthermore, for each experiment, the 10 measurements taken had very different 

correlation functions from one another, further demonstrating the absence of homogenous 

particles in solution.  

 Upon looking at the ZP values obtained for mon1 - mon4 in water solution, it could be 

further validated the hypothesis that no larger self-associated structures and hence no aggregates 

were formed in solution. As a matter of fact, ZP (also termed electrokinetic potential) is a parameter 
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used to determine the stability of colloid particles or aggregates in solution. General guidelines 

classify particle dispersions with ZP values of ± 0 ς 10 mV, ± 10 ς 20 mV, ± 20 ς 30 mV and ± 30 mV 

as highly unstable, relatively stable, moderately stable and highly stable respectively56. Having this 

in mind, it could be then concluded that the four synthesised monomers were classified as highly 

unstable aggregates since their ZP values ranged from -3 mV to -10 mV (Table 3.6) compared to 

those of SSA-1 and SSA-2 which possessed a ZP value of -28 mV and -21 mV respectively32.  

Table 3.6. Overview of average DLS intensity particle size distribution and ZP measurements obtained for 
mon1 ς mon4 at a concentration of 5.56 mM in H2O/5 % EtOH solution and at a concentration of 112 mM in 
DMSO at 298 K.  

 
Solvent 
system 

Concentration dH 
(nm) 

Polydispersity 
(%) 

ZP (mV) 

mon 1 H2O/5% 
EtOH 

5.56 mM 194 15 (± 1.49) - 3.5 

mon 2 H2O/5% 
EtOH 

5.56 mM 131 21 (± 1.42) - 2.9 

mon 3 H2O/5% 
EtOH 

5.56 mM 216 17 (± 1.54) - 4.5 

mon 4 H2O/5% 
EtOH 

5.56 mM 226 10 (± 2.25) - 9.5 

mon 1 DMSO 112 mM 400 
2800 

27 (± 2.54)  n.a. 

mon 2 DMSO 112 mM 403 
3300 

29 (± 1.19) n.a. 

mon 3 DMSO 112 mM 480 
1900 

35 (± 1.54) n.a. 

mon 4 DMSO 112 mM 123 
2500 

34 (± 3.64) n.a. 

 

3.2.3.7. Critical aggregate concentration (CAC) and surface tension  

It was demonstrated that SSAs possessed amphiphilic properties which were responsible for the 

formation of large self-associated structures in solution. It has been shown, in previous work35, by 

the Hiscock group that the CAC for a series of SSAs was found to be at concentrations higher than 

5.56 mM; concentrations at which DLS studies were carried out showing formation of large 

aggregates. This was due to the fact that at low concentrations (below the CAC), monomeric units 

and small particles were present in solution, while at higher concentrations (above the CAC), a 

mixture of small and large particles could be found. This behaviour was first demonstrated by 
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Williams et al. in 1955 in his study of critical aggregate concentration of sodium lauryl sulphate57. 

Although self-associated structures of SSAs were present at dilute concentrations, it was only with 

further addition of solute molecules that it was possible to determine the CAC and therefore the 

presence of aggregates in solution. 

 Here, although we showed no formation of larger self-associated structures in water at a 

concentration of 5.56 mM, we were interested in studying the CAC behaviour of mon1 - mon4 in a 

5 % EtOH/H2O solution. The CAC was determined as a function of the change in surface tension (ST) 

by variation of monomer concentration. Each monomer was dissolved at its highest concentration 

in a solution of H2O with 5 % EtOH (22.5 mM, 10 mM, 30 mM and 15 mM for mon1, mon2, mon3 

and mon4 respectively) and then diluted in order to obtain at least 10 different samples with 

decreasing concentration. Monomer concentration and surface tension values were plotted on a 

graph and the CAC value, together with its ST value, was determined on the intercept of two straight 

lines, at the point where the surface tension no longer decreased with increasing monomer 

concentration (Figure 3.24). 

 

Fig. 3.24. Graphs of surface tension as a function of monomer concentration for mon1 (a), mon2 (b), mon3 
(c) and mon4 (d). The CAC was calculated at the intercept of the trendline of the two series.  
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As shown in Figure 3.24, the surface tension for all four monomers decreased with 

increasing monomer concentration. The CAC was found to be higher than 5.56 mM for mon1, mon2 

and mon3 (Table 3.7), meaning that the surface interface became saturated and therefore bigger 

aggregates only started to form at concentrations higher than 5.56 mM. The only case in which the 

CAC was lower than 5.56 mM was for mon2, which was in contradiction with the results obtained 

from qNMR. However, this could also be due to experimental error during line best fit.  It is worth 

noting that mon1 (NB-SSA-1) and mon3 (ONB-SSA-1), which both contained the urea-based SSA-1, 

were more soluble in those conditions compared to mon2 (NB-SSA-2) and mon4 (ONB-SSA-2) which 

instead contained the thiourea-based SSA-2. As a consequence, the CAC was higher for urea-based 

monomers (10.11 and 16.68 mM) than thiourea-based monomers (5.33 and 7.84 mM). This 

behaviour was a general trend seen in all urea- and thiourea-based SSAs. In particular, SSA-1 was 

found to have a CAC of 198 mM, while SSA-2 had a CAC of 29 mM, which was different by more 

than one order of magnitude. It has been established that the presence of the thiourea group 

helped the formation of stronger hydrogen bonding interactions and formed more stable 

complexes with anions than the urea-containing molecules35. Furthermore, the presence of an O 

atom on the norbornenyl cation (ONB) slightly increased the solubility of both urea- and thiourea-

based monomers in water and thus the effect was an increase in the CAC values. 

Table 3.7. Critical aggregate concentration and surface tension values obtained for mon1 ς mon4 in a solution 
of 5 % EtOH in water. 

 
Cmax 

(mM) 
CAC 

(mM) 
ST 

(mN/m) 

mon 1 22.5 10.11 43.37 

mon 2 10 5.33 42.73 

mon 3 30 16.68 48.60 

mon 4 15 7.84 44.49 

 

3.2.4. Physicochemical properties of polymers, poly1 ς poly4  

Once monomers mon1 ς mon4, were characterised in the solution state, the corresponding 

polymers, poly1 ς poly4, were also characterised. Specifically, the polymer size was studied using 
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DOSY NMR in DMSO-d6, while the polymer self-assembly properties were studied using DLS to 

determine the size of the nanoparticles, ZP to determine their stability and Tensiometer to find the 

critical aggregate concentration. Due to the poor solubility of the four polymers in H2O with 5 % 

EtOH, the solution state studies were carried out using 1 % DMSO in H2O with a starting polymer 

concentration of 1 mg/mL.   

 

3.2.4.1. Solubility studies of polymers 

Solubility studies were carried out for poly1 ς poly2 in a water solution with different percentages 

of DMSO and MeOH, as well as different polymer concentrations. Initially, a concentration of 3 

mg/mL (5.56 mM for monomers) in 5 % EtOH/H2O was selected in order to compare the results 

obtained for the polymers with the ones obtained for both SSAs and monomers, thus having a 

better representation of the data. However, as shown in Figure 3.25, poly1 (named SS089-6.5) was 

not soluble in that solvent system and big lumps were present even after sonication at 40 °C. DMSO 

was selected here as it is an organic solvent with amphipathic nature that has been widely used in 

biological assays for its ability to dissolve poorly soluble molecules. Although, it was demonstrated 

to be toxic to human cells at concentrations > 10 % (v/v) through plasma membrane pore 

formation58,59. Nevertheless, it was decided that DMSO would be used in this study as no 

alternatives were available and as proof-of-concept studies. Thus, the solubility of poly1 (as well as 

poly2, poly3 and poly4) was tested at 1 mg/mL in 1, 5 and 10 % v/v of DMSO in water and 3 mg/mL 

in 5 and 10 % v/v of DMSO in water. As shown in Figure 3.25, the polymer was completely soluble, 

in the solvent system, only at high percentages of DMSO (1 mg/mL in 5 and 10 % DMSO; 3 mg/mL 

in 10 % DMSO). However, for the following characterisations, it was decided that the solution of 

poly1 at 1 mg/mL with 1 % DMSO would be used, as it formed a very fine suspension in solution 

and at the same time a very small percentage of DMSO was used. With regards to poly2 ς poly4, 

the same behaviour was detected and the addition of an oxygen atom on the polymer backbone 

(poly3 and poly4) did not improve the polymer solubility (Figures S99 ς S102, Appendix 2).  
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Fig. 3.25. Solubility of poly1 (compound 89-6.5) at different percentages of DMSO and MeOH in water 
solution. 

 

3.2.4.2. 1H DOSY NMR studies   

DOSY spectroscopy is a well-established NMR method that reports the diffusion coefficients (D) for 

individual resonances in NMR spectra. As mentioned in Section 3.2.3.4, DOSY NMR is used 

determine the size of small molecules in a mixture and it has been used by Hiscock et al. to 

determine the formation of SSA dimers in DMSO-d6. Recently, DOSY has also been used to 

determine the conversion60, molecular weight61, dispersity62 of polymers, as well as their 

aggregation properties63. As mentioned before, the synthesised poly1 ς poly4 formed a fine 

suspension in the selected solvent system (1 % DMSO in water) and therefore reliable data could 

not be collected by NMR spectroscopy. Thus, DOSY of polymers have been used to determine the 

size, intended as hydrodynamic diameter dH, of the polymers at a concentration of 20 mg/mL in 

DMSO-d6. This was used as a comparison to the DOSY data obtained for the respective monomers, 

rather than the analysis and determination of the polymer molecular weights.  
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Fig. 3.26. 1H DOSY NMR spectrum of  poly1 (20 mg/mL) in DMSO-d6 at 298 K. Hydrodynamic diameter of the 
anionic and cationic components of poly1 were calculated to be dH = 1.59 nm and dH = 7.31 nm respectively. 
Peaks 1, 4, 5 and 9 correspond to the anionic SSA, while peaks 2, 3, 6,-8, 10-12 correspond to the cationic 
polymer backbone. 

 

 As shown in the DOSY NMR spectrum (Figure 3.26) obtained for poly1, the SSA anion and 

the cationic polymer backbone diffused separately with different rates, revealing that the 

coordination between the cationic polyNB and the anionic SSA was weak, as opposed to the 

corresponding mon1 (Figure 3.19), where the anionic and cationic components diffused at very 

similar rates. This was indeed due to the similarity in size rather than the strong coordination 

between the pyridinium cation and the urea-sulfonate anion. Interestingly, although the GPC 

analysis revealed the formation of two different molecular weight distributions (Mn = 10 600 and 2 

200 g/mol), the DOSY NMR spectrum did not show the diffusion of more than one polymer chain. 




















































































































