University of

Kent

Synthesis of ROMP polymers for

biological applications

Sara Shehata

Thesis submitted to the University of Kent for the Degree of

Doctor of Philosophy

School of Physical Sciences

September2022



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
molecuar 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 arotregs.

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 ibégmoand 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 antinflammatory drug (NSAID)hich was selected in this study thanks to its potential
role in chemoprevention and chemotherapy. The so synthesised amphiphilic block copolymer could
selfassembled in aqueous environment to form nanoparticles with precise size and morphology,
and that caild 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 nanopartialeder 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. Hopolymers bearing pyridinium cations and SSA
(selfassociating 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 synthesidehomopolymers were studied for their antimicrobial activity
against both Granmegative and Gramositive 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 (|

1.1. Introduction

The wordpolymer derives from the Greek wordgolusY S y Ay 3 & Ynkergsénéanirg y R

& LI NBeaatise of their size, polymers are also knowmasromoleculeswhich simply means

Gf FNBS 02N f2y30 Y2tSOdzZ Saé¢d ¢KS GSNY alLlRfey
Hermann Staudinger in 192@vho 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 palyuen 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 theagest 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 moleular 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, gl allows for the
YFEYALz FGA2y 2F GKS LRtfe@YSNDa LIKeaAOFft LINPR LX

was chosen for this thesis project.

1.1.1. Classification of polymers based on the polymerisation mechanism
Polymers can be classified aoding to their mechanism of polymerisation and are mainly divided

in step-growth polymerisation anathaingrowth polymerisatior>.

Stepgrowth polymerisation, also known asondensationpolymerisation, requires the
reaction of at least two molecules (eithea monomer or an oligomer) containing different

functional groups such as carboxylic acids,re@®or hydroxyl groups. The reaction of molecules

1



containing such functionalities can occur by elimination of a small molecule, such as water. As such,
polyconcensations 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 techrage nylon6,6,
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).

0] 0]

H
1. HO\”/\/\)J\OH + HzN\/\/\/\NH2 - \WN/\/\/\/N% + 2nH,0
H n

(0] (6]

adipic acid hexamethylenediamine nylon 6,6

6) OH -
2. 5>_< >_< + HO/\/OH - ‘<O>/ < > ;O CH2CH2> + 2nH,0
HO 0] o) o) n

terephthalic acid ethylene glycol PET

Fig 1.1. Examples of stegrowth polymerisation: 1) synthesis of nylér6; 2) synthesis of PET.

Chain-growth polymerisation is also referred to additionpolymerisation and require the
presence of initiation species, such as an anion, a cation or a radical (anionic, cationic and free
radical chairgrowth polymerisations respectively) which reacts with a monomer, typically an
alkene, in order to initiate th polymerisation. In this case, the polymerisation follows three main
steps which are initiation, propagation and termination and in contrast stepgrowth
polymerisation, it affords polymers with high molecular weight early during the polymerisation.
Futhermore, 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 aéldition polymerisation where, during thpropagation step, the
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1. Initiation
HZC:CI:H + R N R_CHZ_CI:H
CgHs CeHs

styrene initiator

2. Propagation

R-CH,—CH  + nH,C=CH —> R—CHZ—CI:H—<—CH2—CI;H%T]CH2—QH
CeHs CeHs CeHs CeHs CeHs

3. Termination

R_CHZ_(FH_<_CH2_CI;H+CH2_CI;F| + R —> R—CH2—C|:H+CH2—(T‘,H%;CH2—C|:H—R
C6H5 CGH5 n C6H5 CGH5 C6H5 CGH5

polystirene

Fig 1.2. Example of chaigrowth polymerisation. The polymerisation of styrene igtided 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 fipsbposed by Ziegler in 1928/hen his group started
investigating the reaction of styrene and butadiene with organometallic compounds deriving from
0KS YFAY 3ANRdzZLIJd | 26 SOSNE AlG o6l a 2yfé& Ay mMdopc
by Szwarc following his work on ligiranionic polymerisation of styreheHe defined a living
LREf@YSNRAFGAZ2Y Fa | aNBFOGAZ2Y lioWs iy a prgpagatianNy
LINEOSaaz YR RASA Fa | HNBetaisedf th2 dbace & dihiyation A 2 Y
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 polymerisationagype of chairgrowth polymerisation. According to the
IUPAC definition of living polymerisatian a G KS OKI Ay AYAGALFGA2Y A&
chain propagation, so that the number of kinetic chain carriers is essentially constant throughout

(KS LREBYSNRaAIGA2YEés YSIyAy3d GKIG GKS ivinpt ey



polymers generally have very narrow molecular weight distributions which are characterised by the

dispersity indext) described by the equation 181.

0 Eq. 1.1.
< w~

where M, is the weight average molecular weight and islithe number average molecular weight.
Typicallythese systems are statistically described in terms of a Poisson distribatiohpossess
dispersity values dd < 1.5.

Essential characteristics for a living polymerisation are therefore:

1. Rapid and complete initiation, where the rate of initiatidg) (s greater than the ta of

propagation K).

2. lIrreversible propagation steps.

3. Absence of chain transfer and chain termination.

4. Numberaverage molecular weight, Mproportional to the monomer conversion.

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

1.2.2. The RingOpening Metathesis Polymerisation

Ring opening metathesis polymerisation (ROMP) is a living polymerisation technique first
discovered by Anderson and Merckffion 1955 while working at the DuPont laboratories on the
polymerisation of norbornene (highly strained bicyclic olefin) using the classagleiiatta
catalyst (Ti(ll) catalyst). In 1963, Eleut&ricanother DuPont resarcher, discovered that the
polymerisation of bicyclic olefins catalysed by MB@ALOs/LIAIH, afforded polymers containing
single ring repeating units linked together via unsaturated bot@d®$ and cisunsaturation). In
1970, Chauvin andérisson poposed the metallacyclobutane mechani€rfor metathesis which

was later supported by other scientists such as Grtidrsd Schrock. Subsequently, Grubbs and

Schrock synthesised a series of vadfined 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
fF0S maMPiteéame 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 chemistrydevdélement of
the metathesis method in organic synthéesis

ROMP is a chaigrowth polymerisation technique where mondi 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 asdviRu). 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 functionalrgups, in order to be widely utilised.

1.2.2.1. The initiators

CNRY GKS SINIe&e mpcnQa G2 GKS SINIe&e mpynQaz °
metals such as Ti, V, Nb, Ta, Cr, Mo, W, Re, Co, Ir, Ru and Os and the majority of them wer:
heterogeneois catalysts consisting of a two or three component mixture (e.g. #e8LOs/LiAlH;,
MoCWEt:Al, WCYELAICKEtOH} 1617 However, there were some limitations related to the use of
these initiators which included lack of reaction control, cHaimsfer steps (such as intramolecular
aol O1 6AGAY3E stegsyIeading SoNde foryhatianioRmpbre propagating species which
grow independently to each other at different polymerisation rates. For these reasons, efforts were
shifted towards thepreparation of homogeneous single component catalysts, specifically transition
metal carbenes and metallacyclobutanes (also called transition metal alkylid®es)n 1982
Grubbset al. synthesised the fitgitanacyclobutane initiatof® capable ofpolymerising a series of
norbornene compounds (upon heating to T > 60 °C) that possessed low dispéBity1.2 and

molecular weights nearly proportional to the amount of monomer used. The higher activity and the



improved initiation of these Ti catalys{l and2, Figure 1.3jnade it possible to prepare-cand tri

block copolymer® with narrow molecular weight distribution.

A& X
TiCp, TiCp,

1 2

Fig.1.3. The titanacyclobutane initiators prepared by Grubbs.

However, tungsten and molybdenum alkyliderks/eloped by Schrock and-emrkers in
GKS f1GS mpynQa 6SNB (GKS AyAdAFdG2NBR (GKFd 06SC
wereimidol f { 2 E& o6l aSR YSilf O2YLX SES& gR20wkereMSy S N.
= Mo, W; Ar=aryl, RN& f 2 NJ | f3] @GMeCE, OMR(CH, C(CHsSaryl. 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 wddge of
Y2Y2YSNRBRX (Kdza SylofAy3d fAQGAYy3I LRtYSNRAalFGA
commercially available molybdenubased catalysts4 and 5 (Figure 1.4), which afforded
homopolymers and block copolymers with low dispeféitidowever, the high oxophilicity of the

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

aldehydes and alcohols), as well as air and moisture. Therefore, extremely dry conditions were
required for storage and foconducting the polymerisatién

i-Pr/©\i—Pr i-Pr/©\i—Pr
NAr N N
=M Vo Vo
RO o'Mo= FsC._0OMo=
RO R >f 3 e
N CFs X°F
F5C

3 4 5

Fig.1.4. The molybdenum and tungsten Schrock catalysts. Congddows the general formula



In 1992, Grubb®t al, synthesised the first wetlefined ruthenium alkylidene catalyst
which was easily obtained by the reaction of R(RRB); or RuC{PPh), with 2,2
diphenylcyclopropene affording the metal carbene complex RBEh).(CH=CH=CBRF? (6, Figure
1.5). Although this catalyst showed tolerance todsmany functional groups, it was not active to
a wide range of olefins. Since then, many ruthenium analogous with improved activity have been
200FAYSR 08 (KS a4dzo0aSljdzSyi Y2RATAOIGAZ2Y 27F f
(RUCGIPCy),=CHPh)A(GY), Figure 1.5), first reported in 1996, was the most important ruthenium
catalyst to be developef Catalyst7 was more stable (reactions could be carried out in protic
solvents and without exclusion of ygen and moisture) but was considerably less active than the
{ OKNR O1 Qa Y2 &oBy &plakvg the yHosphidméng N&Ewith an N-heterocyclic
carbene (NHC) ligand, it was possible to obtain a catalyst with a higher activity comparable to that
of the Schrocki @ LIS AYyAGALF(2NA® ¢KAA ¢l a (GKS aaSoz2yF
(HIMes)}(PCy(Ch):Ru=CHPh(8 (G2, Figure 1.5), where dMes = N,Nbis(mesityh4,5
dihydroimidazof2-ylidene. Despite the higher activity and higher functional group tolerance of
complex 8, this initiator formed polymers with uncontrolled molecular weights and broad
dispersitie$®. This is often the consequea of high propagation ratesk{) relative to slow
propagation rates K0 = | & 6 Sf f a4 O2YLISGAWRIDKHEEY NBN
Nevertheless, both firstand seconebeneration Grubbs initiators are still commercially available

and are still beig used for the preparation of polymers.

PPh pC NN Mes— Mes
CI/"'Il?u ’ Ph CI/,,,'I? Y Mes™ \( “Mes 7 \N R ,\\\Cl
z U—\ , —RUTN
Cl” | ¥< cl” | Ph cl ,"Ru —_— C|4 | Ph
PPhs bh PCys SR N
Ph Br =
PCy3 |
Br X
6 7 (G1) 8(G2) 9(G3)

Fig.1.5. Rutheniumbased catalysts7(8 and9 are T, 2@ and 3% generation Grubbs catalyst respectively).



In 2002, Grubbs and esorkers developed another rutheniwased initiator, the so called
G0 KANR 3ISYSNI G 8GEY[(HIMGHEEE-py)-ChRu+CHRN(Bigure 1.5), which was
obtained by the reaction d with an excess of-Bromopyridine (he reaction occurs via exchange
of the phosphine ligand). This is a very simple reaction that can be completed within minutes and

can form9 with high yields (Scheme 1.1).

| XN Br / \
N/ \N N Mes— NN ~Mes
Mes™ Y “Mes 72 ‘“\Cl
- N—Ru:
Cl, < N\
5 10 eq —/cI’|
CI(Rluq N Ph
Ph Br =
PCY3 |
Br X
8(G2) 9(G3)

Schemel.1. Synthesis of the third generation Grubbs catalgst,

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 deve)apeluding water
soluble catalysts bearing charged phosphines and NHC ligands, as well as poly(ethyleneglycol)
containing ligandd®3%32 (respectivelyl0, 11 and 12, Figure 1.6).

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

generation catalyst is nhowadays the most widely used initiator for ROMP.
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Fig 1.6. Exanples of watersoluble catalysts consisting of positively charged amines ordeBt@ining
ligands.

1.2.2.2. The monomers

The most common monomers polymerisad ROMP are highly straindaicyclic olefins particularly
norbornene (NB) and its derivatives (e.g., bannadienes and -b6xonorbornenes). NB possess a
ring strain energy of 27.2 kcal maind therefore can be polymerised with fast rategHowever,
many other cyclic olefins, such as cyclan#s®*, cyclooctene® and cyclooctadiené&have been
shown to polymerise under the ROMP conditions. Whereas;, fig, and sevemembered ring

olefins possess low ring strain and therefore do not readily polym#&#fs8 (Figure 1.7).

SR VIR SR

norbornene norbornadiene  7-oxonorbronene cyclobutene

o O O O U

cyclopentene cyclohexene cycloheptene cyclooctene cyclooctadiene
COE CcoD

Fig.1.7. Representative examples bigh and low ring straimonomerstested forROMP.

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

DielsAlder cycloaddition of cyclopentadiene (or furan) and an electieficient olefin.
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Furthermore, a wide variety of NB compounds are commercially availableall{{Bcmonomers

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, electroactifer liquid-crystalliné* molecules have been incorporated
within a polymeric material using esters, amides, aceaald 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 bading and chain transfer reactions.
Furthermore, it is well kown thatexoisomers are more reactive then tl@doones where steric

and electronic effects play a more important rii&. 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 ethallows for the preparation of homand cc 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 obtaied 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 it€tive species. For instance, cyclotng derivatives are more
reactive then norbornene and its-&ubstituted derivatives, which in turn react faster than
cyclopentene and larger rings. Temperature and solvent can also be additional factors to consider
while preparing statistical copolymeulternatingcopolymers consist of two species of monomeric
units that are distributed in an alternating sequence with @aBABABarrangement. They are
typically formed viastep polymerisation and occur due to each ofethmonomers adding

preferentially to the other. In this way the homopolymerisation becomes absent from the reaction.
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Blockcopolymers contain long sections of eachmaonomer along the polymer backbon&\g- or
GABA arrangement). They are prepared by seqtial addition of monomers and thanks to the
living behaviour oROMP, 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 ordein which the monomers are polymerised is not important for the realisation of
diblock or multiblock copolymers with narrow molecular weight distributio@raft copolymers

are polymers with branched molecular structure consisting of a linear backboneofyrderic side
chains (the grafts) attached to it which are of different chemical compaosition than the backbone
(Figure 1.8).

Among the graft copolymers, there exists a widely used class of polymers nowadays,
referred to asmolecular polymer brushe8/PBs)2. They are densely grafted copolymers, where
each repeating unit of the backbone possesses at least one side cHadre are three different
grafting approachsthat can be used for preparing MPBs with distinct properties, and they can be
used alone or as a combinationagproachesThese methods are callgdafting-from, grafting-to

andgrafting-through

a) Homopolymer d) Block copolymer

-
N
/ S
N
— N

b) Alternating copolymer
e) Graft copolymer

S
“# o L®

¢) Statistical (random) copolymer

“\“‘J".\.‘ t/ i /\ !

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 thgrafting-to method the side chains and the backbone
contain functional groups allowing coupling reactions to happen between the two partheln t
grafting-throughmethod a previously synthesised side chadire macromonomeris polymerisel
through its terminal group. It provides control over the grafting density and both length of the
backbone and side chaingherefore it is the most frequentlyusedin several fields including
nanofabricatiort*, nanomedicin® and functional material®. It allows facile preparation of
amphiphilic blockype polymer brushes as well as facile inagtion 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 metathesisaoraa carborcarbon
exchange process mediated by an alkylidene or carbene cdtalyst

The general mechanism of RO¥#? (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 betwélea 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 olefingvhich 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 speciaiagaémt 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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O 2+2] reverse
initiation J— +
LiM=—x_ « - _ W [2+2] -
R . LM= =

LM R

metal cyclic
alkylidene olefin metallacyclobutane

~ O ()
pr— —_— LnM
LM= = —— LM= = = ., R
R

propagation m+2
termination
L,M + X=Y —@@ Y + L,M=X
R R
m+2 m+2
terminating
agent

Schemel.2. General ROMP mechanism

Typically, the terminating agents are ethyl vinyl ether and benzaldehyde which respectively
form a methylidene and a benzylidene eodpped polymet Ethyl vinyl ether presents an
advantage over benzaldehyde; thanks to its volatility, it can easily be removed from the isolated
polymer. However, the use dfenzaldehyde can allow for emgtoup analysis vidH 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 exmsan 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 Hyagt al*? 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 metallacyclobuge 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. Irfact, an increase in temperature causes an increase in the polymerisation rate due
to high propagation and initiation constant ratds gndk). A prolonged reaction time can lead to
inter- and intramolecular chairli NI y & F SNJ NXB I O #°A Bhesd sedbrdary @4ctionisi A y
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 tesmin 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 andther
addition, as shown in Scheme litermolecular reaction can lead hain termination forming
shorter polymer chains that cannogpropagate even with further addition of monomers.
Furthermore, backbiting reactions can lead tltee formation of cyclicoligomeric species via
intramoleculareaction of the active terminus of a polymer chain watmother unsaturation along

the polymer backbone

IO'O'OR O @V O @Y,
LM= LM=
1) LM= = n n+3 " m
Lt L o0 Lnn
pan =/ oM 2 A,
R

n+m+3
L,M=
M | — L
2) = W n "

Scheme1.3. Examples of intermolecular chairansfer reaction (1) and intramolecular chaiansfer
reaction or backbiting (2) with formation of multiple polymer chains in one case, andajgtimericspecies
in the other case.

The overall effect is the broadening of the molecular weight distribu@@n 2.0 as well as
the increase of théM,.. The M, is not directly proportional to the monomer conversion dmehce

the polymerisation is not controlled’herefore, these reactions prevent the polymerisation from
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proceeding in a living fashiomypically, the mostavourable conditions for ROMP involve the use

of high monomer concentrationgw temperatureand 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 &f drugs
or nucleic acid®, antimicrobial polymer¥, carbohydrate® and peptidé* containing polymers as

well as synthetic mimics of DNA and RNAIn 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, narrolecular 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 ganof 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 surfatedjuthenium catalystg, 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 architectu@iven thatthe biological environment is found
to be in aqueous media, most of the polymers are constructed so that they are water soluble. The
excellent compatibility othe ROMPpolymerswith water makes this polymerisation popultor

many biological purposes, suchthe 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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architectureand 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 toguce bioactive polymers with
appropriate function. Most of methodologies use oxanorborngi@NB) or norbornene (NB)
monomers which generate polymers that cannot degrade (therefore cannot be metabolised) in
physiological applications. Hence, appending ¢hego 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 wih the desired biological targ&>’. Shunmuganet al., for instance, designed polymer
carriers containing doxorubin (DOX), a chemotherapeutic drug, via an hydrazoné?® int can

break and therefore release DOX at the mildly acidic pH of¢565(Figure 1, 1). Similarly,
Sutthasupa and cworker® synthesised moladar brushes bearing indomethacin conjugated to
the poly(norbornene) backbone by an ester group. They demongtrtitat the drug ould be
slowly released, for a period of up to 14 days, under acidic pH (5.7) when incubated at 37 °C.
Johnsoret al.®°linked doxorubicin and camptothecin (CT) to a norbornene bivaleumsh polymer

via click reaction. g 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 redhiaitact. However, many

research groups already demonstrated its rytotoxicity?®°°,
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1)

COPY-DOX

polyRIF-RET-PEG (RCOP-2)

Fig.1.9. Copolymers synthesised by Shunmugeatnal. containing a pHesponsive linkage (hydrazone bond)
KAIKEAIKGSR Ay o6fdzSd MmO LGROAY 2 G 0F NIOYPS daiRALE f R2YESANNILR
triblock copolymer containing a combination of the tuberculosis drug Rifampicin (RIF) and retinal (RET).

Although most of these applications introdwtthe drug into the polymer carrier via a
covalent link, there aralsofew examples in which physical entrapment of the cangs used.

This will be discusséd the following section.

1.3.1.1. pHresponsive drug carriers

pHResponsive drug carriers can be useddiease 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¢07.0f* which drops to a lower pH of 566.0 in endosomes

and 4.5¢ 5.0 in lysosomés. Therefore, drug carriers that incorporate degradable linkage are used.
The gproach is to covalently link the drug into the polymer backbone by using hydrolytically labile
bonds, such as est imine®*%5, acetal®®” oxime or hydrazorf€ bonds. Shunmuganet al.>®
developed a block copolymer (COGP®X) (1, Figure 1.9) consisting of hydrazistieered DOX and

PEG chaing the norbornene backbone. COPOX was prepared by adding a known amount of
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DOXcontaining norbornene and PEgBntaining norbornene monomers polymerised 32
catalyst which afforded a block copolymer with a low dispersity index (b = 1.04). In a elatiens

this copolymer formed micelles which were spherical in shape as confirmed by TEM and AFM.
Shunmugarret al. demonstrated that such micelles were stable in physiological conditions while
DOX release was fast if endo/lysosomes with a pH of 5.5 veais lisanother study, Shunmugam

et al®® prepared a polyRIRETPEG 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 tleeipus DOX polymer, polyRRET

PEG was obtained by using tB@catalyst which afforded a polymer with b = 1.08. The amount of
RET and RIF within the polymer was aboutd8nd 136 respectively. Thanks to the presence of
PEG side chains, the polymer sedtembled in an aqueous environment forming spherical micelles
and RIF was released under acidic conditions (pH; 4.B). A different approaclwvas used by

W2 Ky a 2 y8 whicH d&Retinhedd a brushrm star polymer (BASPs) bearing an aeckeésled
crosslinker and a doxorubicin (DOK)anchPEG macromonomer (each repeating unit
AAYdzZ GFyS2dzate OFNNASA || t9D OKIAY-FANRGSEhwh
method in which the DOREG macromonomer was first polymerised by @&catalyst and then
crosslinked with a bisnorbornenederivative which formed the core of DEBASP nanoparticles.

The degradability under acidic conditions in this case was introduced by the addition of an acetal
group within the crosdinker while DOX was linked to the branched polymer backbone via a click
reaction (11% of drug loading). Johns@t 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 (dntineoplastic agent) commonly

used in drug delivery. Cheng and-workers’, for instance, desited a diblock brush polymer
containing a PE®Gased norbornene macromonomer and a P-bdked monomer. The two
monomers were polymerised together in a 1:1 ratio by using3Beatalyst, which afforded a block

copolymer with a narrow molecular weight distufton (B = 1.06). In this case, the conjugation of
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PTXL was achieved using a cycloadedakd linkage which exhibited limited a@ensitivity (1,

Figure 1.10). After the formation of unimolecular micelles in aqueous solution, release of PTXL was
carriedout at pH 5.5 showing that after 24 hours, only%8of the drug was released, while %0

of free drug was reached after 10 days. Héroguez andaters? developed a new drug delivery
system conprising of a histone deacetylase (HDAC) inhibite®9@I|(Tacedinaline), which revealed
antitumor effects in cancer cells in culture (2, Figure 1.10). The latter was conjugated to a
norbornenebased monomer through azieakyne click chemistry. In ordéw form nanoparticles

with precise structure and size, a norbornepelyethylene oxide (PEO) macromonomer was
introduce. Cepolymerisation of the @994-norbornene monomer and the norbornerd@EO
macromonomer was carried out using tld catalyst. Differindgrom the previous cited examples,

the release of G994 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, tdeynonstrated that the NPs could release the drug over time,
overcoming the limited activity that €094 presents if introduced on its own. In a folloy study,
Héroguez and cworkers® designed new NPs bearing another two types of HDAC inhibitors:
Vorinosat (SAHA) and Trichostatin (NODH). With the same type of chertltisy demonstrated

the internalisation of their NPs into the endo/lysosomes where the acidic environment trigged the
release of the inhibitors. A cautothecin (CT) brush poly@lutamic acid) (PGA) conjugate was
prepared by Cheng and wworkers. The brush polymer was obtained by attaching PGA to a poly
norbornene bakbone leading to the formation of a watsoluble rodlike morphology. CT was
subsequently introduced into the polymer structure by creating an ester group between the PGA
chain and CT. The resulting polymer-fZJA) was found to have a very low dispgrgidex (b =

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-hidfof 24 days.

Thus, ROMP polymers containing pH responsive linkages have shown to possesagromis

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 bgt @h&nghere
the drug is covalently linked to the polymer backbone via a cyclic acetal; 2) Triblock copolymer containing CI
994 synthesised biéroguezt al.”>where the drug is linked to the polymer backbone via click chemistry.

1.3.1.2. UV lightresponsive drug carriers

Irradiation ofnanocarriers with UV light can be another effective strategy for the controlled release
of chemotherapeutic drugé Many photoresponsive systems have been designed for their non
invasivenessand 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 group and its derivatives, which undergo cis/trans isomerisation depending on the
type of irradiation used. However, the spiropyrarerocyanine grouf§ and onitrobenzyl

derivatives have been the most commonly uSeg°°,

Thanks to its 1006 grafting density, ROMP has been efficiently used to develep UV
responsive nanocarriers with high drug loading content. Using the-tinafigh ROMP method,
Grubbset al®were able to develop a novel bivalebtush polymer system in which each repeating
unit comprised of a hydrophilic PEG and a drug molecule, namely DOX afid@& {11). Both
drugs were firsfunctionalised with an anitrobenzyl derivative and then attached to the polymer
0 0102YyS QAL I GOf A01 ¢ O2dzLY Ay Zt aNByntieside@ y ®
homopolymers pDOX and pCT containing .@f DOX and 8% of CT respectively. TI&S3
catalyst was used to afford pDOX and pCT with low dispersity when the degree of polymerisation
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(DPn) was kept below 50. Thanks to the use of a photocleavable linker, DOX and CT were release
in response to 365 nm UV irradiation. After 10 minutes ofdidaon, 50% and 64% of free DOX

and CT were detectedespectively. Block copolymer pDOXS0OT50 was also synthesised using an
equimolar mixture of DOX and CT macromonomers which afforded a polymer that exhibited narrow
and monomodal molecular weight ddfibution. Irradiation with UV light induced simultaneous
release of both drugs after 10 minutes of exposure. In a felipvstudy, Grubbs and co workéts
prepared a bivalenbrush polymer containing DOX via a gitaftmethod. The macromonomer
containing a PEG chain on one side, and an azide functionality on the other, was polymerised using
G3first, and then reacted with a photocleavable D@lKyne derivative through a coppentalysed
azidealkyne coupling. The photolytic nitrobenzyloxycarbonyl (NBOC) linker provided a polymer
prodrug that released 7@ of free DOX when irradiated with UV tigB65 nm) for a period of 10
YAYydziSad C2ff2gAy 3 D Niredss desigae2BABHI0lyriezs Khydagd tfie | Yy R
dzaS 2 F @WHRNRGENDmhkat YSIK2R® ¢62 RAFFSNBYyd oA
PEG ad the drug, namely DOX and CT, were polymerised together with a novelliokass
containing a diester derivative of cisplatin () using th&3catalyst, which resulted in a three
drugloaded particle. Each of the three drugs were linked to the pelytmackbone 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(ll)), and DOX via irradiation

with longwavelength UV light,féording the first example of a multesponsive drug carrier.
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Fig.1.11. Bivalentbrush polymer system prepared by Grulbdtsal. comprising of a hydrophilic PEG and a
drug molecule, namely DOX (1) and CT@itrobenzy| highlighted in blueis used as the photocleavable
linker. A similar polymer system was used by Johmd@l in order to design brushrm star polymers.

Although these U\ight 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 auld be resolved by using drug nanoparticles thah eaxdergo photolysis in
response to NIRnhear infrared)ight which has shown better therapeutic performance and deeper

tissue penetratior+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 salésembling material, there are few examples in literature
where noncovalent 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 ceworkers$® developed watersoluble random polynorbornenes PNIPxco-P3y
co-Alz bearing a hydrophobic moiety, a hydrophilic tail and a functional spiropyran (SP) (1, Figure

1.12). The latter was chosen in this study fter reversible photochromic behaviour. In fact,
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irradiation of the hydrophobic SP with 365 nm ight leads to its isomerisation into the
hydrophilic form, merocyanine (MC). Once spherical micel® obtained, encapsulation of Nile

red (NR) as a modér drug deliverywascarried out by direct injection into the micelle solution
reaching a 1.326 of loading. Disruption of micelles and subsequent drug release occurred upon
irradiation with UMight (365 nm) and 4@ of NR could be reloaded into thmicelles after
irradiation with 530 nm visibkight. Encapsulation of drug moleculesutd be also achieved by the
employment of nanoparticle systems derived from a norbornene based homopolymer.
Shunmugamet al®, indeed, developed a norbornererived thiobarbiturate homopolymer
(NTBH) in which the norbornene polymer backb@aeved as a hydrophobic moiety, while the
thiobarbiturate was attached covalently to each repeating unit, serving as a hydrophilic head.
Shunmuganet al. demonstrated that NTBH can change the molecular orientation according to the
polarity of the solvent tilised. SeHassembly of this system in water solution fadbilayer vesicles

that could encapsulate both hydrophobic and hydrophilic molecules such as NR and doxorubicin in
its salt form (DOXY) respectively. NR releasas studied both in lipophilic (danol) and acidic

environments (pH & 6) while DOX releasgasobtained in octanol by the dialysis method.

PNB-SPx-co-P3y-co-Alz

(wu ggg) sIA
(wu 59¢) AN

PN(Fc-b-TEG)

Hydrophilic MC

Fig. 1.12. ROMP polymers with amphiphilic properties used to encapsulate drug molecules. 1) Triblock
copolymer synthesigeby Wuet al. containing functional SP and used for the encapsulation of NR as drug
model; 2) Block copolymer containing Fc and TEG prepared by Gu-amdlears. The polymer nanoparticles
were used for the encapsulation of DOX.
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Zhu and coworkers’, prepared bottlebrush polyethylene glyepblynorbomene
thiocresol block copolymers (PEBIBTC) with amphiphilic properties. The polymeric micelles
obtained by selassembly of the polymer in water, were capable of loadirtg 6f PTXwith an
encapsulation efficacy of 8 and furthermore, they were fourtd be stable for a period of up to
28 days if kept at 4 °C. RIr&lease from PEBNBTC micelles was studi@avitrousing the dialysis
YSGK2R dzy RSNJ GKS aairy]| QOrRoftieiigicanpé relensed QIR haurk.2 &
In addition, a synegistic effect between PTXand curcumin (CUR) (a natural chemotherapy drug
sensitizer added to improve the anticancer activity of Bas obtained when the two drugs were
co-loaded into the polymeric micelles at a RICUR ratio of 1:20, demonstratinge versatility of
the encapsulation method for use in combination drug therapy. Gu andarkers®® designed
amphiphilic copolymers containing the hydrophobic ferrocene (Fc) and the dendronized triethylene
glycol (TEG) as the hydrophilic component (2, Figure 1.12). Grubbgémedation catalyst3was
used to afford a blockopolymer PN(Fb-TEGY with high polynerisation rate (~ 15 min), high
monomer conversion (> 9%), high yield and narrow distribution of molecular weights. -Self
assembly in water solution afforded globular nanoscale @&l micelles which have been used
to encapsulate DOX via dialysis with % of drugloading. Knowing that many biological processes
(i.e., cellular respiration and apoptosis) involve redox reactions, Gu afwdbders designed
nanoparticles that can release encapsulated DOX by addition of an oxidant, which oxidises Fc into
hydrophilic ferrocenium (Fcium). In particular, oxidation with Faffdrded 45% of free DOX within
12 h and 64% after 96 h. A different approach was used by Baeted®®, where a water soluble
diblock bruskharm star copolymer (DBASC) was prepared by aftstégraft-from strategy. Firstly,

a !-cyclodextrin {-CD) based norbornene compound' -CDNBs) was prepared (corérst);
secondly, this was reacted with N&nctionalised hexaethylene glycol (MEG) via the graftom
method usingG3 finally, the resulting homarm star polymer was extended by adding-RBG
which produced the corresponding DBASG-(BBEG-PEG)s) with high molar mass-300 kDa) and

low dispesity (B = 12) (Figurel.13). Thiatter was found to be crystalline and porous with a
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hydrodynamic diameter of10 nm. In this case, encapsulation of D@3 occurred within the large
hydrophobic cavity of-CD in CHHEG-PEG)s, which ended up being an efficient delivery vehicle

of DOXHCI, that slowly releasithe drug and kidd MCF7 breast cancer cells.
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Fig.1.13. Corefirst/graft-from approachutilised by Barnest al. for the preparation of CIHEG-PEG)s.

1.3.2. Antimicrobial polymers

A series of antimicrobial ROMIBlymers 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 territy@étiVhere are

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

Polymeric biocideare 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 construzted s
that they possess amphiphilic shape consisting of a hydrophobic domain and a cationic domain,
which are mainlyuaternary ammoniurf¥, quaternary phoghoniun®*, guanidiniun®® and tertiary
sulfoniunt® cations The method of action of biocidal polymers is explained by the8h&uzaki
Huang modé¥f, wherethe 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 dtitee 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 polymechain, leads to 1996. Nortlet al®” synthesised penicillin
functionalised poly(norbornene)s (PNHEEN) (1, Figure 1.14) using the ruthenium initiadr In
this case, the -lactam antibiotic derivative was attached to the polymer backbone using an amide
bond. Even though it was not posklio determine the dispersity of this polymer using GPC due to
solubility issues, the author was able to provide evidence of thectam ring being able to survive
intact along the polymer backbone. In 1999, the Arimoto gf8ypepared multivalent ROMP
polymers containing vancomycin (VAN) (2, Figure 1.14), a glycopeptide that binds via weak non
bonding interactions to the Ala-D-Ala residue of the bacterial peptidoglycan, thus interfering with
its biosynthesis. Vancomycin was linked to the polymer back using a regioselective reductive
amination, forming a secondary amine. Despite the high number of functionalities on the selected
glycopeptide, polymers (PNBAN) were obtained (with 6% yield) thanks to the high functional
group tolerance of the Ghbs initiator, where in this cas&lwas 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 thoegh th
authors claimed the polymer was obtained, no GPC data regarding molecular weight and molecular
weight distribution were shown. Arimotet al.*® 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 BlaD-Ala (vancomycin susceptible) and-AlxD-Lac (vancomycin
resistant) were used. The author claimed that the polymer possessed a higitimdaffinity to
0KS NBOSLIIi2NJ O2YLI NBR (2 (GKS Y2y2YSNvaeytarND 2 N
Of dzA G SNJ STFTFSO0ésr tftGK2dAK GKSaS NBadzZ 6a RAR
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A different approach was used byétdguez et al®, where pHsensitive ROMP
nanoparticles bearing gentamicin sulfate (GS) were prepared and tested a§sapstylococcus
epidermidisas the bacterial strain. Due to the presence of thredregroups, the antimicrobial
GS was linked to a norbornerybly(ethylene oxide) macromonomer (NEEO) via an imine bond
(3, Figure 1.14). This was then polymerised in dispersion usin@Xi@tiator, together with NB,
which formed the hydrophobic coref the NPs, and NBEO macromonomer erdnctionalised
with a carboxylic group, which aat as an anchor group for the biomaterial surface. The
polymerisation of these three monomersdiéo the precipitation of the polymer from the solvent
and immediate fomation of the NPs, where GS and #@&0OOH groupere 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 distrib@&dh3). Drug
release studies at acidic pH, followed by minimum inhibitory concentrationsgM&€ the GS
containing NPs, demonstrated that the Md@alues decreased when lower pH was used (pH = 4
and 5). However, in the first 16 hours only #of GS wareleased, and therefore M§Qralues
were found to be higher compared to free GS (M3 ug/mL vs < 0.5ug/mL). Using a similar
technique, Hroguezet all° developed vancomycin based ROMP nanoparticles, where this time
the drug was linked to a NBEO 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 suef€Ti90A16 V4 alloy), forming
a new bactericidal biomaterial surface, where its activity was tested against gram positive
Staphylococcus aureudowever, the Ml§ of the grafted NPs were found to be higher compared
to the free vancomycin (MKg> 7pug/mL vs < 0.8ig/mL) and as the author claimed, this could be
due to the high rigidity of the system which prevedtt from reaching the active molecule and

thus, deceasal the kinetics of the antimicrobial activity.
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Fig.1.14. Examples of antimicrobial molecules covalently attached to ROMP polymers. 1) ROMP polymer
bearing penicillin derivative prepared byorth et al; 2) Vancomyciibased plynorbornene prepared by
Arimoto et al.; 3) Triblock copolymer containing gentamicin sulphate as the antimicrobial drug: the polymer
prepared byHéroguezt al. possess amphiphilic properties that allow for the realisation of NPs where GS is
place on thehydrophilic 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 Gmhlinet al.l®tin 2004. Four different monomers bearing Borotected amine
and alkyl chains with different length in th@mbornene bridge position were polymerised using a
variant ofG2and then deprotected in order to afford water soluble horamd cepolymers with
very low dispersity® < 1.3) and different molecular weights ranging from oligomers to high
polymers (M = 10- 130 kDa) (1, Figure 1.15). The antimicrobial activity of the homopolymers
against both Granpositive B. subtili$ and Gramnegative E. colj bacteria, as well as the hemolytic

activity against human red blood cells, was found to increase with inciggasidrophobicity, with
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poly3being the most active against boBh subtilisand E. colibut the least selective towards the
bacteria membrane (Mig= 25pug/mL and Hé& < 1ug/mL). Furthermore, it was reported that an
increase in molecular weighidinot significantly change the activity for any of the homopolymers
prepared. In order to obtain better activity and selectivity, Cougklinal. prepared random
copolymers with different ratios opoly3 and poly2 The resulting copolymers were found to
possessimilar activity to that opoly3 (MIGo = 40ug/mL) while retaining the selectivity gbly2

(HGo > 4000ug/mL).

In another study, Coughlin and wmrkers® developed amphiphiligpolyONB bearing
quaternary pyridinium, substituted with different alkyl chains {Cio and phenylethyl) (2, Figure
1.15). The polymers were obtained using two different approaché@sctd 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 Hetermined by GPC. Thereforé] NMR end group
analysis was used in the first instance, revealing,@M\8 kDa for each homopolymer, and MALDI
TOF was then used, revealing that a lower molecular weight was formed compared to the one
determined theoreticdy (3 kDa vs 10 kDa respectively). This discrepancy was due to a slight
deactivation of theG3 catalyst by the pyridine ring. The resulting homopolymers were tested
againstB. subtilisandE. colias representative bacteria. Even in this study, Coughlih reported
an increase in both antibacterial and hemolytic activity with an increase of the alkyl chain lgngth (
G). Polymers with six or more carbons were found to be as potent as7®1%& Magainin
derivative), possessing an M¢&€ 12ug/mL and a s < 250ug/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 ncrease 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 againspGsdive

and Grarnegative bacteria. 1) and 2) ACPs preparedCbyghlinet al. containing quaternary ammonium
functionalities; 3) and 4) ACPs prepareddrgnet al. possessing DABCO and substituted phosphonium side
chain respectively.

Similarly, Ereret all%? prepared poly®IB bearingcationic species such as quaternary
pyridinium and DABCO (i¢Hazabicyclo[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 G3initiator, althoudh 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 againssS. aureudy a factor of 16 compared to the mosharged pyridinium containing
homopolymers (MI€s: 8pg/mL vs 128ig/mL for polymers with M= 10 kDa), whereas both DABCO
and pyridinium based polymers stayed inactive towdtdsoli At the same time, DABCO comiag
polymers presented high hemolytic activity withgl€2000ug/mL for polymers with Mof 10 kDa.
Furthermore, copolymerisation of DABCO and pyridinium containing monomers, allowed for the
formation of copolymers with increased cationic character #mg improvement in antimicrobial
activity againsGram-positive bacteria (Ml§s= 16pg/mL), while no activity was seen in the case of
the Gramnegative bacteria. Additional studies carried out by the Eren group on the preparation of
ACPs, involved the @paration of: (i) random and block copolymers functionaliséti pyridinium

group and ammonium group added via an amide bond to the polymer backhdiig polyONB
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possessing aliphatic and aromatic phosphonium side ctfafi¢4, Figure 1.15); (iii) ONB polymers
containing aromatic phosphonium side chains conjugated with an acrylate containing vancomycin
moiety'%% (iv) copolymers bearing zinc(ll) phthalocyanine (added as generators of reactive oxygen
species, ROS, in photodynamic antimicrobial chemotherapy, PACT) and aromatic phosphonium
functionalities®. In these studies, Eremt al. have demonstrated that the rpsence of
phosphonium cations as well as increasing the hydrophobicity of the ACPs by addition of aromatic
functionalities increased the biocidal activity against both Gaositive and Grammegative
bacteria. However, the conjugation of vancomycin tosheACPs dropped the activity agaifst

aureus while becoming completely inactive towarlscoli

From the examplesientionedabove, it has been demonstrated that activity and selectivity
of ACPs is influenced by their multiblock struct(destribution 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 sh¥mr a branched structufé” have been shown to possess
an increased biocidal activity and lower toxicity. Harti¢hl.1°® developed multivalent bllebrush
ROMP copolymers with enhanced bioactivity and selectivity via the grdftinggh method.
Firstly, RAFT (reversible additiblagmentation chain transfer) polymerisation was used in order to
form NBbased macroinitiators (NB(BocAEAmM), NB(NIAAmM) and NBP(NiPAAnrstat-
BocAEAmM)) with intrinsic antimicrobial activity, which were then polymerised using ROMP. The final
Bocdeprotection formed cationic bottlebrush copolymers with a very narrow molecular weight
distribution < 1.2). In this studythe importance of the polymer structure for the design of ACPs
was demonstrated. In fact, hetergraft copolymers forrad selfassembled morphologies where
the hydrophobic unitswere trapped within the core shell, making them unavailable for cell
membrane dsruption, and thus decreasing the biocidal activity (d¥1024ug/mL forE. coliand
S. aureus Homoegraft copolymers instead, behadeas linear antimicrobial polymers, and
therefore, activity and selectivity towards both Gramgative and Grarpositive bacteriawere

increased (MI§; = 64pg/mL forE. colandS. aureus

31



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

sysem with the corresponding antimicrobial (MiCand hemolytic activity (Hg} are presented.

Tablel.1. Overview of Ml and HGo values of antimicrobial ROMP polymers. n.a. = not available.

Polymer Microbes MIGso (g/mL) HGo (Mg/mL) Reference
tested
Poly(NBVAN) S. aureus 2.3 n.a. 98
Enterococcus 2
Poly(NBPEGGS S epidermidis >3 n.a. 65
Poly(NBPEGVAN) S aureus >7 n.a. 100
Poly(NBNH:*) (poly3co-poly2) B. subtilis 40 > 4000 101
E. coli 40
Poly(ONBPy-alkyl) (alkykGs)  B.subtilis <12 < 250 93
E. coli <12
Poly(ONEDABCO) S. aureus 8 > 2000 102
E. coli Inactive
Poly(ONEDAB©®-Py) S. aureus 16 2000 102
E. coli Inactive
Poly(ONBNR)-co-poly(ONB  S. aureus 64 > 1000 52
PYR) E. coli 256
Poly(ONBPPHRY) S. aureus 8 99 94
E. coli 16
C. albicans 128
M. tuberculosis 64
Poly(ONEDABCGYAN S. aureus 64 > 2000 104
E. coli >512
E.faecalis 256
Poly(ONBPPR*)-VAN S. aureus 32 > 2000 104
E. coli >512
E. faecalis 16
Poly(ONBPPR*)-co-poly(ONB  S. aureus 16 512 105
Zn) E. coli 256
Homograft bottle brush S. aureus 64 > 1024 108
copolymers E. coli 64
P. aeruginosa 128
S.epidermidis 32
Hetero-graft bottle brush S. aureus > 1024 > 1024 108
copolymers E. coli > 1024

P. aeruginosa > 1024
S. epidermidis 64
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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, funttignoauptolerant
rutheniumbased catalysts by the Grubbs group, have allowed for the synthesis of polymers that
can be used in a wide range of fields, particularly the fieldasfamedicine. Indeed, the ROMP
technique has been used over the past 20 yearstlie realisation of novel biologically active
materials, includingcarbohydrate!®®>® and peptide!'®!'? 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 sequerare, research groups
have been able to synthesise bleakd triblock copolymers with amphiphilic properties that have

led to the preparation of different sedissembled morphologies, which have allowed for the
delivery of active molecules to specific gats. 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 apptations in biology.

1.5. Project ains

The aim of this project was tosathe ROMP polymerisation as a means for the preparation of
biologically relevant polymey$or two different applications. The first one involved the preparation

of a polymeric drug delery system for the deliveryfdNSAIDs, namely ibuprofen, to tumours. An
amphiphilic block copolymer containing PEG as the hydrophilic portion, and ibupasfehe
hydrophobic portion was synthesised. Its setsembly properties as well as drug relepsecess

were then investigated. The second application involved the realisation of a novel class of
antimicrobial polymersn the form of amphiphilic cationic polymetsearing SSAs (supramolecular

seltassaociating amphiphiles). SSAs are a class of aminiél molecules synthesised within the
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Hiscock group at the University of Kent. The aim of this collaboration wastudy the
physicochemical properties of monomees well aspolymers bearing SSAs as the anionic
component Finally,their antimicrobialactivity towards both Grarpositive and Grarmegative

bacteriawas studied
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CHAPTER 2. NSAIDs BASED ROMP NANOPARTICLES: SYNTHES
ASSEMBLY AND DRUG RELEASE.

2.1. Introduction

According to the World Health Organisation (WHO), cancer is the primary caudeatsf
worldwide, with breast, lung, colon, rectum and prostate cancers being the most commoh ones
The global cancer statistic have estimated 19.3 million of new cases of cancer and nearly 10 million
deaths in 2028 The main caused oancer are due to high body mass index, lack of physical activity,
use of tobacco and alcohol consumptiorThere are several therapeutic strategies, including
surgery, radiotherapy, chemotherapy and targeted drug therapy. Surgery is the main treatment
used; radiotherapy and@dhemotherapy can inhibit the rapid growth of tumours, although these
therapeutic strategies have a major drawback of killing normal, healthy?.cAllsovel and more
promising method for the cure and survival rateoancer patients, involve the development and

application of targeted drug delivery systems (DDSSs).

2.1.1.Targeted drug delivery systems

Drug delivery systems (DD&8 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 libkong to
fourth generatiort. 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 ¢hbody and therefore by maximising the concentration of the drug

at the specific site of action, while minimizing its concentration to the nontargeted region
Furthermore, this type of drug deliveris independent from the method and route of
administratiorf. The target (or site of action) is the specific orgissue, 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 rioric, biodegradable or biocompatible and stable but also it
42



has to stay inert bere reaching the target of intereStFurthermore, suchargetedDDSseed to
be constructedso that theyrelease a specific amount of the drug at specific titnés this way a
reduction in administration frequency can be achieved. They can be used taliffeacnt diseases
but their main application in the nanomedicine field is for cancer thefapy

¢KSNBE FINB G¢62 YIAy GeéLlSa 2F Gl NBSPEATYIE &
GLI 2aA@Se GFNHSGAYy3I Aa O2yyzyfteée NBFSNNBR (2
effect, which is basedn 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
AdzNF I OS0Z Yyl y2LIF NIAOEt Sa 6bt &0 | NBE hey@ddnterdhe dza S
blood vessels and reach the targeted site by avoiding the uptake by the reéicdtithelial system
(RES). The EPR effect is more efficacious for intravenous administetéd NPs

¢ KS al O dinggetess to 8pediiBligdiactions between the DDS and the targeted site,
mainly ligandreceptor interactions. The drug carrier is formulated so that it possesses specific
ligands, such as antibodies or peptides, that can bind overexpressed receptoentpatsthe
targeted sité. However, this interaction is possible only when the ligand and the receptor are in
close proximity to one another (< 0.5 nifrurthermore, the target can be reached only by blood
circulation and extravasation, followed by intracellular retentiord aistribution, meaning that
SPSy GKS al OuA@Sé (FNBSGAYy3a NBtASa 2y GKS 9t

There are several drug carriers that have been developed to be used as advanced delivery
systems. These include: (i) liposorfesesicles consisting of phospholipid bilayers that can be
loaded with either hydrophilic or hydrophobic drugs; (ii) nametallic NP¥, 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
NPs$* polymeric micelle® obtained by the selhssembly of amphiphilic polymers, and colloidal
polymeric NP$ 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 pebmgr

conjugates (or polyprodrugs) which can form polymeric micelles.

2.1.2.Polymerdrug conjugates
The development of polymeirug conjugates atargeted DDS&as become prevalent in recent
years, following their first introduction to the marke0 years agd. The first polymedrug
conjugate approved by the FDA (Food and Drug Administration) is a ph@teéd DDS where the
protein is covalently linked to a mPEG (monomethoxy poly(ethylene glycol)) chain. Such system,
Adagen (pegademase bovine), entered the market in ¥989an enzyme replacement therapy for
the adenosine deaminase deficieAtysed in patients with severe combined immunodeficiency
(SCID). Several others have been later approved by the FDA, such as Ohrad884 used to
treat acute lymphoblastic leukaemia, and Pegésirs 2002 used to treat chronic hepatitis C.
Whereas numerous polymeirug conjugates are in clinical phases |, Il or lI. For instance, Ofizeald
is a polyner-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 Il trials. Onzeal
can be potentially used in brain cancer therapy, and it is designedhetoittcan attenuate or
potentially eliminate the irinotecan side effects.

The last few decades have seen increased efforts in the development of pedyower
conjugates. These include polymer systems in which the incorporated drug can be a small molecule

drug??, a peptidé3, a proteirt* as well as an antibod¥

2.1.2.1.Desiging polymerdrug conjugates

Polymerdrug conjugags, also called polymeric prodragare systems where thérug(a biologically
active componentjs covalentlylinked to apolymerchain In this system, the drug stays inactive
during its delivery to the site of action, such as araeora tissue or a cell, and can be activated only

by specific metabolic processes that lead to the cleavage of a specific bondifesterdisulphde
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etc.) between the drug and the polymer. There are several advani@ggsciated 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 pharmacokinetic®. In contrast to norcovalent encapsulation strategies (dispersion of the drug
within the polymeric matrix or confinement within a cavity), polyprodrugs have the advantage of
precise structure and high dregading raté?. Furthermore, sucBDSsre constructed not only to
target a specific organ, tissue or cell, but also to release a specific amount of the dpecidics

time<s.

Targeting
moiety

Polymer

Drug Sidechain/linker

Fig 2.16. Representation of a polymeirug conjugate.

In general, a polymeric prodrucpnsistsof a combination of components: a polymeric
backbone,one or moredrugs, a linker (or spacerjonsisting of a functional groughat can be
cleaved under specific metabolic conditions and sometimes a targeting moiety caddee in
orderto2 0 G F Ay (K S I dNHEHGeAR G SIThereare several factors to consider in order
to efficiently construct a polyprodrug system, including chemical structure (typically well
established and approved polymers are u&gdmolecular weight(oligomers, macromers,
polymers) steric hindrance and the reactivity between the polymer and the drugetreral, both
entities possess functional groups such@®OH;OH,- SH andNH: so that coupling agents such
as DCC (dicyclohexyl carbodiimide), ER&hll-3-(3-dimethylaminopropyl)carbodiimide) and NHS
(N-hydroxysuccinimide esters) are being employ@&tie 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 circulationto the target but also labile enough so that they can be cleaved at the site of action
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via spedic processes, which include enzymatic degrad&onydrolysis under mild acidic pt
reduction’® (mainly of disulphide bonds) or oxidation with ROS spéties

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, andherefore can be easily eliminated by the bédylowever, nordegradable

polymers have also been employed and tested for their cytotoXfcity

2.1.2.2 Nanoparticles of polymedrug conjugates

By tuning the physicochemical properties of polyrdeng conjugates it is possible tmnstruct
polymeric NPs, which behave as drug carriers in the nanometre scale. Polymeric NPs are obtainec
by either precipitation or emulsification in the presence of a surfactant, or most commonly by the
seltassembly in aqueous environment of block cgpuérs possessing amphiphilic properties. This
allows for the preparation of polymeric micelles, cateell structures where the hydrophobic
polymer core is sequestered within a hydrophilic corén#olymeric micelles possess several
advantages such as incorporation of raater soluble drugs within the hydrophobic core and
consequently enhancement of their bioavailability, as well as-tiglg loading and controlled drug

release achieved by slow degradation of the polymer m#trix

2.1.2.2.1. Popertiesof 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 fantooht@dbute towards

the circulation time, clearance, selective tissue distribution and intracellulaf®fate

A Particle sizepolymeric NPs of size ranging from 20 nm to 100 nm are good candidates for
in vivoapplications, as they can circulate in the blood for a long period of time. On contrary,

it has been demonstrated thaarge particles of diameter > m tend to be opsonized and
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accumulate in the liver with potential capillary occlusion. Whereas smaller particles with
diameter < 5 nm are rapidly cleared from the bloodstream through the kidfeys

A Particle shap: spherical NPs are the most common used in clinical andlprieal setting
as they can be rapidly internalised into c&ll$However, other morphologies such as rod
shaped (cylindric&) NPs have shown a higher cellular uptake compared to sphericl NPs
For instance, Woolegt al.* prepared folatefunctionalised NPs possésg 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 studyetformed multivalent interaction allowed
for a more efficient cellular uptake.

A Surface chargetypically, positively charged NPs have a higher-smerific internalisation
rate in the majority of cells and shorter blood circulation Heé¢f compared to eutral and
negatively charged NPs. The latter have also been demonstrated to less accumulate in the
liver and spleef?*°.

A PEGylationit has been proven that an increase of NPs circulationlifialis achieved by
making the NP surface more hydrophilic. This is usually oltdigecreating 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 systeimHowever, although PEGylated NPs possess an increased systematic circulation
time, there are still some limitations regarding th#’s cell internalisation. In some cases,
the i.v. administered NPs are still directed to the liver and the sgte@ther hydrophilic
polymers have also been employed, such as RM® (vinyl alcohol) and PEI (poly

ethyleneimine¥?,

It is evident, from these observations, the complexity of theddPinteraction and therefore being

able to generate the best drugamier 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 antinflammatory drugs (NSAIDs) in cartberapy

Nonsteroidal antinflammatory drugs (NSAIDs)e the most common prescribed drugs worldwide.
They possess antipyretic, analgesic and-enfitammatory properties and are hence used mainly to
reduce fever, pain and inflammation. However, in the last fesadies 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 VircRolis 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 he®dl

Several epidemiological studies have been carried out to study the effect of NSAIDs in
reducing the cancer risk of different types of cancer including bfe&stprostate!’, colorectat?
and ovariaf® cancers. Some of these studies revealed a reduction in cancer risk associated with the
NSAIDs administration, but some others did not find a@sgociation between the twé.
Furthermore, the longerm use of NSAIDs often causes several side effects such as cardiovascular,

gastrointestinal and renal side effegtsassociated with oral administration.

The mechanism of NSAIDs in the cancer treatment is still not very clear, butouight
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 consistin
of 20 atoms of carbon, also known as eicosanoids aadesponsible of inflammatory responses
at the site of tissue damaged or infectédHowever, an overexpression of PGs, mediated by the
COX2 isdorm, is also thought to be responsible for promoting cancer growth and metatdsis
particular, the preinflammatory prostaglandin HPGE) has been found to be overexpressed in

many tumours including coléfy breast®, lung® and headand necR’ cancers. Therefore,
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suppressing the formation of P&y inhibiting COX using NSAIDs cdwalde 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 (SLNSs). In these cases, the NSAID drug gets eedapsulat
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
treatment®, Although some other examples in the literature demonstrate the use of NPs of NSAIDs

for use in tumour therapy.

Harding et al®®, for instance, prepared solid lipid nanoparticles (SLNs) by microwave
assisted ongot microemulsion using indomethacin, ketoprofen and nimesulide as NSAIDs drugs.
The SLNs were prepared to be used asiaffimmatoryformulation 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 Eding. Other formulations include polymeric NPs where NSAIDs are physically
entrapped within the polymer matrix. Carvalho and-workers$?, used indomethacin as ant
inflammatory drug and studied its encapsulation properties as well as drug release from a mixture
of EUDRAGEIL100 (anionic copolymer based on methacrylic acid and methyl methacrylate (1:1)),

PEG and polysorbate 80. Even in this case, the NP was feethtda inflammatory management.
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Fig 2.17. examples of polymedrug conjugates containing NSAIDs. a)-PE6& synthesised by Sermlhl.?;

b) HE@buprofen conjugate synthesised Bdgaret al®3; ¢) PE&moeibuprofen conjugate for the delivery
of PTX prepared by G al.>®

Polymerdrug conjugates of NSAIDs are also present in literature.eBab™® prepared a
polymer carrier for the antigacer 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 CO
inhibitor, while PTX was playing the role of the anticancer agent. Polysaccharideal$mabeen
used as drug carriets An example is the polymeirug conjugate prepared by Edgaral.%®via the
esterification of ibuprofen with hydroxyethylcellulose (HEC) which posseds/drophilic
properties. The prodrug system showed slow release of ibuprofen by hydrolysis of the ester bond,
meaning that the releaseas long enough to minimise the stomach exposure. Moscatelli and co
workers®, instead, prepared NPs derived by the conjugation of ibuprofen terdift types of
methacrylates via ester bond in order to obtain-pt$ponsive 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 wiibe required in order to reach the minimum
therapeutic dose of ibuprofen (200 mg). Serplal®? developed a novel prodrug system where

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

50



to PEG could form NPs that under specific physiological conditions could slowly release salicylic
acid. In this way the need of a polymer backbone forebsjugation of the drug was eliminated.

Figure 2.2 shows some of the aforementioned polN&AIDs 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 cakers, novel polymeric NPs were synthesised in this project. The aim was to
prepare polymetdrug conjugates of NSAIDs, namely ibuprofen. To achieve this, the ring opening
metathesis polymerisation (ROMP) was used in order to obtain polymers with contletigth

and composition. Amphiphilic block copolymers containing ibuprofen and PEG, as the hydrophobic
core and the hydrophilic corona components, were synthesised and theasssbled in aqueous
environment in order to obtain NPs of different morpholegii The drug release of ibuprofen from
polymeric NPs was studigd vitro using both physiological and alkaline conditions. Figure 2.3

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

Cﬁ i Selfassembly

|

Drug release
O PEG(OMe)

Ibuprofen(lbu)

Fig 2.18. Schematic representation of an amphiphilic block copolymer which undergeaseé#mbly forming
spherical aggregates. Under precise condition these polyrh#&ccan release the chemotherapeutic drug

The work carried out in this chapter was peewiewed and published in Materials Today

Communication¥.
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2.2.Results and discussion

2.2.1. Monomer synthesis

The monomers required to obtain the desired ROMP hpatgmersand copolymers were not
commercially available and therefore they wesygnthesised as shown in the following sectichhe
selectedmonomers contaiad a norbornene system connected to a specific moiety, suchnas a
NSAIDsIrug or a poly(ethylene glycol) chain, throughréer. It is known from literature that the
linker/side chaincan affect the rate of the ROMP polymerisation and that ¢lxeisomers react
faster than theendoisomer$”%8, For this reasorexomonomers were synthesised and used for the
preparation of ROMP polymerslowever, the correspondingndoisomerswere also prepared as
thesewere more readily available and useful to optimise reaction conditiongHersynthesis of

drugconjugates but were not polymerised

2.2.1.1. Synthesis tfuprofenbasednorbornenemonomer(NBlbu)

Scheme 2.5hows the synthetic pathway used to prepare bethdo and exo ibuprofen based
norbornene monomers (NBu) 5a and 5b respectively. The first step (I) was the thermal
isomerisation ofendocarbic anhydridelato exo-carbic anhydridelb®. Theendoadductlawas
heated neat, with no solvent, at 18C using a heating mantle for 2 hours followed by purification
of the crude product by recrystallisation with toluene. This affordedakeadduct1b with a yield

of 14 %. The low yield wanainly due to the incomplete conversion of #aedoadduct to theexo
one; typically, only > 55 % @fois formed at the end of the reaction (determined by €C)
Therefore, repeated recrystallisation were required in order to obtaiardcarbic anhydridelb
with a purity > 95 %. Within our group, it was experimentally determined #vadocarbic
anhydride was 2.4 times more soluble in toluene thereitsisomer (0.1 mg/mL and 0.04 mg/mL
respectively; experiments were conducted by Lee Birchall at the Uitivef&ent). The mechanism
of the reaction involved the retro Diels Alder of teedoadduct 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 thehérmodynamically stablexoadduct. However, because the
endo isomer is the kinetically favoured product and due to the reversible nature of the
isomerisation, a large amount ehdowas still present at the end of the reaction. Many research
groups®’t72 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, thendo adduct is preferentially forred due to the frontier
molecular orbital interaction and the stabilisation betweerogbitals in the C=0 of maleic
anhydride and those in the C=C bonds of cyclopentadfefr@irthermore, as demonstrated by
Sakata and Fujimoftd the transition state (TS) of trendoadduct is 1.9 kcal/mol lower than the
TS of theexo adduct, making theendo isomer to be the major product (kinetically favoured
product). However, theexo isomer is 0.5 kcal/mol more stable than thendo isomer
(thermodynamically favoured product). Therefore, when thermal conditions are,usedugh
energy can be given to the reaction to go through the higher activation energy barrier and thus the

exoadduct is formed as the major product.

6] 6]
-\‘/< 180 °C
’\< toluene
(0] o
endo, 1a exo, 1b, 14 %
(6] (6]
EtsN
I o * HzN/\/\/\OH N/\/\/\OH
toulene
o) reflux le)
3h

1a (endo) 2 3a (endo), 98 %

1b (exo) 3b (exo0), 71 %
0 DMAP o 0

T o OH EDC AN
I} N OH + _— N (6}
o DCM
[¢] r.t (6]
overnight
3 4 5a (endo), 43 %

5b (exo0), 74 %

Scheme2.4. Synthetic pathway for the preparation ehdoandexoibuprofen containing norbornene
monomersbaand5b.
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In the second step (ll), as shownScheme 2, lcompoundslaand1bwere reacted with 1
eq of 5amino pentanol2 in a condensatiomeaction where triethyl amine was used in catalytic
amounts“. The reaction afforded the alcohol derivativeésand 3b with a yield of 98 % and 71 %
respectively. The lower yield for compouBidwas caused by a loss during the work up conditions.
No purification through column chromatography was penfied in this step. In the third step (I11),
the Steglich esterification of compoun8s and 3b respectively with ibuprofed was carried out
using EDCNtethyl-NQ(3-dimethylaminopropyl)carbodiimideas the coupling agent and DMAP
(dimethylamino pyridineps catalysf. Compound$a and 5b were obtained both as colourless
oil after purification by column chromatography (EtOAC/PET 2:3) with a yield of 43 % and 73 %

respectively.

o /\\
R = ibuprofen P S

R, = ethyl M/
. . 4 EDC
R, = 3dimethylaminopropyl
R,= pentytnorbornene l
Ry
0] Ry
NH
Rg\NJJ\N/RZ \I\T;C/
H intramolecular - \\O
O)\R1 rearrengement O=<
Ry
N-Acylurea O-Acylisourea
l DMAP
Me
N-Me
X -
Ra< .R = O
2 ” ” 3+ O<:+N R4—OH )]\ R
QAN " R 0!
1 3a, 3b
EDU Acyl pyridinium

Fig 2.19. Mechanism of the Steglich esterification between compouBds8b and compoundi.

The mechanism of the Steglich reactid(Figure 2.4 involved the initial reaction between

the carboxylic acidl and EDC to form th@&-acylisourea intermediate which then reacted with
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DMAP to form an acyl pyridinium species. Tdigel then reacted with the alcohol derivativés
and3bto form the desired esterSaand5b. Amines are better nucleophiles compared to alcohols
S0 in this reaction DMAP is usually introduced to avoid the formation oNtheylurea byproduct
via intranmolecular rearrangement of th@®-acylisourea intermediatejgure 2.4. At the end of the
reaction EDUI([3-(dimethylamino)propyH3-ethylureg was formed. Thanks to its high solubility

to water, it was very simple to remove it from the reactimixture using a HD/EtOAc extraction.

2.2.1.1.1Gas chromatography atl NMR ofndo andexa-carbic anhydride

Gas chromatography (GC) was used to determine the formatiematarbic anhydridelb and its
purity after each recrystallisation. Each gaewas prepared at a concentration of 1 mg/mL in
DCM. 1uL of sample was injected (speed of #0's and pre injection delay of 500 ms) into a Split
inlet heated to 250C (split flow was set to 10 mL/min). Helium was used as the inert mobile phase
with aflow rate of 1 mL/min. The oven was initially heated to°@0and then brought to 32%C,

while a capillary column (Phenomenex2Z¥8SPlus, 20 m length and 186h diameter) was used

and the maximum temperature set to 326.

GC was first run on thendo-carbic anhydridelawhich was purchased from Acros Organics
with 99 % purity. Under the conditions mentioned above, it was determined that comptand
eluted from the column at 3.11 minutes. Consequently, by peak comparison, it was simple to
determine the brmation of theexoadductlb during the reaction. Furthermore, by integration of
the area underneath each peak it was possible to determineeaih@aexoratio, and hence the
purity of theexoadduct. Table 2.1summarises the results obtained by GC for the pemdag the
crude productand first, second and third recrystallisation. As shown in this table, vemito
possessed a retention time (RT)-08.11 minutes, theexoisomer eluted from the column at a
slightly lower RT of 2.95 minutes. After thermal isomerisation of compould] the crude product

contained anexaendoratio of 83:17, henceexowas formed as the major product. After each
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recrystallisation it was possible to remove thredoadduct and to obtain compounitb with a purity

of 98 %. Chromatograms are showrFiguresS61¢ S65, Appendig.

Table2.2. Overview of the GC data obtained for pure endo, crude product and recrystallisation steps.

PeaR RT (min) Area (%) Exopurity (%Y

Pure endo 1 - - -
2 3.106 100.0

Crude product 1 2.952 100.0 83
2 3.059 20.9

15t recrystallisation 1 2.964 100.0 93
2 3.092 7.24

2" recrystallisation 1 2.958 100.0 96
2 3.077 4.24

3" recrystallisation 1 2.970 100.0 98
2 3.092 2.49

apeak 1 refers to thexoadduct, while peak 2 refers to trendoadduct.? The % ofxoin the sample was calculated as
the area % oéxodivided by the total area % (area %esb+ area % oéndo.

H NMR spectroscopy was also used to monitor the progress @fritie exoisomerisation
and to determine the purity otb. This is shown iffigure S38, Appendix The'H NMR spectra of
endo and exo-carbic anhydride are discussed and compared to each dffigure 25). Carbic
anhydride is a symmetrical molecule, therefore five main protons can be identified. In order to
assign each proton to each peak in e NMR spectrum, COSY NMR was run and obtained. The
alkene proton 1, is the easiest to assign as well known that alkene protons are deshielded as a
result of the™ -bond. Proton 1 is, thus, found to be a triplet in bdth(red spectrum) andb (blue
spectrum) at 6.33 ppm and 6.34 ppm respectively. Inghdoadduct, protons 3 and 4 are two
multiplets at 3.52 ppm and 3.59 ppm respectively. However, the same protons 3 and 4drahe
A3Z2YSNI IFNB | GNRLI SG FG odnc LI YR | R2dzf
the chemical shift are affected by the configuration of the two isanBwue to the rigidity of bicycle
NAYy3a:Z GKS ONARRISKSIR LINRG2Yya HQ YR HE | NB
distinguished peaks are obtain€dThe 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 (ARtype quartet). Because the difference of frequengieféoetween the nuclei is not high
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enough compared to the coupling constah(n ~< 10J), second ordespectra are obtained. This

f SIRa

z

G2 G4KS

20aSNBFGA2Y 2F (GKS GNR2FAy3a STT

enhanced, while the intensity of the outer peaks becomeslEnéseeFigure 25). The coupling

constant for the AB systend,(g) is calculated and found to be 9.3 Hz farand 8.7 Hz folb. In

the endoisomer, the bridgehead protons are slightly deshielded compared texbenes. In both

cases a doublet ofiplets and a broad doublet are obtained at 1.81/1.58 ppm and 1.67/1.45 ppm

respectively for compoundaandlb® CN2R Y

YR oZ

NB & dzt GAy3

I h{. baw Al Aad TF2dzyR

AY | R2dzot S0 2F § NpohFrhged ¢

coupling), however because the coupling constahnisandJ, « 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@®fK S Y2 f SOdz S5 SEOf dzRA y 3

for 1H each.
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Fig 2.20. 'H NMR in CDEbf endocarbic anhydridela (red spectrum) angxo-carbic anhydridelb (blue

spectrum).
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2.2.1.1.2H NMR of compound®and5

Formation ofendoand exocompounds3 and 5 was confirmed byH NMR Figure 26 shows the
comparison offH NMR spectra between compounga and 3b. As noted, the stereoisomerism
affects the chemical shift and multiplicity of each proton within the two compounds. The alkene
proton 1 in theendoisomer3ais a triplet at 6.09 ppm, while in the exo ison8irthe same proton

is found to be shifted downfield at 6.29 ppm. Interestingly, the resonance of protons 3 arh4 in
are switched in comparison to its starting matefial(red spectrumfigure 25): proton 3 is shifted
downfield at3.39¢ 3.36ppm, while probn 4 is shifted upfield &.24¢ 3.23ppm. This behaviour

is not seen in thexoisomer3b, 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 at@®{f ppm and2.68

ppm for protons 3 and 4espectively). 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 proximito 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 compo@adand 3b respectively). The
remaining alkyl protons 7, 8 arffdshould form three distinguished doublets of triplets (or quintets)
as each of them couples with two chemically different,Gldwever, in bottBaand 3b, they form
multiplets in the range between 2 ppm and 1 ppm, and in some cases tend to coalescénto eac
20KSNJ Fa ¢Sff Fa 6AGK (GKS ONARISKSIR LINRG2Y A

3bthan 3a(see Figure B).
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Fig 2.21. *H NMR spectra in CRGf compounds8aand3bwith compound structure and carbon numbering.

Compound$aand5b, NBlbu monomers, were obtained by coupling compouBdsand
3bwith ibuprofen4. Consequently, théH NMR spectra for these compounds is very similar to the
spectra obtained for their alcohol derivativ@a/ 3b with the addition of the ibuprofen peak&igure
2.7 shows the'H NMR spectra ofndoand exoNBIbu monomers. As expected, the addition of
ibuprofen to 3a/3b slightly changes the chemical shift of protong 10 but does not affect the
multiplicity, except from proton 10 for which, in bo8aand5b, a triplet of doublets is obtained.
This mighbe 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 compoun8aand at 7.19 ppm and 7.10 ppm in compouta Proton 12 couples with
the CH 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
(CH), 20 forming a septet at 1.84 ppmhilst 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 fdroth endoand exocompounds. This is most likely due to the

distarce of the ibuprofen moiety in respect to norbornene ring.
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Fig. 222. *H NMR spectra in CRGf compoundssa (blue) andsb (red) with compound structure and carbon
numbering.

2.2.12. Synthesis dPEGasednorbornenemonomer(NBPEG)

As shown in Scheme 2ur stepswere required to obtain the PEG based monom&fa(endg
and 10b (exo). The first step (Wasthe thermalisomerisation fromendo-carbic anhydridd ato its
exoform 1b (description in Section 2.2.1.1he second step (Wasthe condensation of compound
la and 1brespectivelywith glycine6, that affordedthe pureendo andexaglycine derivative§a
and 7b after recrystallisation from ethyl acetatewith a yield of 35 % and 49 % respectivdly
obtain a better living group,aenpounds 7aand 7b were reacted (step 1ll) with an excess of thionyl
chloride, whichwasused both as @hlorinating agent and solvefit This afforded thendo and
exoglycinoyl chloridelerivatives8aand8b with a yield 0f91 % an®4 %respectively Theselatter

compound were reacted in the last step (V) with poly(ethylene glyeoéthyl ether(PEG{Mn =
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550)9, in the presence of stochiometric &7, in order toform the endoand exomonomers 10a
and 10b (NBPEG)with a yield of 87 % and 86 % respectively. The so formed morsomeuld

confer water solubility to the polymer in due course.

/O O
‘< 180 °C
O s ——— O
’\< toluene
(e} O
endo, 1a exo, 1b, 14 %
OH
I + HOJ\/ reflux @E‘é /\[r
overnigt
1a (endo) 7a (endo), 35 %
1b (exo0) 7b (exo), 49 %
? socl, o
OH _— Cl
i @EI\EN/\H/ reflux N
o overnight (o)
O (e}
7a (endo) 8a (endo), 91 %
7b (exo) 8b (exo0), 94 %
(6]
cl o EtsN CH3
v N/\ﬂ/ ¥ HO CHy /™ =~ /\ﬂ/
o) DCM
n
O
8a (endo) 9 overnlght 10a (endo), 87 %
8b (exo) 10b (exo), 86 %

Scheme2.5. Synthetic pathway for the preparation of PEG containing norbornenyl monomers,
10a(endog and19b(exo).

2.2.1.2.1H NMR of compounds 8 and10

As mentioned above, compounds and 7b were obtained by the simple condensation of carbic
anhydride Laand1b) with glycines. 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
7aand7b, as well as compound@aand8b, which are the chlorinated version of the glycine based
norbornene. InFigure 2.8blue spectrum, is shown thi# NMR spectrum afxo-glycine derivative

7b. This does not substantially differ from tke&o-carbic anhydrid (Lb) spectrum (red spectrum,
Figure 2.% 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 (tripi® and 2.78 ppm (doublet) respectively. Proton 6 is the @Hthe
glycine which does not couple to any other protons in the molecule and therefore forms a singlet

Fd nony LIV LYyGISNBaGAy3d A& AyadSIR (Gk&ooSKI

€Ny

carbic anhydriddbLINR G2y HQ A& GKS Y2ald dz2ZFASftR 06Si(G6S
0KS O2dzLX Ay3 SAGK HéE YR GKS It 1Sy S7TbIINPNR Y2 W
Ad F2dzyR (2 06S (GKS Y2 athe niog apflellATHi$ darle béhiviotir Soed NP
not occur on theendoisomer7aas shown irFigure S11, Appendix It.is not entirely clear what

OF dzaSR 0UKS SygANRYyYSyGa 2F (KS Gg2 LINROU2Ya 0
the formation d compound7b.
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Fig 2.23. 'H NMR spectra in CROF exo7b (blue) andexo8b (orange). Compound structures are shown as
well as carbon numbering.

As regards to thexo-glycinoyl chloride derivativ8b, it is expected to obtain a very similar

spectrum of7b, with a downfield shift of each proton caused by the introduction of @aren
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electronegative Cl atom. As shown in the orange spectruRigare 2.8this effect is most seen on
proton 6 which is the closest to the CI. The chemical shift of proton 6 goes from 4.28 @prtoin

4.62 ppm in8b. This can be enough for confirming that compould 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 setre@mdo-glycinoy!

chloride derivativeBa, as shown ifrigure S15, Appendix 1.
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Fig 2.24. ITH NMR in CD&bf monomer10b. Structure and numbering is also shown.

The reaction o8aand8bwith PEG@Gmethyl ester© afforded monomerd.0aand10b, where
the exoisomer10b (NBPEG) was the one used for the following polymerisatiBiggire 2.3hows
the *H NMR spectrum of compouridb: in this case, the chemical shift of protong & appears to
be the same of compoundb, although the bridgehead protons are slightly stdftdownfield in
10b. The selected PEG for this reaction possesses a molecular wekditgdmol, 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 intatgs for 48H: two CHprotons 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 pgwymer c
(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 Gidroup at the end of the PEG chain. THENMR of itendoisomer

10ais shown irFigure S19, Appendix

2.2.13. ESIMS analysis of NBu and NBPEG monomers and their intermediates

The formation of NBbu (Gb) and NBPEG 10b) monomers and their intermediates was also
confirmed by liquid chromatography mass spectroscopyMISE. In this case thelectrospray
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 posSibleor each
compound the ESI ithe positive mode was used, therefore the compounds were ionised so that

they acquire a positive charge (eithet ¢t Na).

Table2.3. Low resolution ESVS results obtained for compoun@$, 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 2.2ummarises the mass/charge/2) ratio results obtained for compounds 5, 7
and 10. These values are not affected by the stereocisomerisendbandexa therefore only the
results for theexoisomers were recorded. Compoudcould not be analysed by B85 as it is
readily hydrolysed to its glycine forih Whilst for compound$8b, 5b and 7b it was possible to
obtain a simplan/z spectrum mainly consisting of one pe@kgures S4t, S43, Appendix 1jhis

could not be obtainedn the case of the NBEG monomerlQb). As shown ifrigure 2.10 (bYhe
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m/z spectrum forlOb consists of a series of peaks with differemtz ratio and different intensity,
which are placed so that they form a Poisson distribution ofrtiie. This is tk 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
compound8 to form 10, a new polymer wakrmed and hence then/z spectrum of10b followed

the m/z spectrum pattern of a polymer. For clarity, this has been compared with the spectrum of

PEGso (Figure 210, a).
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Fig 2.25. Low resolution ESVIS spectra of: a) PEG (M 550) and b) NBEG monomerlQb) in comparison.

2.2.2. Polymers synthesis

As shown ifScheme 2.3monomers5b (NBlbu) and10b (NBPEG) wergolymerised using the
commercially available'8generation Grubbs catalyst {iMes)(3bromopyridine}-(CIyRu=CHPh
(G3), in anhydrous DCM using ethyl vinyl ether as terminating agent. The redwtingpolymers
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poly5b and poly10b, werethen purified by precipitation with diethyl ether affording sticky brown
solids in high yield98% and 92 % respectivélyIn both cases, the polymerisatiswere 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, ivas determined that both monomers polymerigkto completion in less

than 10 minutes.
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Ethyl vinyl ether o) ]
PH

poly5b
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P
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Scheme2.6. Homopolymerisation of monomersb and 10b to afford homopolymergoly5b and poly10b
respectively.

To obtain the block copolymeapoly5b-b-poly10b, the NBIbu monomer5b was firstly
polymerised using a ratio [M]/[C] of 20:1 addy DCM as solvent. After 10 minutes an equimolar
quantity of NBPEG monometObwas added to the reaction mixture giving an overall ratio [M]/[C]
of 40:1. Statistical copolymearoly5hb-co-poly10b was prepared by adding both monomers (1:1
molar ratio) at tle same time, to a solution o63 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 etSeheme 2.4).

66



Ethyl vinyl ether

Ph
DCM
07 ™\"~0 * 070 0= N~ 0| (07>~ S0
n §':Om
70_

12 0o %12
o)

poly5b-b-poly10b
or
poly5b-co-poly10b

5b

Scheme2.7. Block and statistical copolymerisation of monom&bsand 10bto afford poly5b-b-polyl0band
poly5b-co-polyl0brespectively.

2.2.2.1*H NMR of homeandco-polymers

NMR spectroscopy was one of the analytical methods used to determine the success of the
polymerisation. The most important characteristic of a polydt€NMR spectrum is the broadening

of the peaks. This is mainly due to poor molecular rotatisnwvell 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.

Figue 211 shows théHNMR spectra of the ibuprofen and PEG containing homopolymers,
poly5b and poly10hb. The polymerisation dbb and 10b was successful as demonstrated by the
broadening of the peaks. As noted, thé NMR spectra of both homopolymers do ndffer 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 witkirttmonomer 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 metallkylidene complex @3. 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 &€ 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 botteis and trans double bonds (proton 1) along thgolymer backbone. The
polymerisation is not stereospecific in the reaction conditions used, therefore, the formation of
either cisor transdouble bonds is not controlled. In fact, the selectivity towacsor trans varies
significantly with cataly8?, monomer, solverit and temperaturé used. In addition to the changes

in proton 1, the bridgehead protons 2 are also affected by the formatiorhefgolymer 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. Howevethe NMR spectrum opoly10b 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 monom&0h. Different is the case qioly5b, 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!H NMR spectra of block and stéitial copolymersg{oly5b-b-poly10band poly5b-co-
poly10b) shownin Figure S27 and S29, Appendirlso demonstrated that the gpolymerisations
were successful. Since monomers were added into the reaction mixture in a 1:1 molar ratid, the
NMR spectrafiered a straightforward interpretation. The formation of the polymer backbone was
confirmed by the broadening of the peaks and by the presence ofidieans peaks between 6.0
ppm and 5.0 ppm. Furthermore, both ibuprofen and PEG peaks were presernheanightegration
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 tHNMR spectra as well as tHE€ NMR

spectra appeared to be indistinguishable betm one another.
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Fig 2.26. 'H NMR spectra gfoly5h (orange) angoly10b(blue). Polymer structures and carbons numbering
are also shown.

2.2.22. Quantitative'H NMR of copolymers

Although the cepolymerisations obb and 10bwere carried out using an equivalent molar ratio of

the two monomers, four dferent copolymers with different ratio of NBu and NBPEG 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 naonsistent NBbu/NB-PEG ratio is mainly caused by

experimental errors during the weighing process.

The quantitative*H NMRspectroscopy (QNMR) has been widely used in both academia and
industry for the absolutend relative quantification of muktomponents in a mixtuf®&. 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 compdneith one another allowing to measure accurate ratios
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of different species in the same sampiere, the gNMR was used to accurately determine the ratio

of NBlbu and NBPEG 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 2.14a), the peaks chosen are highlighted in orange and blueofidrge 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 moieyigure 2.12b). These were chosen as both integrated for 4H, but mostly

because they did not overlap aoyher peak, allowing for accurate integration.
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Fig 2.27. a)gNMR 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 irFigure 2.12two block copolymerpoly5b-b-poly10bwith 50:50 and 64:36 NB

Ibu/NB-PEG ratio were obtained, as well as two different statistical copolypwysb-co-poly10b
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with 60:40 and 63:37 NBU/NB-PEG ratio were obtained (results are summarisedable2.4,

Section 2.2.2.4).

2.2.23. Kinetic studiesn homopolymerisation

The kinetic of ROMP polymerisation catalysed by rutherdased initiatorsG1, G2and G3 has

been widely studied over the yedfé®. It is known from literature that the rate of living
polymerisations follow a first order dependency on the morer and the initiato. This is also
known as pseuddirst order kinetics, meaning that the polymsation 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 negligibl€he rate law for living polymerisations is therefore described as

followed:

oo 6 QI Eqg. 2.1.
wherek is the rate constant, [M] is the concentration of the monomer, [C] is the concentration of
the catalyst anddls the new rate constant which includes the concentration of the catalyst.
Therefore, the rate of disappearance of the monomer, M, is:

Q0 . Eq. 2.2.
- [€.)] q
Qo

To which it is possible to determine the pseudo first order equation:

.0 - Eq. 2.3.

wheret is the time, M is the initial concentration of monomer and M is the concentration of

monomer at timet.

In this projectH NMR spectroscopy was used to study the kinetic of homopolymerisation

of monomersshb (NBlbu) and10b (NBPEG) and thus determine the rate of nooner conversion.
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To a solution of monomesb or 10bin DCM with an initial concentration of 0.046 M, GrubBs 3
generation catalyst was added. Aliquots of B0 were taken from the reaction mixture at
predefined time points and then quenched with a solatiaf ethyl vinyl ether in DCM. The solvent

was evaporated and CR@Mded in order to monitor the monomer to polymer conversionbly

NMR. Due to the low concentration of the NMR samples prepared, 1024 scans were used for each
analysis. The so obtained spe were baselineand phase corrected before integration of the
peaks was carried out. The comparative integration of the alkene peak@8 ppm on the
monomers and theidtrans peak at 5.0; 6.0 ppm on polymers, allowed for the determination of
monomer conversion over time. These values were then converted into In([M])[&hd plotted

against time.
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Fig 2.28. Plot of In([M]/[M]o) vs time for the ROMP of monomesb (orange) andLOb (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 Siasandf at

60, 120, 180, 24@nd 300 seconds in the caseldfb. These were quenched with ethyl vinyl ether and then
analysed withtH NMR spectroscopy.

The living character of the polymerisation was confirmed by thegdlot([M]/[M] o) versus
time shown inFigure 2.13As expected, the plot showed linearity meaning that the polymerisation
of both monomers followed a first order kinetics. In both cases tbaction was fast, and the
monomers were consumed within 5 minutes, with a monomer conversion of 99.43k6 éod 99.8

% for10b. From the angular coefficient of the straight line, it was possible to determine the rate
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constant] Which proved to be eqal to 2.65 x 18L- mol?- s for the polymerisation of monomer
5b (orange ling Figure 2.13and equal to 2.38 x 18- mol! - st for the polymerisation of monomer
10b (blue ling Figure 2.18 By knowing the value of the constant rate, it wasnthmossible to
determine the haHife ti, of the polymerisation, which was the time required for the monomer
concentration to decrease odealf its initial value. The halife for a first order kinetics was

calculated using the following equation:

ae Eq. 2.4.

Or fe>)

By using equation 2.4, the hdife for the polymerisation of monomesb was calculated

to be 26 seconds, while 29 seconds were required to decrease the concentration of mob@mer

of one-half of its initial concentration.

Table2.4. Kinetic data for the ROMP of monoméiis and 10busing G3 initiator.

Reaction Monomer 1 Q t12(S)
time (s) conversion (%) (L-mol?-s?)
5b 240 99.4 2.65 x 16 26
10b 300 99.8 2.38 x 16 29

Table 2.3 summarises the kinetic data obtained for the homopolymerisation of the
ibuprofen containing monomesb and the PEG containing monom#db. Kinetic studies for the
copolymerisation obb with 10bto obtain block and statistical copolymepsly5b-b-poly10band
poly5b-co-poly10b were not carried out. However, as the plos([M]/[M]o) vs timefor both
homopolymerisations possessed very similar trend, it could be assumed that the copolymerisation
would behave in the same manner. In these reactions,dbpolymerisations were carried out for

a total of 20 minutes in order to obtain complete conversion of the two monomers.

StackedH NMR spectra for the homopolymerisation studiesbfand 10b are shown in

Figures S39 and S40, Appendix 1.
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2.2.24. Gel Permeation Chromatography (GPC) of polymers

Gel Permeation Chromatography (GPC) also referred to as Size Exclusion Chromatography (SEC)
the most common technique used to determine molecular weight and distribution of polfmers

it is relatively low cost, simple and provides accurate and reliable information about the molecular
weight distribution of polymers. The principle is simitarLiquid 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 chemitaroperties. 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 int@dPLgel S5Spum MIXED (300x 7.5 mm)
column with temperature setd 40 °C The polymers were then detected using a refraetindex

(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 seffssembly properties and drug release. Two of them the block
copolymes, poly5b-b-poly10b and two of them the statistical copolymegoly5b-co-poly10hb.

Here inFigure 2.14the molecular weight distribution of homopolymepsly5b and poly10 and

their copolymer counterparts is shown. As expected, both homopolymers and copy
possessed a very narrow molecular weight distribution as also indicated by their dispersity values
shown in Table 2.0 < 1.6). This is typical of living polymerisations, where the fast initiation step
and the irreversible propagation step allow the preparation of polymers with low dispersity and
controlled molecular weights. TheMalues obtained by GPC analysis were in fact comparable to
those calculated theoreticallgTable 2.4. Although the dispersity values were lower than 1.6 for
each polyner, 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 ealues between thebuprofen
containing homopolymepoly5b and the PEG containing homopolymeoly10b: the first was
obtained withb=1.27, while the second possessed a dispersity valbedf.36. As a consequence,

both block and statistical copolymers were obtained véthigher molecular weight distribution.

2.5 - poly5b
- — poly10b
2 poly5b-b-poly10b [50:50]
poly5b-b-poly10b [64:36]
poly5b-co-poly10b [63:37]
?g 1.5 - poly5b-co-poly10b [60:40]
3
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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.

Table2.5. Polymerisationcharacteristics oblock and statistical copolymer derived frdsh and 10b.

Polymer  Yield n:m:G3 nmP° % % Mn Mn Mw pd
(%) (th)2 NBlbu® NBPEG (th) GPC GPC  (Mw/Mn)

Poly5b* 98 20:1 / 100 / 8800 11100 13600 1.27
Poly10b* 92 20:1 / / 100 15000 11000 14200 1.36
Poly5hbb- 78 20:20:1 26:14 64 36 21900 19300 24900 1.29
poly10b

Poly5bco- 76 20:20:1 25:15 63 37 22000 19300 26200 1.36
poly10b

Poly5bb- 65 20:20:1 20:20 50 50 23600 19600 28300 1.44
poly10b

Poly5bco- 76 20:20:1 24:16 60 40 22700 23900 30700 1.56
poly10b

*poly5bandpoly4 were both obtained with 99 % of monomer conversion in 5 miTheoretical feed ratio.
b Observed feed ratio calculated by quantitatitd NMR analysig.Determined by quantitativeéH NMR
analysis?Polydispersity determined by GPC in THF and reported relative to polystyrene standards.

Table 2.4summarises the polymer properties obtained for the synthesised h@and co
polymers. The GPC results, including the number aveMgleahnd weight averageMy) molecular

weights as well as the dispersity values are here shown.
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2.2.25. Themportance of an active catalyst

Grubbs 3 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 byeiah&s

in the presence of traces of air there is anriease in the rate of decay Gf3caused by competing
oxidation that yields benzaldehyde. For someone that uS8dor the first time this cannot be
noticed immediately, however it is very simple to know wi@&3is being oxidised. In fact, a simple
visualanalysis can be carried out, due@3changing colour from green in its active form to brown

in its oxidised forn{Figure 2.15¢).

The first polymerisation experiments carried out during this project used a deactiGged
initiator due to an old batctbeing dispatched from Sigmfedrich. The results did not meet the
criteria of living polymerisation: very broad molecular weight distributions and high dispersity
values were obtained for the homopolymerisationsbbfand 10b. Kinetic studies were alsorcid
out resulting in very long polymerisation time compared to those obtained with the employment
of activeG3 For instance, when using the oxidiggéd the conversion obbwas only > 85 % after
4 hours while 40 minutes were required fb@bto reach > 90 % of conversidfigure 2.15b). On
contrary, activeG3afforded poly5b and poly10bwith > 99 % monomer conversion in less than 5

minutes Figure 2.15a).

Table 26. Polymerisation results obtained for oxidised/rattive initiator versus active initiator.

Polymer Reaction Monomer Mn Mn My b
time®  conversion  (Th) GPC GPC (Muw/My)
(%)
OxidisedG3 Poly5b 4h >85 8800 95800 210 &0 2.20
PolylOb 40 min >99 15000 47 M0 103100 2.16
Active G3 Poly5b 4 min >99 8800 11100 13600 1.27
Poly10b 5 min >99 15000 11000 14200 1.36

@ Reaction conditions: [Monomer]/[Catalyst] = 20:1;2CH 25 °C.

Asshown Table 2.5here is a significant difference between the polymers synthesised with
active G3 and oxidisedG3 It is evident that homopolymers obtained witthe active initiator

presened lower molecular weiglg and narrower distributios of the polymer chains when
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compared to those obtained with the employment of deactivaté@ As shownin Table 2.5,
dispersityvalues greater than 2 @ere obtainedwhen the polymerisation was carried out with the
deactivated catalyst-urthermore, for these poipers, e number average molecular weight,M

was much greater thathe theoretical M (almost one order of magnitude biggefhis ould be

due to the slow initiation step whichled ® S O2 Y RI NB YS OG-0 A KEEA&AE RBI Qb
causeal the formation of chain transfer processes whiabutd give longer polymer chains but also
broaden the molecular weight distribution. The initiation steps on contrary, fastewhen active

G3was usedandthus provided polymers with M valuesthat were comparableto those obtained

theoretically.
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Fig 2.30. Kinetic results for the homopolymerisation &b (orange)and 10b (blue) a) Conversionof 5b and
10busirg activeG3p n > [ 2 Werdtakekh ht gr@diéféned time points and quenched with a solution of
ethyl vinyl ether in DCM. The samplasre dried and analysed b¥H NMR)b) Conversionof 5b and 10b
using thedeactivatedG3 The polymerisationwascarried out insideof an NMR tube usinG@DGl as solvent
The reaction was monitored by4 NMRevery 10 minutesc) Image of active G3 to the left (green) and
deactivated G3 to the right (brown).

It is therefore important, when usinG3 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. Selfassembly of block and statistical copolymers

The synthesised block copolymeoly5b-b-poly10bpossessed amphiphilic properties. It consisted

of a hydrophilic portion, the PEGntaning block, and a hydrophobic portion, the ibuprofen
containing block. It is known from literature that, in aqueous solutions, amphiphilic copolymers can
selfassemble into a variety of structures including micelles, vesicles, nanotubes, nanofibers and
lamellae®. The selassembly process is governed by a combination of weakgcowalent forces
including hydrogen bonding, hydrophobic effects, electrostatic interactions and VakVdals
forces which together can ensure the stability of the system in soltftidihe first main force
involved in the selissembly process is tigdrogen bondormation betweenthe water molecules

and the hydrophilic portion of the amphiphile which gives rise to an enthalpic gain in solvation. The
second one is thydrophobic effeéf which causes the seifggregation of the nopolar portion

of the amphiphile. The introduction of the hydrophobic chains in water leads to the disruption of
the hydogen bonding network that surrounds the hydrophilic chains and in returns leads to a
rearrangement of the molecules of water around the Aamlar chains. The latter are attracted to
each other due to the hydrophobic interaction and form aggregated strestuvhich 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 sime of the polymeric aggregates in
solution, including the polymerisation degree, polymer concentration, nanoprecipitation solvent,
temperature and pH. Knowing that polymer sa#fsembly by nanoprecipitation is solvent
dependent?, selfassembly of the copolymers was obtained by dissolving the polymer (20 mg) in 1
mL of three different solvents (acetone, THEetonitrile), 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 betweenhie 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 sdlkergelf
assembly was then analysed by dynamic light scattering (DLS) and transmission electron microscop
(TEM). DLS data were recorded using a polyphospholipid refractive index of 1.45. TEM samples
were analysed on Formvar coated copper grids, to whickegative 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 studytbé diffusion behaviour of macromolecules and the
determination of aggregates in solutith This technique can determine the size, intended as
hydrodynamic diameter g 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. s#nemochromatic
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 scatteringtensity fluctuates over time. By analysing the intensity
fluctuations of the scattered light, it is then possible to determine the diffusion coeffidi®rar{d

therefore the hydrodynamic diameter of particles by using the Stékastein equation (Eq 2.5):

QY Eq. 2.5

Where kis the Boltzmann constant (1.38 x2&g nt s?K?), 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 posion.

—— poly5b-b-poly10b [64:36]
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Fig 2.31. DLS particle size distributions of psiyb-polyl0b [64:36] and pol$b-co-polyl0b [63:37] from
acetone and polyb-b-polyl0b[50:50] and polgb-co-polyl0b[60:40] from acetonitrile.

Figure 2.1&hows the DLS particle distribution for the block copolypay5b-b-poly10b
[64:36] (PDI = 0.2) anthe statigical copolymerpoly5b-co-poly10b[63:37](PDI = 0.4) hich were
seltassembled in acetone, whereas of the block copolypay5hb-b-poly10b[50:50] (PDI = 0.5)
and statistical copolymepoly5b-co-poly10b [60:40](PDI = 0.7) hich were seltassembled 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 fouass#imbled polymers, a
broad distribution of the partie 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 charactéyseDM
0.1, while PDI of 040.4 and PD#0.4 give rise to moderately and highly disperse particle solutions
respectively*. By this means, it could be assumed that-asembly 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-untform size were

80



obtained. Neverthelesshe statistical copolymers presesd, as expected, a different distribution

of the particle size compared to the block copolymers which werehmarger. For example, the
largest peak (67 % by intensity) seen paly5b-co-poly10b [63:37] wasfor particles at 13 nm.
Because of the random distribution of the PEG and ibuprofen side chains tethered to the
norbornene backbonethis wasinterpreted asthe polymer collapsing in on itself, forming single
chain nanoparticle’s. A small amount of theshPs (32 %) forrad random aggregates of a bigger
size (230 nm) that precipitatein solution. TEM analysis pbly5b-co-poly10b[63:37] confirmed

an absence of ordered sedssembly (Figure.?9, Sedbn 2.2.3.2) Block copolymes poly5b-b-
poly10b[64:36]and poly5b-b-poly10b[50:50] instead behavd as nonrionic amphiphilic polymer

and in water forned NPs in the size range of 8600 nm as shown iRigure 2.16vith an average

diameter of 196 nm.

2.2.3.2. Transmission electron microscopy (TEM) studies

Transmission electron microscopy (TEMa technique commonly used in combination with DLS

for the study of selassembly processes. By irradiation of the speei (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 featuresuch as particle size of the sasembly systems. Although TEM
possesses several advantages, there are still some challenges associated with the sample
preparation. During the drying process, some -ssdemblies can rearrange giving rise to a
collection of images that are not representative of the sample in its native environment. However,

for selfassemblies that are stable under drying conditions, useful information can be obtained

Figure 2.17 (a3hows the TEM image obtained for the block copolypay5b-b-poly10b
[64:36] seltassembled from acetoneThe image reveat that the selfassemblyof 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 igufe 2.17 I§) and2.17 (c), the copolymerpoly5b-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 27 (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 count#g00, and

therefore results could not be taken as representative for the wholeasse&mbly solution.
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Fig 2.32. a) TEM image of block copolympoly5hb-b-polyl0b [64:36]selfassembled from acetoneb)
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. Furthermdiigure 2.17 (dpdicatedthat the formation

of smaller NPs was dominant, and that they possessed an average diameter of 30 nm.

Asa results of the DLS and TEM analysis, it was not possible to assume with certainty that

micellar structureqcore-shell structures)were obtained. The micellization is in fact a dynamic
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phenomenon wheren monomeric amphiphilic moleculeSassociate to form micelleS, (nSz S).

This is an equilibrium process whereby the monomeric amphiphiles constantly migrate from one
micelle to another atil the equilibrium is reached and micelles with similar size are formed
(monodisperse distributions are obtaindd)For this reason, it could be assumed tpaty5b-b-
poly10b[64:36] did not form micellar structures but rather aggregates that adopted a spherical
shape. The same behaviour was founddoly5b-b-poly10b [50:50}elfassembled in acetone, THF

and acetonitrile.

Of all the samples analysed, hemoly5b-b-polylOb [50:50] selfassembled from
acetonitrile is showrnin Figure 2.1&nd describedFigure 2.18 (c) and (dhow the nanoparticle
distributionfor 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 tgoly5b-b-poly10b [64:36] selfassembled from acetwe. Thepoly5b-b-
poly10b [50:50]formed bigger NPs with an average size centred around 80 nm while the smaller
NPs possessed a diameter-020 nm. These results were in agreement with the DLS analysis as
also in this case a broad distribution of the pelg 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 th@oly5b-co-polyl0b samples in all cases showed irregular supramolecular

morphologies Figure 2.9 Y R CA 3 & ® anfl only bigrgnHom&dglorierates were visible
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Fig 2.33. a) TEM of largeNPs ofpoly5b-b-poly10b [50:50]scale 2000 nm; b) TEM of smalléFs of poly5Sb-
b-poly10b [50:50]scale 200 nm; ¢) and d) size distributiongoty5b-b-poly10b [50:50]in acetonitrile TEMs
for a) (100 36)nm and b) (12 3)nmrespectively

Table 2.6hows the diameters obtained by TEM for the ®sl§embly systems investigat
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 copolyemmsisting of an equal
hydrophobic/hydrophilic ratio (d = 20 nm). On contrary, bigger NPs possessed a lower diameter
when compared to th¢50:50] polymer (108 nm vs 118 nm). However, the difference was minimal
(< 10 %) meaning that the values could beseffd 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 obtaineg&dy5b-b-poly10b [64:36]
might not be taken arepresentative as only 169 counts were considered for the determination of

the average NP diameter.

As regards t@oly5b-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, tls 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 nmin acetone and 110 nm in THF). Therefore, the higheldtity pf 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 nanopredation 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.

Table2.7. table comparing the diameter of all the sa$semblies obtained. Different organic solvents were
used to dissolved block copolymersly4-b-poly2 [64:36]and[50:50] affordingNPs with comparable size.

Polymer Solvent  d (NMymainee®  d (NMyig np2©
Poly5b-b-poly10b[64:36] CO(CH) 28+9 108 £ 35
Poly5b-b-poly10b[50:50] CO(CH): 20+ 3 118 + 38
Poly5b-b-poly10b[50:50] THF 20+ 2 110 £ 29
Polysb-b-poly10b[50:50] CHCN 19+3 100 + 36

2 Determined by TEM? Average size of smallédPs. ¢ Average size of largeMPs. (See Figures S6B570,
Appendix 1)

In any casepoly5b-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.

500nm

Fig 2.34. TEM images gioly4-co-poly2 [60:40]selfassembledrom acetone.
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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 FigueeS7367

Appendix 1.

2.23.3. Critical Aggregate Concentration (CAC) of blogklgmers

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 bk tliquid, with the hydrophilic portion
interacting with the water, while the hydrophobic portion migrate from the interface (e.qg. interact
with the air). When more molecules of amphiphiles are added to the water, a decrease in surface
tension is seen anwhen 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 spectrofluordfigtry
conductometry®, DL® and tensiometry®. In this study the latter method was uséws measure

the CAC obpoly5b-b-polyl0b [50:50]selfassembled from acetone, THF and acetonitrile as a

function of the surface tension (ST).

As mentioned in Section 2.2.3, sasemblies gboly5b-b-poly10b [50:50were prepared
so that the final concemation 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, vagetber
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. 235. Concentratiorvs surface tension (ST)dly5b-b-poly10b [50:50]seltassembled from a) acetone,
b) THF, c) acetonitrile.

Figure 2.20shows the change in surface tension of thely5b-b-polyl0b [50:50]self
assembliess a function of the polymer concentration inlgtion. 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 showmTable 2.7poly5b-b-poly10b [50:50}elfassembtd from acetone
and THF started to agggate at a concentration of 1.30 mg/mL and 1.39 mg/mL respectively.
However, the CAC value obtained fuly5b-b-poly10b [50:50]seltassembdd 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).

Table2.8. CAC and ST values obtainedgoly5b-b-poly10b [50:50]selfassembled from acetone, THF and
acetonitrile.

poly5b-b-poly10b CAC ST
[50:50] (mg/mL)  (mN/m)
(CH).CO 1.30 63.1
THF 1.39 61.0
CHCN 1.06 61.5

87



The CAC for the synthesised statistical copolymelgbb-co-polyl0bwas not determined
as both DLS and TEM showed that random aggregates that precipitated in aqueous swéugon
obtained. Instead, CAC pbly5b-b-poly10b 64:36] could not be run due t@ample unavailability

at the time of the experiment.

2.24. Release of ibuprofen from polymeric nanoparticles

Poly5kb-poly10b[50:50] seltassembled from acetone, THF and acetonitrile, as weglbdb-co-
poly10b[60:40] selfassembled from acetonitrile, were placed in different sets of tubes to which

M aqueous NaOH (pH 14.3), phosphate buffered saline (PBS, pH 7.4), foetal bovine serum (FBS, p
7.3), pig liver esterase 30 units/mL in water (PLE, pH 7), and unbufferted (@H 7Wwere added

to give a final concentration of 1 mg/mLhe samplesvere incubated at 40°Cin a thermocycler.

Each samplevasremoved at predefined time points (2 hr, 4 hr, 8 hr, 24 hr, 48 hr, 96 hr), frozen to
quench the reaction and analysedexfvards by HPLC (Fig. S41). A gradient processing metmd

used, starting from 286 methanol in water with 0.% of formic acid. Samples (10 mdrerun at

35 °C at a flow rate of 4 mL/min. AbsorbaveasY 2 Yy A 1 2 NBR G < I wasp VYY
calbrated using standard solutions of ibuprofen in methanol (50, 100, 150, 200, 250Fgmre

S77 Appendix L

Figure 2.21llustrates the release of ibuprofen usi@gv NaOH in watern the case of NPs
obtained from the block copolymer, the majorityibtiprofen 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 ibuprdfen 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 1020 nm). Therefore,langirg the solvent used for
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precipitation of the micelles did not alter the degradation kinetics significa®itycontrary release

of ibuprofen for the statistical copolymer selfsembled from acetonitrile, the hydrolysis was
faster, and the majority of the rdg was released within the first 2 hours (89 ®BY. a prior
calibration of the instrument, itvas also possible to quantify the concentration of the released drug
which after 96 lours was in agreement with the theoretically expected value for quantitative
hydrolysis whiclwas170 ppm forpoly5b-b-poly10b[50:50] and 210 ppm fopoly5b-co-poly10b
[60:40]. The faster release of the statistical copolymeas consistent with higher accessibility of
hydroxide ions to the ester linkages in a single chain polympared to byger sphericadtructure

adopted by the block copolymer.
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O 130 - {il Acetone
1 poly5b-b-poly10b [50:50]
120 4* THF
110 L] L] L] L] 1
0 20 40 60 80 100

Time (hours)

Fig 2.36. Concentration of ibuprofen released (ppm) vs reaction time (hours)¥hRaOH solution in water.
The concentrationsre 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 ibupfen from both of the copolymerpoly5b-b-poly10b [50:50] and poly5b-co-
poly1l0b [60:40] was much slower, with none of these media causing releaiséuprofen
(measurable by HPLC) at a temperature of 40 °C over a period oL@ This suggeeti that the

shielding of the polymedrug ester linkage within the hydrophobic core of the micelle retard
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chemical hydrolysis as well as impeding access nafyraes®?. The resistance to enzymatic
degradation from thepoly5b-co-poly10b [60:40] contrasied with the basic chemical hydrolysis
result, consistent with formation of singlghain nanopatrticles by chain collapse, which prodide

steric barrier to enzymes but not ions.

Figure 2.2Zhows the typical chromatogranrgfile 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 %.
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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 copolymefassiémbled from acetone and TEuld
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 thedplimark was

taken.
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2.25. Synthesis of NSAIDs based NB monomers contanigine 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 slilyhdecreases in comparison to the normal
blood stream: from 7.4 to- 6.0 ¢ 7.0'%, which eventually drops to lower pH of 5¢6.0 in
endosomes and 4.% 5.0 in lysosomé8’. Many research groups developed polyrueug
conjugates where the drug was covalently linked to the polymer backbone through linkages that
could degrade under mild acidmonditions, including iming!%, acetal®®'%” and hydrazon&®
bonds. For instance, Deii al.*? synthesised polymeric NPs containing doxorubicin (DOX), where the
drug was attached to the block copolgmpoly(2-(diisopropylamino)ethyl methacrylate-poly-(4-
formylphenyl methacrylateo-polyethylene glycol monmethyl ether methacrylatejabbreviated

to PDPAL-P(FPMACO-OEGMA)yia an imine bond (Schiff base). The so formed polymer gave rise
to sphericamicelles that could undergo chargenversion (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.
(0] /< R
{m — o
@%I Reaction
\o conditions
pTsOH, Toluene
11 12a, 12b, 12¢ 13a, 13b, 13¢ DeanStark
Pyrrolidine, DCM
4AMS N
R= H }%JWOH KJ}(O\ Ti(EtO), THF,
5 5 reflux, No
12a 12b 12c

Scheme B. Synthetic scheme for the preparation of compoud@a 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 andworkers, 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 pricpémid 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 anmihéNBNH)*°and
benzophenonel2a which was cheaper then ketoprofen and hence selected for the reaction
conditions optimisation(Scheme 2% Compoundsll and 12a were reacted together in the
presence of catalytic -pluenesulfonic acid (pTsOH) in toluene using a E&t@nk trap'®. The
reaction was carried out for 24 hours and the fipmbduct isolated by flash chromatography
(EtOAC:PET 6:4) with a yield of 37 %. The formation of comp@&maas confirmed both byH
NMR and by Xay diffraction as shown ifigure 2.23 and Figure 2.2Bue to the nature of the

substituents to the doubl&ond, only one product could be formed.

5.99

3.69
—3.44
~3.37
—3.25
17
N 1.68
_1.53
N 1.51

16, 17, 18

12,13, 14 cDgy 714

19,20 10, 11 2 HQ

Jw N JJU 1

—eet T =t T
2.06 3.24 3.19 2.03 2.00 2.07 2.10 2.08 2.02 1.42 1.25

— T T T T —T T T T T T T T —— T —— T T —— T T ——T T
76 74 72 70 68 6.6 64 62 60 58 56 54 52 50 48 46 44 42 40 3.8 3.6 3.4 3.2 3.0 28 26 24 22 20 1.8 1.6 1.
1 (ppm)

Fig 2.38. 'H NMR in CD&bf compound13a, including compound structure and carbon numbering. Each peak has
been assigned for each proton. Ball and stick representation of the single crystah)Xstructure ofendo-13a
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Single crystals df3awere obtained by slow evaporation fromcetone A suitable crystal
was mounted at 250K and collected at the same temperatuien a SuperNova, Dual, Cu at
home/near, AtlasS2 diffractometeThe experiment was run by Lee Birchall. The ketoimine bond
C=N distance was measured and found to be 102X6which was significantly shorter than the
single bond @\ (1.45578) and the ethylene € bond (1.5244) as a demonstration of the effective

formation ofl13a

Fig 2.39. Crystal Datdor G4H.:N,O, (M =370.43 g/mol): triclinic, space grouplRno.2),a= 6.0805(3R,b =
10.1042(54,c= 15.8303(7R,h = 94.167(4)% = 94.199(4)% = 99.270(4)°Y= 953.78(8R3, 2= 2,T=
249.99(11) = > 05 0B85 min, Dcalc= 1.290g/cmez. T mmp NBFE SOGA2ya YSIH adaN
3641 unique (R = 0.0237, Rma= 0.0313) which were used in all calculations. The Rnalas 0.0416 (I >

H' 6L Wk wds ¢.Rl144 (all data).

The same conditions were applied for the reaction of the primary ahinveith ketoprofen
12b and ketoprofen methyl estel2c (obtained by the reaction o12bin MeOH with catalytic
HSQ). However, in both cases no reaction occurred due to the poor sibjutsi NBNH: in toluene.
The same issue was encountered when the synthesis of compBawlas subsequently repeated.
In a second attempt, compound=a 12b and 12cwere each reacted with compountil using
anhydrous DCM as solvent, molecular sieve}) @hd catalytic pyrrolidine at 4T'* (Scheme 2.5)
Even in this case, no reaction occurred probably due to the equilibrium beingdstiibre towards

the reagents rather than the product caused by inefficient deprotonation of the hemiaminal. Cogan
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and Ellmak? successfully prepared a series Nfsulfinyl ketimines by the condensation of
sulfinamides and ketones ugj Ti(IV) salts to promote the imine formatibat were also previously
used for the reaction of ketones with amirt&s In particular Ti(OEtafforded the desired products

with high yield even when ketones with more substantial steric demand where employed. Here,
compoundsl2a 12band12cwere each reacted with compourid in the presence of 2 equivalents

of Ti(OEY using THF as solvent and heating to reflux under anhydrous cond{aheme 2.5).
Unfortunately, Ti(OEf)hydrolysed to form Ti@which was difficult to remove even by Celite®
filtration and subsequent flash chromatography. Furthermore, characterisdtyolR spectroscopy

did not show formation of the desired product. However, drying THF more carefully (e.g.
benzophenonesodium still) could have avoided the formation of Jii®the reaction mixture and

therefore maintaining active the catalyst throughdhe 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¢@Etalysed reaction

conditions.

2.3. Conclusion

The synthesis andevelopment of polymeric NPs containing NSAIDs drugs, namely ibuprofen, to
be used in nanomedicine was investigated in this studfrhe ring opening metathesis
polymerisation, ROMP, was used as a versatile tool for the preparation of block and statistical
copolymers of controlled length armmposition. 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 monorésic uni

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 aG¥mitiator afforded lomopolymers
as well as block and statistical copolymers, containing ibuprofen and PEG, with very narrow
distribution of the molecular weight®(< 1.5) and Mvalues that were very close to those obtained
theoretically. The slightly higher dispersity vaduebtained for the homeand cepolymers bearing

PEG was a reflection of the PEG chain£M50) which possessed an average distribution itself.

The so synthesised block copolymer possessed amphiphilic properties and therefore could
form selfassembly rorphologies when added to water. In particular, as determined by TEM
microscopy, small aggregates with average diameter of 28 nm and big aggregates with
diameter of 100¢ 120 nm were formed at the same time. Although the sel§embly 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 ROdNners. 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 morphologiedut 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 furthevidencing 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 4« 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 thg @0 %) 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 begued that the so formed polymeric NPs are very stable
under those conditions. Therefore, they could still find an application as hanotherapeutics 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 tilgatment of rheumatoid arthritis
(RA) since NSAIDs are known to help managing the chronic pain, inflammation and swelling that are
typical of RA“ 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 distrupti®f).

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 ckeawnder 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 ketopfen based NB monomer could not be obtained.
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CHAPTER 3. CATIONIC ROMP POLYMERS CONTAI
SUPRAMOLECULAR @3E3JOCIATING 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 di@e more and more limited due to the rapid
evolution of antimicrobial resistance (AMR). The World Health Organisation (WHQO) has declared
that AMR is one of the top 10 global public health threats that humanity is faaimis primarily
caused by the misuse and overuse of antimicrobials. Microorganisms such as bacteria, viruses,
fungi, and parasites mutate and change their conifims 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 Centréor 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 direc
consequence of an infection due to ARIRhe latest data published by the Wi€alth Security
Agency (UKHSA) in November 2021, showed a decrease in antil@sistant bloodstream
infections from 65,583 in 2019 to 55,384 in 2020 which was the lowest sinc€.20le ame

way, the number of deaths caused by AMR decreased in 2020 where 2,228 deaths were estimated
compared to 2,596 in 2089However, it is important to highlight that this decline is mainly due to

the restrictions that took place during the pandemic caused by C®jdvhere less social mixing

and enhanced hand hygiene have played an important role, rather than ideowkry 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 jgathaigens (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 indivattudue to Covid9 pandemicEscherichia 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.
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Fig. 31. Incidence per 100,00population of 8 main pathogen bloodstream infection in England between
2016 and 2020. Figure was taken from the 2Q2fD21 report of the WH® This image contains public
sector information licensed under the Open Government Licence v3.0.

3.1.1. Polymer therapeutics withndimicrobialactivity

In order to overcome the issue caused by antimicrobial resistance, @mtrgears scientists have
focused their attention into the development of antimicrobial polymers which mimic the
biophysical and physicochemical properties of naturally occurring antimicrobial peptides (AMPS)
They present, in fact, higher therapeutiakility and slower evolution of resistant strain bacteria
compared to traditional small molecule antibiotiés 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 resptm$he 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 antibfotic3n the other hand,
AMPs act by targeting the lipid bilayer bacterial cell membrane which is not involved in any of the
typical resistance mechanisfifs 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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Meganin2°, Protegrin 1!, Indolicidid? and i -defensin 33, are amphiphilic peptides mainly
composedof nonpolar side chain amino acids such as tryptophan and polar/cationic amino acid
units such as Bine and arginineAs 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 thepwar 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 csJIAMPs are more selective to bacteria over human*¢élls

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 hyagrailic portion (red) of the AMPs form the internal core.
Reproducedy permission fronspringer Nature Customer Service Centre Grfibférence8).

Due to the por bioavailability and the high production costs of AMPs, in the past decade
several research groups have started developing synthetic polymers that pedsgissilar
physicochemical features to natural AMPs, which is the key for improved antimicrotiNélyaén
order to selectively target and disrupt bacterial cell membranes, polymers with cationic and
hydrophobic groups have been developed (amphiphilic cationic polymers,*AGREh polymers
can be preared either by the polymerisation of monomers bearing antimicrobial functionalities,
or by modification of the polymer structure via pegsplymerisation reactions. 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 (ATRB)® and reversible addition fragmentation chain transfer polymerisation
(RAF®P2t, but also ringopening polymerisation (RC®) and ringopening 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.

ATRP Q RAFT .
T 9 1
0) S
o HO n m
j‘\ o O~ 'NH
@ = *K‘Hs *K'(CHs)s .
= —NH
H @- in
Wy N,
NH, . T .
Whittaker (2017) NH Perrier (2022)
ROP ROMP o
0 o Ph n
o\ ©O (0] (0] OH
o X oYy 0= 0
o} o}
+<\N§/ = @
@: EHTNHQ
NH
Yang (2021) Coughlin (2008)

Fig 3.3. Examples of polymers possessing antimicrobial activity synthesised using ATRP, RAFT, ROP and ROI
in the preparation of polyacrylatepplymethacrylates, polycarbonates and polynorbornenes respectively.
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When designing antimicrobial polymers, several parameters need to be considered:

(i)

(ii)

(iii)

(iv)

The amphiphilic balance: excessive hydrophobicity can generate polymers with poor
water solubility ad high toxcity, while very low hydrophobicity leads to poor
antimicrobial activity®,

The cationic group structure: for inste@®, doublycharged amine species such as
DABCO show higher activity compared to monocharged amines such as the pyridinium
catior?, whilst improvement in antimicrobial activity can be achieved by the use of
phosphonium catior’§26,

The molecular weight (MW): high MW affects properties suckasbility, diffusion

and aggregation, and at the same time increases the toxicity towards humati.cells
The polymer topologythis includes homopololymers, random and block copolyfiers
but also branched and star shape polyntéfé Generally random copolymers show
higher antimicrobial activity compared to bloc&polymers as the latter tend to form
nanoparticles in solution upon sedEsembly, 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 projezwere 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 molecudeare identified as supramolecular saffsociated amphiphilic salts and are

known as SSAs.

3.1.2. Supramolecular sel§sociahgamphiphiles (SSASs)
The Hiscock group have studied and developed a new class of molecules, named SSA:
(supramolecular sefissociating amphiphiles) which have been demonstrated to possess

antimicrobial activity against both Grapwositive (methicilliaresistant Staphylococcus aureus
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MRSAY and Gramnegative bacteria Bscherichiacol)®*3l. SSA molecules are urea/thiourea
sulfonatebased 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 regidfiigure 3.4).

R>

R
1 X
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2 H H A
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I Hydrophobic I HBA/HBDI HydrophilicI Counterl
group HBA cation

+

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 atorapacer (orange), a hydrophilic HBA (yellow) and a counter catipn (A

A library of about 50 SSAs has been prepared by Hisstoek via alteration of the
substituents Rand R in the hydrophobic group (small substituents such ag OMe, NG, NH, H,
but also aromatic rings such as benzothiazole, naphthalene, anthracene have shown to alter the
acidity of the NH¥) and/or the spacer between the urea/thiourea and the sulfonate groups (n =1,
2 or 3). Different counter cationgnainly TBA (tertrabutylammonium), pyridinium, potassium and

sodium have also been employ&d

Owing to the presence of two HBA groups (the O/S on urea/thiourea moiety and e SO
and one HBD group (the NHs on the urea/thiourea),-®d0f £ SR & FNHzA G NI G BRé& 2
this system an intrametular 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 multipleasdbciative hydrogen bonding rmhes
simultaneousl§? as shown in Figure 3(6). Hiscoclet al. have shown that in the solid state (via X
ray diffraction), SSAs can form: (i) a urea/thiourea dim@m (irea/thioureaanion stacking and (iii)

a urea/thioureaurea/thiourea stackingsynor anti) modes that can be manipulated by changing
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the chemical composition, the solvent, but also by modifying the counter GtiBor instance, it

was found that the presence of a weakly coordinating cation, such as TBA, tend to foraniora
dimers, while the presence of strongly coordinating caticsuch astand Nd, preferentially form
ureaureastackingd® |1 26 SOSNE A0 Qa AYLRNIIyYyd G2 y20S Gf
solid state studies may differ to the modes that SSAs form in the solution state,-assatfation

can be altered by the presence of a solvent. The Hiscock group have widely demonristhatiedh

the solution state, SSAs can form aggregates in both DMSO and water. In the first case, dimeric
speces 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 ofH NMR, DLS and tensiometer which is used for therdetation 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 alsc
confirmed to exist in the gaghase, determined bwigh resolution mass spectrometry (HFS),

and in the solid phase, using ¥y diffraction (XRD).

Whilst in many cases the cationic component of amphiphilic salts is the one that carries the
antimicrobial activity, Hiscoolt 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'staN®&/IR
using a SMA (styrenmaleic anhydride copolymer) phospholipid nanoéfistt was hypothesised
that SSAs preferentially interact with phosphatidylethanolamine (PE) and phosphatidylglycerol (PG)
over phosphatidylcholine (P@hospholipid 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 showRigure 3.5c), SSAs are hypothesiexldomplex
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, tleeethe general complexation is weakhe
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quantification of small molecules:phospholipid interacti¢hwas studied by Hisckoait al. on

three SSA models using a novel solutstate 1D'H NMR assay.
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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 bactexicell membranelrigure adapted from referencs.

3.1.3. Aim of thetudy

In collaboration with the Hiscock groupwasdecided to develop a novel polynorbornene system
bearing the antnicrobial SSAolecules synthesisaslithin their group. In particulait wasdecided

to synthesise pyridine derived norborneifdB) andoxanorbornene(ONB)molecules 4b and 9,
Scheme 3.1a) taking inspiration from the paper published by Tetvall’ in 200§ where

amphiphilic polyoxanorbornen@olyONB}pearing quaternary alkyl pyridinium side chasiewed
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bacterial growth mhibition againstB. subtilisand E. coli These pyridindbased NB and ONB
molecules were then reacted with two different SSASAL and SSA2) in order to form four
different monomers ihonl ¢ mon4) in the form of salts, which were thgolymerised via ROMP
in order to obtain four novel amphiphilic homopolymemolyl ¢ poly4) (Scheme 3.1, b). Both
monomers and polymers were then tested against Gfaogitive (MRSA) and Granegative E.

coli) bacteria.

a o
FaC H
@%NUJ,O\H sogoﬂ» O\)\/\3 @Am

4b: Y = CH, SSA-1: X=0 mon1:Y=CH,, X=0 63 %
9: Y=0 SSA-2: X=8 mon2: Y =CH,, X=8 86 %
mon3:Y=0,X=0 83 %
mon4:Y=0,X=8 86 %

b
) ? CF3
X G3
SO TS NG .
‘ _N 038 N N
+°H H H DMF
© benzaldehyde
r.t.

mon1: Y =CH,, X=0 overnight

mon2: Y =CH,, X=8

mon3:Y=0,X=0 _

mon4:Y=0,X=8 >

HN
=X
HN
CF3

poly1: Y=CH;, X=0 94 %
poly2: Y=CH,;, X=S8 72%
poly3: Y=0,X=0 39 %
polyd:Y=0,X=8 32%

Scheme3.1. a) synthesis afnonl¢ mon4and b) synthesis of homopolymepslyl ¢ poly4 carried out in this
project.
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3.2. Results and discussion

3.2.1. Monomer synthesis

The monomers required teynthesisahe desired ROMP polymers were not commercially available
and therefore they were synthesised as shown in the following sestibhe monomersvere
pyridiniumbased NB or ONB molecules, where the counter anion was the orethiourea

sulfonate SSASSAL and SSA2 respectively).

It is known fromthe literature that exoisomers react faster than thendoisomers’, and
therefore exo monomers were synthesised and used for the preparation of ROMANers.
However, each reaction was first tested on thedoisomer as it is commercially available at a

cheaper price (Chapter 2, Section 2.2.1).

3.2.1.1.Synthesis gbyridinebased NB intermediatdaand4b

Scheme 3.3howsthe syntheticpathwayusedto obtainthe endd exoNB derived pyridindaand

4b. These were obtained with a modification from the literature procedarin the first stependo

and exocarbic anhydride 1a and 1b) were each reactedvith 1 molar equivalent of4-
(aminomethyl)pyridine2 at room temperature using DCM assolvent The reactions occurred
rapidly, in each case a white solid precipitated after only two minutes from the complete addition
of reactant2. However, the reactions were left to stir for 1 hour in order to make sure that all carbic
anhydride was consumed. Thhite solid was filtered and washed with DCM, affording the open
amides,3a (endg and3b (exo0), with yields of 90 % and 92 % respectively. In the second 32ep,
and3bwere each dissolved in a solution of 0.5 M of methanolic HCI. The reactions weeel lieat

50 minutes at 50C® and the pure products, as the closed amides, were obtained by neutralisation
with saturated NaHCg3Zolution and then extraction with DCM. Commds4a(endg and4b (exg

were obtained as white solids with yields of 81 % and 83 % respectively.
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. DCM / rt. 0.5 M MeOH/HCI
H,N “
_N HH 50 °C N |
_N
0

1a (endo) 3a (endo), 90 % 4a (endo), 81 %
1b (exo) 3b (ex0), 92 % 4b (exo), 83 %

Scheme3.2. Synthetic scheme for the preparation of pyridine containingiM&mediate.

The formation of botrendoand exocompounds3 and 4 was confirmed byH NMR. It is
important noting that in each casendo and exo compounds possess slightly different NMR
spectra. Due to the difference in stereochemistry betweadoandexocompounds, the chemical
environment of each proton differs, and this has therefore an effect on their chemical shift and on
their multiplicity. For instance!H NMR spectra in DM@ of compounds3a and 3b show some
differences (Appendix 2, Figures S1 and SBfe compound is asymmetric, the characteristic
alkene peaks of norbornene are found at different frequencies. This is particularly noticeable on
endoisomer3a, where two doublets of doublets that integrate for 1H each are present in the typical
alkene region, at 6.1ppm and 5.94 ppm. On the contrary, in troisomer3b, the alkene peaks
are present as a multiplet that integrates for 2H at 68221 ppm, therefore they are slightly more
deshielded in comparison to ttendoalkene protons (peaks are shifted downfiglormation of
compound3 is also confirmed by the presence of the NH peak, which in both cases results in a
triplet due to the coupling with the Ghh para position to the pyridine ring. The peak integrates

for 1H and it resonates at 8.34 ppm and 8.%mpfor compound3aand 3b respectively.

The behaviour of the bridgehead protons on the norbornene ring is also interesting. For the
endoisomer3ag S Oly 20aSNWS GKS GeLAOFIt aNR2FAy3a S
spectra are obtained, and fact we can determine a doublet of doublets centred at 1.28 ppm that
integrates for 2H. However, thexoisomer 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 specfingin is
order. The difference between the Larmor frequencies of the coupled nyclpir{ 3aand 3b is

calculated using MestReNoVdn &ndo=24Hz N &.=400 H2. In theexoisomer it is found thap A
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is largercompared to the coupling constankg= 8.23 Hz) and the ratjp Alg= 50 is typical of first
order NMR spectra. Whereas, in terdoisomern 4s closer to the coupling constarkg{= 7.4 Hz)

and thus a second order effect is obtained.

No major diffeence is noted betweeBaand3bwhen 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 stromglyhe

isomerisation.

Compoundstaand 4b were obtained by ring closing 8aand 3b in methanolic HCIThe
latter are symmetric molecules and thus the NMR spectraefudo and exo-NB pyridinebased
intermediates 4a and 4b) are comprised of a lower nuwer of protons compared to their open
counterparts 8aand 3b). For instance, as shown Figure S7 (Appendix 2), tatkene proton of
the exoisomer4b in DMSGds is now a triplet at 6.32 ppm that integrates for 2H. The BHbara
position to the pyridine ring does not couple to any other close proton and is therefore a singlet at
4.57 ppm. The same gprotons in3b are found to form a quartet of doublets at 4.ppm, due to
the protons not being magnetically equivalent. By COSY NMR it is determined thatie©HSs
are coupling to each other as well as to the closest aromatic proton. Furthermore, the formation of
4aand4b is confirmed by the absence of tiNH proton. IMdb, it can also be seen that the peaks
NBfFGSR G2 GKS ONAR3ISKSIR LINRG2ya FNB Of2as
usually obtained for rigid systems like carbic anhydride and its derivatives, is more pronopnted (

=100 Hz, he= 9.80 Hz).

3.2.1.2. Synthesis of pyridibasedONB intermediate9
ONB 7) was selected due to the ease of synthesis, in fdt,DielsAlder [4+2] cycloaddition of
furan(5) and maleic anhydridé) was carried out under very mild conditigrag room temperature

in THF for 1 hod? (Scheme 3.3). The produétwas obtained by recrystallisation in the reaction
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solvent with a yield of 71 %. In general, during this reaction, theyxoisomeris formed, which

constitutes the only known exception to the rule where #grdoisomer is predominantly formed

o) ol
'
= THF /rt.
S
o)
5 6

o]
7,71%
H,N | X
N
o) Z 9 0
2 G’ N/\© 0.5 M MeOH/HCI
| N
G’ 0 DCM / r.t. B KN 50 °C N |
_N
o) 0 o]
7 8,85% 9,64 %

Scheme3.3. Synthetic scheme for the preparation of pyridine contain@d!B intermediate9.

The stereochemistry of this reaction has been widely studied both experimehtaffy
using NMR spectroscopy, and theoreticHd|lyusing computational methodologies. Lee and
Herndorf® studied the reaction between furan and maleic anhydride usindR\ddectroscopy. They
demonstrated that the reaction in acetonitrile at 4C with a reactant concentration of 1.50 M,
formed initially only theendoadduct. However, at 24 minutes the concentrationeoidoand exo
was the same, while after 48 hours ordyo was evident in the reaction mixture. They also
demonstrated that at lower concentrations (0.5 M), the reaction became faster aneibadduct
was obtained after 50 minutes. Lee and Herndon were able to calculate the rate cotstayar(d
kexo) for the formation ofendoandexoisomers and found thatengo > 500kexo, Which corresponded
to an activation energy differenceffa) of 15.9 kJ/mol in favour of tremdoadduct (kinetically
favoured). However, thexoadduct was 7.9 kJ/mol more stable thendo (thermodynamically
favoured), and due to the reversibility of the process, onlydReisomer was eventually formed
in the reaction. Later, using quantum chemical calculations, Sedtak' were able to show that
in acetonitrile the energy of the transition state (TS) for émeloisomer was only @.kJ/mol higher

than theexoisomer. This means that the preference for aegi stereoisomer was only determined
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by the stability of the product, which was calculated to be 11.5 kJ/mol higher foexbadduct

(Figure 3.6).
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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 adaptatiamm reference46.

In the second step (Scheme 3.3), oxanorbornehevas reacted with 1 eq of 4
(aminomethyl)pyridine& at room temperature using DCM #ee solvent The reaction gave a white
precipitate that was filtered after 1 hour, affording the open fonwith a yield of 85 %.
Subsequently, ring closing of compoudith 0.5 M methanolic HCI afforded the pyridine containing
ONB intermediated, which was isolated by neutralisation with saturated NakjG@@lowed by

extraction in DCM. Compourttivas obtained pures a pale pink solid with a yield of 64 %.

H NMR and®C NMR irCDGJ(Figures S9 and S10, Appendix 2) confirthedattainment
of compound?, where chemical shift and multiplicity were comparable with those found in
literature®. The'H 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, eachof the

integrating for 2H. Thé&*C NMR consists of four peaks: at 169.94 ppm the i€f@nd, at 137.02

119



ppm, it is the alkene carbon, while at 82.24 and 48.73 ppm the two tertiary carbons on the ONB

ring are found.

'H NMR in DMS@s of compound8 (Figure S11Appendix 2) iwery similar to the one
obtained for3b (exoisomer), 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 alken@eaks are present as a multiplet at 6-8316 ppm (compared to 6.24.21
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 Ca@ graple
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: @Hhe para position to the pyridine are instead
not affected by the O atom on the norbornene ringdago the chemical shift values are the same

as those obtained for compourfb.

In the same way as compoudth, the pyridinebased ONB is a symmetric molecule, thus
the 'H NMR in CDE(Figure S13, Appendix 2) giwése to a simpler spectrum composed 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 vicitathe C=0 giving rise to a triplet at 5.32;
the two remaining protons are present both as singlets at 4.65 ppr) @td 2.93 ppm (G8=0);

the NH is not present here.

3.2.1.3. Synthesis of ureand thioureasulfonate saltsSSAL and SSA?

Preparation of urea/thioureaulfonate pyridinium salt§SAL andSSA2, was carried out following
the procedure developed by HiscoekaPf**2 Isocyanatel0 and isothiocyanatd 1 were reacted
with 1 eq of aminomethane sulfonic aci@, in pyridine and heated to 68C overnight. Pyridine

was used here both as a reactant and a solvent. In both reactions, pro8&&$ and SSA2
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precipitated in solution forming a white suspension that Vitisred and then washed with EtOAc
to remove any trace of pyridine. As shown in SchemeS3SA1 and SSA2 were obtained cleanly

with a yield of 74 % and 85 % respectively.

F3C O I—||+
NCX 60 °C |

10: X=0 12 SSA-1:X=0,74%
11: X=8 SSA-2: X=8,85%

Scheme3.4. Synthetic scheme for the preparation &SAL (ureasulfonate pyridinium salt) an@&SA2
(thioureasulfonate pyridinium salt).

SSAl and SSA2 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 with4b and9; (iii) because they were structurally similar to eather, allowing to carry
out structureactivity relationship studies; (iv) because their physicochemical as well as
antimicrobial properties were widely studied by Hiscock anavookers. The successful synthesis
of both SSAs was confirmed ¥y NMR and*C NMR in DMS@; as they were found to match the
values previously published by Hiscoek al. (Appendix 2, Figures SI5S18). Sincehese
compounds have been widely discussed in their publications, their characterisation and properties

will not be discused in this thesis.

3.2.1.4. Synthesis of NB a®NB monomers bearif§SAL and SSA2

Scheme 3.5 shows the synthetic approach used for the preparation of the four monomers
containing SSASSAL and SSA2 were reacted with an excess (1.2 eq) of norborneieand
oxanorbornened in MeOH, at room temperature for a period of up to 2 hours. Tdwction of
these four compounds in different combinations led to the formation of four new monomeos{

¢ mond). 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. Memersmonl ¢ 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. THENMR ofmon3after precipitation

with DCM, showed the presenad the methanol peak that could not be removed even under
extreme conditions, such as heating to 180 undervacuum This was due to formation of a
hydrogen bond between MeOH and the product which contained a number of HBA atoms.
Therefore, MeOH was remred by dissolution ofmon3 in water using a sonicator bath heated to

40 °C, followed by evaporation of the solvent using a rotary evaporator.

H FsC
% @ My A,
\ g
50, / N

r.t. H
4b: Y = CH, SSA-1: X=0 mon1: Y =CH,, X=0 63 %
9: Y=0 SSA-2: X=8 mon2:Y=CH,, X=8 86 %
mon3:Y=0,X=0 83 %
mon4:Y=0,X=S 86 %

Schemed.5. Synthetic scheme for the preparation of NB and ONB monomers containingn&8As, mon4.

The mechanism of the reaction involved the proton transfer from the pyridinium cation in
SSAL/SSA2 to the pyridine group on compound and9 forming pyridine a a byproduct. 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 ahKahdé it
was assumed a pKa ef6 for the conjigated acid of pyridirdased 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 onlypartially shifted towards the product. This effect was particularly noticeable for the
reaction of4bwith SSAL, 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 ®8# and
product (monl) in the precipitating solvent (DCM), it was not possible to isalad@l unless all

the limiting reagent was consumed in the reaction. It was experimentally estimated that for the
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reaction of monl, equilibrium was reached after 40 minutes, whiteon2 ¢ mon4 reached

equilibrium after 2 hours. However, this could not be conéd with certainty.

3.2.1.4.1. NMRharacterisatiorand variable temperature (VT) stud@snonomers
The formation of monomermon1 - mon4was primarily confirmed byH NMR spectroscopy. For
instance, Figure 3.7 shows thEe NMR spectrum in DMS® of mon1 (blue) compared to the

spectra of reactantdb (red) andSSAL (green).
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Fig 3.7. 'H NMR spectra ahoni (blue), SSAL (green) and4b (red) in comparison. Structure afonl with
proton nurmberingis 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 compoutig) clearly indicating that the proton
transfer reaction was successful. Protons 8 @rde 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 compoundlb). 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. Thédarea N
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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) da@omasiderably change their chemical shift

with respect to their starting materials, and their multiplicity is retained.

Similar considerations can be madefieon3which is formed by anion8SAl and cationic
ONBS9. Hence, the only major difference fromonl, is thatmon3 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 thiotB&A $SA2). It has been
proposed by Hiscoadlt 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 theethiou
NH is formed. This is a reversible process that has been verified thrdbtgINMR variable
temperature studies at 298 K and 333 K. This effect was found to be present ombathand
mon4. Figure 3.8 (2) shows the NMR spectranoh2 at 298 K I§lue) and 333 Kréd): 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 angr€sbnances into two peaks each that
together integrate forlH and 2H respectively (highlighted in grey, Figure 3.8, 2). These two species
are the linear and the cyclic forms of the thiourealfonate anion (Figure 3.8, 1). At high
temperatures, however, the two NH peaks and the two Gébhks coalesce together due 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 structuréS&A2, open forma, and closed fornb. 2)'H NMR
spectra ofmon2at 298 K (red) and 300 K (blue). Highlighted in grey are the NHs protons anc:i{h©R
on SSA anion (proton 11).

Taking into consideration thtH NMR ofmon2 at 333 K, the aromatic region consists of
protons 8 and 3 which are two doublets at 8.88wand 7.71 ppm, while protons 9 and 4 resonate
at the same frequencies forming a multiplet at 7-BB5 ppm. The aromatic protons on the SSA
anion are shifted downfield compared to the same protonsrionl; this may be due to the
presence of the more ad 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 CHprotons (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 comparisamio
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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 foundionl.

The same considerations can be made foon4 with the only exception that the
norbornene ring possesses an O atom on the bridge instead of andkhus no peaks are present

in the range .5 ppm (Figure S25, Appendix 2).

The 3C NMR spectrum ofmonl (Figure 3.%) is presented here as a representative
description for all of the four monomers, as their spectra are similar toarher (Figures S20,
S22, S24 and S26, Appendix 2). All carbons have been assigned using a comifindis)C
(Heteronuclear Multiple Quantum Coherejceand 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. Theselanedd 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 18 pm for carbon 15, which is found to be in the typical range
for the alkene carbon in norbornene, andthe 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 incfease
the relaxation time caused by the proximity of carbon 7 to the &Oup. More peculiar is the
situation for the aromatic carbons 2 and 3 in SSA, since gr@lp is attached to the para position
in respect to the urea moiety. It is known thidE possss a quantum spin numb& pj ¢, as it is
consisting of an uneven number of protons and neutrons in its nucleus. This means that fluorine
can couple with carbon in’'&C NMRollowing the splitting rule of (n + 1). While hydrogearbon
couplings are noseen in normal*C NMR spectra due to theHC decoupling that prevents the
splitting of the peaks, this is not possible, or it is more difficult to obtain on a cé&tbornne
coupling and thus splitting is obsenfdThe fluorine in GFas shown in Figure 3@ can couple
with carbons 2, 3 and the g€Earbon itself. As a result, three quartets with different coupling

constants are presenin the NMR spectrum: the first coupling (the one withs)Cdfenerates a
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quartet at 124.7 ppm witld= 270.7 Hz, while the coupling with carbons 2 and 3 forms two quartets
at 120.9 ppm with)= 32.0 Hz, and 125.9 ppm wifh+ 3.7 Hz. Carbon 4 is not affedtby the

presence of fluorine and therefore is seen as a singlet at 117.2 ppm.
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Fig 3.9. (a) Structure ofmon1 g A (i K OF NDb 2 y Q &3C NMRYspestNin Yifbil in ddMBQds; (c)
carbonfluorine region zoomed in.

The difference between thiSC NMR spectrum compared to the other monomers relies on
the presence of a more acidic sulphur atom on the urea moietyn@n2 andmon4) and the more
electronegative oxygen atom on the norbornene bridgeniion3 and mon4). Consequently, the
carbonsclosestto those atoms are deshielded and thus shifted more downfield in the spectra. For
instance, carbon 6 omon2 and mon4 (thioureabased monomers) is shifted to 180.3 ppm
compared to 115.1 ppm omonl and mon3 (ureabased monomers), while carbon 14 oron3
and mon4 (ONBbased monomers) is shifted to 80.6 ppm compared to 44.6 pprmonl and

mon2 (NBbased monomers).
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3.2.2. Polymer synthesis

As shown in Scheme 3.6, the synthesised monommaosl - mon4, were polymerised using the
commercially available'8generation Grubbs catalyst {iMes)(3bromopyridine}-(CIyRu=CHPh
(G3), in anhydrous DMF using benzaldehyde as a terminating agent. The resulting polyohgks (

¢ poly4) were then purified by precipitation from DCM affordipglyl andpoly3as brown powlers

(94 % and 3% yield respectively), ambly2 andpoly4 as dark green powders (72 % and 32 % vyield
respectively). In each case, the polymerisation was carried out overnight at room temperature,

using a monomer to catalyst ratio [M]/[C] of 20:1 andaanonomer concentration of 0.045 M.

CF3
G
N A _ .
Z3H H H DMF
O benzaldehyde
r.t. 7 N\
mon1:Y =CH,;, X=0 overnight =N+
mon2: Y =CH,, X=8 H
mon3:Y=0,X=0 _
mon4:Y=0,X=S 033>
HN
yx
HN
CF3
poly1: Y=CH,;, X=0 94 %
poly2: Y=CH,, X=S 72%
poly3: Y=0,X=0 39 %
poly4d: Y=0,X=S 32 %

Scheme3.6. Synthetic scheme for the preparation of homopolymemslyl - poly4, obtained by ROMP
polymerisation of monomersonl ¢ mon4respectively, using Grubbs third generation catalyst, G3.

Obtaining the aforementioned homopolymers was not straightforward, mainly due to the
insolubility of monomers in many organic solventse polymerisation conditions were optimised
on the synthesis opolyl. At first, the homopolymerisation aihonl 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:However, in each case, the solvent deactivated the cat&st

and hence only the unreacted monomer was present intth& MR 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 ROMP) using the same monomer concentration and monomer to catalyst ratie.reaction

was left to stir overnight at room temperature, then terminated using ethyl vinyl etherIRIiMR

of the precipitated powder (obtained by precipitation fromx@} showed formation of a polymer

as demonstrated by the typical broadening oétheaks. 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
HO presentin DMF forming acetaldehyde (€ttbubletat 2.12ppmand CHO quartet at 9.6&nd
ethanol (CHltriplet at 1.06 ppm and GHyuartet at 3.44 ppm). In addition, DMF traces were also
present. Although ethanol and acetaldehyde are low boiling point and w@l&ilids, 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 ighissue, DMF was further dried using M& &nd 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
H NMR, shown ifigure 3.10wasfound to be free from the aforementioned impurities and only

a small amount of DMWwaspresent.

Once the conditions for the polymerisation ofonl were optimised,
homopolymergoly2, poly3andpoly4were 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 poly3andpoly4, the precipitation from DCM was not as successful as in the caedydf
andpoly2, 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 theypelr 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 soltgesuch as E® and hexane did not improve the

precipitation yield.

3.2.2.1H NMR characterisation of polymepsly1¢ poly4

As shown in Figure 3.10, formation mélyl was confirmed by the typical broadening of
each peak. Furthermore, it was confirthby the disappearance of the alkene peaknonlat 6.33
ppm, and the appearance of a broad doublet characteristic ofctdérans double bonds (proton
15) at 5.66¢ 5.48 ppm. The other peaks were assigned by comparison with the NMR spectrum of
mon1l (Setion 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 ggproton 16) formed two broad singlets which were shifted
downfield in comparison witimonl1 (1.89 and 1.49 ppm compared to 1.a38d 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.
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Fig 3.10. 'H NMR opolylin DMSGds with polymer structure and peak assignment.
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The polymerisation ofnon2 ¢ mon4 were also successful as confirmed by the NMR

spectra of each polymdiFigures S27, S29, S31 and S33, Appendix&pelks were broadened

and the typicatidtransalkene peak in the polymers was found to be-&tppm in each spectrum.
Homopolymerspoly2 and poly4, were found to behave in the same way as their respective
monomers, where the thioureaulfonate 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 thiouresulfonate anion coalesced together givimggerto one structure only.

This effect is better viewed on proton 7, £ldn the SSA anion, which resonates at 4.29 ppm,

although some of the signal is hidden by the water peak (Figure 3.11).
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Fig 3.11. 'H NMR ofpoly2 in DMSG@ds 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 shBiguiies

S28, S30, S32 and S34, Appendix 2. In this case, to obtain spectsalavitisignal to noesratio,
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more than 5000 scans were necessary, as well as a polymer sampd® ay/mL. Consequently,

the peaks attributed to the carbefiuorine coupling were also visible.

3.2.2.2. Gel Permeation Chromatography (GP)lyi ¢ poly4

Molecular weights ofpolyl ¢ poly4 were determined using GPC chromatograpglient
Technologies PGPC 5P Each polymer was dissolved in DMF With% w/wof toluene which was
addedto act as the flow rate markeiThe eluentusedwas DMF containg 0.1% w/w lithium
bromide at a flow rate of 1.0 mL/miriO0uL of sample was injected and polymers were detected
using adifferential refractive index (RI) detectofhe system was calibrated using 10 narrow
dispersity poly(methyl methacrylate) standr (Mp = 221000@ 1810 gmol). The GPC analysis
discussed in this section were conducted at the University of Sheffield by Samuel Harrison of the
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Fig 3.12. Molecular weight profile opoly1¢ 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 tesfuhe 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 & 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 thaf tde monomer was
consumed by the end of the reaction. Howe\uiekashypothesised that, due to the long reaction
GAYSZ a6l O10AlGAYTE NBIFOUGA2Yyad 200dz2NNBRZ 6 KSNB
chain reacted intramolecularly with antetr double bond along the polymer backbone giving rise

to two different polymer distributions. The number average molecular weigh),(fhe weight
average molecular weight (W and the polydispersity inde®} values obtained for each polymer

are shown infable 3.1. In the case pblyl andpoly2, the M, 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 thdypwrisation was left
overnight, not all of the monomer reacted and thus a lowends 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 greagrsatility of the third generation Grubbs catalys3

Table3.1. Polymerisation characteristic of homopolymersly1 ¢ poly4.

Polymer  Yield (%) n:G3 (thf NB:SSA M, (th* M, (GPC) M, (GPC) pd

(Mo M)

Polyl 94 20:1  1:0.90 11100 10600 12 400 1.17
2 200 2 300 1.01

Poly2 72 20:1  1:1.04 11400 10600 13100 1.24
2 300 2 300 1.01

Poly3 39 20:1  1:1.11 11100 7100 8 200 1.15
2 200 2 200 1.01

Poly4 32 201  1:1.10 11400 8000 9 200 1.16
2 300 2 300 1.01

* Monomer @nversion could not be determined due to the use of DMF as reaction solvent. Reaction was left overnight.
aTheoretical feed ratio? Ratio SSA anion to NB cation determined by gNMR (d = 90 ls¢oretical number average
molecular weight.? 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 WldRun 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 (protdrb) on the polyNB/polyONB cation were integrated and
compared this with the integration of the €pkak (proton 7) on the urea/thiourea anion. As shown
in Table 3.1gnd Figure S77, Appendix 2), the raifcthe NB cation to the SSA anion was found to
be 11 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 thetspadhat 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/€EBEA monomersonl¢ 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 Fig®d3 It is important tonote 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 prepafatiar

this reason, no TEMVEM was carried out for any of the monomers synthesised, while the rest of
the flow chart was used to characterise monomersonl ¢ mon4 and compare their

physicochemical properties with the SSBASAL and SSA2).
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Diffusion-Ordered NMR
Spectroscopy (DOSY)

Fig 3.13. Flow chart including all the characterisation techniques used by the Hiscock group for the analysis
of the physicathemical properties of the SSA molecules, also used for the charatiniof monomers
monl ¢ mon4®t. Square = action; triangle = decisiéigure adapted from ref1.

3.2.3.1. Single crystal XRD, a ssitdde study

As previously mentioned in Section 3.1.2, Hisaicil. studied the intermolecular binding modes
adopted by the anionic compemt of SSAs using single crystaRa§ diffraction (XRESf°. They
found that, in the solid state, SSAs could form different packing modes thanks to the formation of
intermolecular hydogen bonds through their HBD and HBA groups and that this was strongly
dependant on the counteion used. In particular, three situations were encountered: (i) weakly
coordinating counter cations such as tetrabutylammonium (TBA) gave rise to urea/thitiorees;

(i) moderately coordinating counter cations such as pyridinium formed-argan (or thiourea
anion) tapes; (iii) strongly coordinating counter cations such as sodium or potassium formed urea

urea (or thioureathiourea) stacks (these are represedt schematically irFigure 3.5, Section
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3.1.2.). For instance, the £substituted benzene uresulphonate anion irBSAL formed dimeric
species when the TBA counten was used. In this case, the HBD urea group hydrogen bonded to
the HBA sulphonate group of another SSA anion, and because TBA was nhot a coordinating specie:
only a dimer was formed. However, when TBA wabamnged for the pyridinium cation, this acted

as a competitive HBD species, and consequently asufdnonate hydrogen bonded tape in the
anti-configuration was formed. These two crystal structure images are available in the Histock

al. publicatior?*.

Single crystals ahonlandmon2were grown by slow evaporation from MeOH. A suitable
crystal was selected, mounted at 200 K and thealed to 100 K for collection on a SuperNova,
Dual, Cu at home/neat, AtlasS2 diffractomet&xperiment ormonlwas run by Lee Birchall, while
experiment onmon2 was run by Professor Jennifer Hiscoe&th at the University of Kent. As
shown in Figure 3.14in the solid state,monl (consisting of a ureaulphonate anion and a
pyridiniumbased norbornene cation) formed a uraaion tape similar t&&SAL. In this case the
pyridinium HBD group formed a hydrogen bond with one of the oxygen atoms of the sulghonat
group. However, due to the presence of a bigger, sterically hindered counter caori, formed
a staggeredsynstacking mode, where a hydrogen bond was formed between the urea group of
one SSA anion and the sulphonate group of another SSA anion.fiidrerdie in stacking mode
from anti to synin SSAL andmonl, could be caused by the difference in size of the counter cations.
In fact, the pyridinium cation i8SAl tended to be located among the uresaillphonate anions and
therefore the anti-configuraton was energetically more favoured (crystal structure previously

published?).

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, i
this case, the presence of the sulphur atom on the thiourea, did not result in the formation of a

tape motif as irmon1, but instead formed the typical thioureanion stacking as shown in Figure
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3.15. Crystal structures afion3andmon4 could not be obtaned due to time constraints and very
limited availability of the instrument. However, single crystalsnoh3 and mon4 were obtained

by slow evaporation from MeOH and are ready to be analysed

Fig. 314. Ball and stick represeation of the single crystal-by structure ofmonl, exhibiing ahydrogen

bonded tape formation though the urea-anion binding modeCrystal Data for &4H23N4OsFsS M =552.52

g/mol): monoclinic, space group P2 (no. 14),a= 23.527(3R, b= 5.5052(6A, c= 20.755(3R, i =
114.673(16)°V= 2442.7(6}%, Z= 4,T= 99.99(11) = > 6 # HB26vrhrm, Dcalc= 1.502g9/cm?, 11709

NEFEt SOGA2ya YSIF&AdZNBR 06y ®H Ru=0.12R0, Byha= OK4MGWhidwerewised >
in all calculations. ThefinRl g & n ®n dhpp wWRiwasH.2980 @lldata). | y R

In Table 3.2 the hydrogen bond distances and angleSS$#1, monl and mon2 are
summarised, calculated from the singlgystal Xray structures. Th&8SA2 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 betweeHtDA. As shown in the table, the
hydrogen bond formed between the pyridiniumaton and the sulphonate anion was found to be
the shortest in each case with values ranging from 1.8 toA1®hile the urea (or thiourea) NHs

formed hydrogen bonds with the sulphonate anion with lengths >42.0
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Table 3.2. Hydrogen bond length and angles obtained using OlexZSf#Al (previously published data),
monlandmon2. Here atoms have been numbered so tiNtt is the pyridinium nitrogemwhich bonds O1
O1is the oxygerbondingwith two NHs. N2 and\3 are the urea nitrogen, where N2 is the one binding to O1.

HBD Hydrogen HBA Hydrogen Hydrogen
atom bond length  bond angle
O-AA  (DOH-AO
SSAlL N1 H1 o1 1.895 (2) 168.7 (2)
N3 H3 02 2.095 (2) 157.5 (2)
monl N1 H1 o1 1.816 (4) 151.0 (6)
N2 H2 o1 2.161 (4) 141.8 (3)
N3 H3 02 2.091 (5) 167.5 (4)
mon2 N1 H1 o1 1.909 (9) 165.2 (8)
N2 H2 o1 2.048 (9) 162.4 (8)
N3 H3 02 2.030 (10) 166.4 (7)

Fig 3.15. Ball and stick representation of the single crystala}( structure ofmon2, shows formation of
thioureaanion stackingCrystal Data for aH23RN4OsS (M =568.58 g/mol): monoclinic, space group C2/c
(no. 15),a= 40.110(14Q, b= 7.8300(15R, c= 15.943(4R, i = 98.50(3)°,V= 495223, Z= 8, T=
100.00(12) = > 6 £ @A5Y thrd, Dcalc= 1.525g/cm®>. M1 nyc NBFf SOlAzya YSI
133.12°), 4378 uniqueRnt = 0.3577, Byma= 0.2217) which were used in all calculations. The faalas
nomMT T M O LwRHwasi0.5056 (albdath)y R

3.2.3.2. EQUS, a gaphase study

Electrospray ionisation mass spectroscopy-MES) is a techniquevidely used for the analysis of
both small and large molecules of different polaritfe€SI 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, noncovalent interactions (e.g., hydrogen bonds) are preserved in the gas phase. The Hiscock
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group have use this technique to study the formation of intermolecular interactions on SSAs in
order to determine whether the sefissociation of these molecules, specifically the formation of
dimeric species was present in the gas phase. For instance, it was dentesh&tyehigh resolution
ESIMS, that both SSAs used in this chap88Al and SSA2, 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 anrnisubstituent, such as the one synthesised in this study, or a

carboxylic acid residue, which was also used and studied by Hiscock-adkens®.
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Fig 3.16. High resolution MS spectra of: a) monomeric species and b) dimeric spe@&Apf c) cationic
component (NB) and d) anionic component (wdphonate) ofmonl; e) cationic component (ONB) and f)
anionic component (thioureaulphonate) ofmon4. Anioniccomponents have been detected using-ESI
[M], while cationic components have been detected using ESI+ as {M3iHferic species have been found
as[M+M+H]J.

For instance, as shown in the B8 spectra presented in Figure 3.16, the thiourea
sulphonde anion ESA2) formed both the monomeric species [Myith m/z of 312.9933 (a) and
the dimeric species [M+M+Hjith m/zof 629.9936 (bin the gas phase. This did not happen in the
four monomers synthesisednonl ¢ mon4, and as shown in Figure 3.16 only the monomeric
species for both cationic (NB/ONB) and anionic (urea/thiotm@l@honate) components were
present in the MS spectra. For fasce, the MS spectrum (d, Figure 3.14jr@in1 obtained in the

negative ion mode (E$Ishowed anm/z of 297.1574, while the MS spectrum (c, Figure 3.16)
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obtained in the positive ion mode (ESI+) showednof 255.1140. These were respectively the
m/z values of the urea anion [Mand the NB cation [M+H]n the monomeric form and were
equivalent to thecalculated values (Table 3.3). In themgaway, the anionic and cationic
components ofmon4 were detected using ESInd ESI+ respectively and as showirigure 3.16

((e) and (f))m/ zof 312.0465 and 275.1034 were found for the thiourea anion and the ONB cation.
However, in the case of the thiourea anion (bothnmn2 and mon4), m/z of 311.0495 and
310.0478 were detected, which could be attributed to thes of 1Hin the first case and 2limore
abundant) in the second cask.could be hypothesisel that because the thiourea anion lost two

hydrogens in the gas phase, the formation of the dimeric species was prevented.

Table3.3. High resolution ESWS values calculated and found 88A1, SSA2 and monl-mon4.

m/ z[M]~ m/ z[M+M+H] m/ z[M+H]*
Theoretical Actual Theoretical Actual Theoretical Actual
SSAlL 297.0162 297.0159 595.0404 595.0390 80.0500 n.a.
SSA2 312.9928 312.9933 626.9936 629.9936 80.0500 n.a.

monl 297.0162  297.1574
mon2 312.9928  312.0445
mon3 297.0162  297.1475
mon4 312.9928  312.0465

/ 255.1128  255.1140
/ 255.1128  255.1140
/ 257.0921  257.0929
/ 257.0921 257.0931

~ Y~~~

3.2.3.3. Quantitative'H 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, insolution state, the presence of loweand/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 cas®s Due to their large size, higherder structures adopt solitlke
properties meaning that they omot be observed by solution state NMR. The absolute
jdzt YGATFAOLFIGAZ2Y YSOK2R Ay libaw Fft2ga F2N G4§KS
integrals of interest are compared to a calibrant (a standard of known concentration). The calibrant
is chogn 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 impatly (v) its peaks cannot overlap those of the
analyte in order to have an effective signal integration. By knowing the concentration of the
calibrant Gy, the concentration of the analyte Gf interest, their respective number of nucleictN

and N) and the integral area of the internal standarg,lit is possible to determine the integral
area of the analytexl(and therefore the percentage of higherder structures present in the

sample) using the following formifa

o o6 0 Eq. 3.1.
(@] 0 3]

In this study, monomersnonl ¢ mon4 were analysed by using two different solvent
systems: (i) 1 % DCM as internal standard in Dil3@th a monomer concentration of 112 mM
and (ii) 5 % EtOH as internal standard4® With a monomer concentration of 5.56 mM. The gNMR
results were then comgired to those 05SAL andSSA2 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 thienuclei do not overlap with those of the monome#dl experiments
were carried out using a relaxation delay)(df 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 usedtiis not possible to confirm the absence of any-sskociated species.

Table 3.4 summargsthe results from quantitativéH NMR studies obtained f&SAL and
SSA2, which have been carried out by the Hiscock group, and monomend ¢ mon4. As shown
in Table 3.4, in a solution of DM&®with 1 % DCM, both SSAs did not show any evident signal

Gt 24848¢é on 3 (2840 6KSYy GKS AydSaINIGAZ2Y 61 &

35>

they tended to form lowetorder structures which were hypothesideto be dimers (results
confirmed by DOSY NMR studies). On the other hand, when aqueous conditions were used (5 %
EtOHinBh0 X GKS NBadzZ 6a FTNRY ljbaw aK2gSR |y I|L
compared to the ethanol peaks (e.g., 46 % of signas Wost in the case 0BSA2). It was
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hypothesised that this may be due to the formation of bigger-asHfociated aggregates which

adopted solidlike properties.

Table3.4. Overview of the results from quantitativéd NMR studies obtained from DM$I) standardised

with 1% DCM at 112 mM andO standardised with % ethanol at 5.56 mM. Thableshows the proportion,

as percentage, of cation and aniohSSA1, SSA2 and monomersmonl - mon4to become NMR silent. All
quantitative’H NMR experiments were conducted with a delay timg ¢ 60 s at 298 K.

% Loss ED % Loss DMS@s
Cation Anion Cation Anion
SSAlL 37 37 0 0
SSA2 46 46 0 0
mon1l 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 norbornemydased monomersmonl ¢ mon4, possessd 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,D with 5 % EtOH, shedy 2 RA A OSNF 4% lbos)f af 2
signals for both the anionic and cationic compotgeiVhile only about 10 % of signeds lost when
monomerswere dissolved in a solution of DM&Rwith 1 % DCMthe highest value was 15 % for
mon3). These results appeared to be completely in disagreement with the classical behaviour of
the SSAs. We belie that thiswas strongly influenced by the size of the pyridinkgontaining
norbornenyl cation which, due to steric hindrance, prevashthe formation of hydrogen bonding
between the anionic component of the monomer and therefore no larger-asdbciagd
aggregatesvere formed in agueous solution. Qhe other hand the 10 % of signal lost in DMSO
ds could be caused bgxperimentalerror or could be due to favourable conditions associated with

a higher solubility of monomers in this solvent system.

A representative spectrum of quantitativel NMR ofmonlin DO with 5 % EtOH as internal
standard is shown in Figu®17. Quantitatie 'H NMR ofmon2, mon3 and mon4 are shown in
 LIWSYRAE HXI CATdNBE {T77TZ {TysZ {Thd !'& aAK24Y>
signals integrated for two protons in both anionic (orange) and cationic (blue) components.
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Figure3.17. 'H NMR spectrum with a delayi(d 60 s) ofmon1 (5.56 mM) in RO/ 5 % EtOH. Comparative
integration indicated 4 % of the anionic compondatange boxjand 0.5 % of the cation compone(iilue
box)has become NMR silent, condlng that noapparentloss is present in this sample.

Figure3.18 shows an example of quantitatiVel NMR of monomersx{onl) in DMSQds
using 1 % DCM as internal standard. In this case 12 % of signal was lost for both cationic and anioni

components. QuantitativéH NMR spectra ahon2, mon3 andmon4 are available in the Appendix

2 (Figures S73, S74, S75).
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Figure 318.*H NMR spectrum with a delayi(d 60 s) ofmonl (112 mM) in DMS@s/ 1 % DCM. Comparative
integration indicated that 12 % of both cationic and anionic components of the sample have become NMR

silent.
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3.2.3.4.'H DOSY NMR studies

In order to further validate the results obtained by gNMR whereby all of the synthesisedmess
did not form any larger selissociated structure, a series 8 NMR DOSY experiments were
performed. In this case, two conditions were used: (i) 5.56 mM@ With 5 % EtOH (mainly used
for improving solubility of monomers in deuterat@adater) and (ii) 112 mM in DMS@ with 0.5 %

H:0.

Diffusion ordered spectroscopy (DOB¥)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 estirttaeemolecular
size intended as hydrodynamic diameteg)(df 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:

QY Eq. 3.2.
o '
o Q
Where kis the Boltzmann constant (1.38 x%&g nt s?K?), 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 molecukessumed to be a spherical particle.

As shown in Table 3.5honl ¢ mon4 did not form any large selssociated aggregates as
both cation and anion exhibited a;& 1.4 nm in a solution of DMS&dd with 0.5 % HO, anddy <
1.1 nm when dissolved iB,O with 5 % EtOH. The results obtained in DMfs®uggested that
similar to most of the SSAs synthesised by the Hiscock §rdbp anionic component ahonl ¢
mon4 tended to form dimeric species (due to hydrogen bond formation). The result was that each
SSA anion, within the dimer, dragged one molecidileorbornenyl 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 3.3.3, about 10 % of signal was lost in gNMR. With regardsotal
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¢ mond in DO soluton, the hydrodynamic diameter for both cation and anion were found to be
lower compared to those obtained in DM& suggesting that only monomeric species were

LINBaSyld Ay azfdziAi2yd® ¢KAA& ¢l & FdzNI KS NJlegutat A R

6SAIAKG G2 &aAl S OFfOdzZ I i2NE &dzLJLXX ASR o0& bl y2C

presented a d~0.93 nm, while both anionic speci€83AL and SSA2) presented a d~0.99 nm.

Table 35. Overview of diffusion coefficients and hydrodynamic diametemnfonl - mon4 in
DMSQGds and DO at 298 K. Errors for diffusion constants are no greater than + £3nf(s.

Compound Solvent Cation Anion
D (nt/s) du (nm) D (nt/s) du (nm)

Mon 1 DMSQds+0.5% 1.67 x10'° 1.31 1.55 x101° 1.41
H.O

Mon 2 DMSQds+0.5% 1.71 x10%° 1.28 1.64 x101° 1.34
H.O

Mon 3 DMSQds+0.5%  1.61 x 10 1.37 152 x 10° 1.44
HO

Mon 4 DMSQds+ 0.5% 1.68 x10'° 1.31 1.63 x101° 1.34
HO

Mon 1 DO+ 5% EtOH 4.18 x10'° 1.04 3.97 x101° 1.10

Mon 2 DO +5% EtOH  4.45 x101° 0.98 4.17 x10%° 1.05

Mon 3 DO +5 % EtOH  4.44 x10'° 0.98 4.0 x101° 1.09

Mon 4 DO +5% EtOH  4.46 x101° 0.98 3.94 x101° 1.11

Figure3.19 shows the DOSY spectrum obtained ffmonl in DMSQGds with 0.5 % HO. It
was evident that the anion (red, peaks 1¢ 8 and 9) and the cation (blue, peaks3, 7, 8, 1€1.3)
possessed very similar diffusion coefficients, (01.55 XL0°vs Ra= 1.67 XL0°m?/s) due to very
similar molecular weights (Mw= 297.23 vs Mw;:= 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, altough the pyridinium cation was known to moderately coordinate the
SSA¥. Similar DOSY spectra were obtained for monomes2, mon3 andmon4 as shown in the

Appendix 2 (Figures S61, S62, S63).
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Fig 3.19. 'H DOSY NMR spectrummobnl (112 mM) in DMS@is at 298 K Hydrodynamic diameter of the
anionic and cationic components wionlwere calculated to beln= 1.41 nm andl+ = 1.31 nm respectively.
Peaks 1,4 and 9 correspond to the anionic componeninadnl while peaks 2, 3, 7, 8, 1IB correspond to
the cationic conponent ofmon1.

It is worth noting that, typically, the thiouresulfonate anion $SA2) 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 structurés not involved in the selssociation 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 Figure 31, structureaandb (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 structureb formed a hydrogen bond with the sulfonate group in structaréproposed

structurec, Figure3.20).
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Fig 3.20. Proposed formation of secondary structure of anionic componel@®42 (structuresaandb) and
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Fig 3.21. *H DOSY NMR spectrummbn2 (112 mM) in DMS@s at 298 K Hydrodynamic diameter of the
anionic and cationic components wion2were calculated to belh =1.34nm anddx =1.28nm respectively.
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Peaks 1, 2, 4, 6, 7, 10, 11 correspond to the anionic componemtoo? while peaks 3, 5, 8, 9, 115
correspond to the cionic component ofmon2.

Figure3.22 represent the DOSH NMR spectrum ahonl in DO 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, 5a8d 9) and thus diffused at a very similar rate,3.97 xXLO

Vys RQa= 4.18 X101 m?%s). Here, peaks 6 and 10 were excluded for calculation purposes as their

values were affected by their proximity to the solvent peaks.
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Fig 3.22. 'H DOSY NMR spectrumnednl (5.56 mM) in RO with 5 % EtOBt 298 KHydrodynamic diametes
of the anionic and cationic components wfonl were calculated to bealy = 1.10nm anddw = 1.04 nm
respectivelyPeaks3, 4 and torrespond to the anionic component nfonl while peaksl, 2, 5, 6 and § 10
correspond to the cationic component ofonl.

Similar DOSY spectra were obtainedrfmn2, mon3 and mon4 as shown in the Appendix

2 (Figures S65, S66 and S67).
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3.2.35.H NMR dilution studies

In order to determine the strength of the hydrogdéonded seHassociation events occurring
among the anionic components of each SSA, the Hiscock group developetiMR dilution
method which allowed for the determination of the sal$sociation constant when compounds
were dissolved in a solution of DM$I®(competitive solvent system to H bonds) with 0.5 %@ H
starting from a concentration of 112 mM. However, the wback of this technique is that it is
limited to one component, oneglimensional homogeneous aggregation. Due to the fact thaml

¢ mon4 possessed ~ 10 % of highder structures (as demonstrated by gNMR) in this solvent
system, it could not be possible guantify the strength of the H bonds. Howevéd, NMR dilution
studies were performed omonl ¢ mon4 for the qualitative determination of the presence of
hydrogenbonded 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 samipleNMR spectrum was taken
and the change in chemical shift of four different protons was tooed with changes in
concentration (the more diluted the sample, the more the chemical shift moves towards the upfield
region). Specifically, the-N resonances on the SSA anion and the aromatitijAesonances on

the norbornenyl cation were selectedrfthis study.

Figure 33 shows the graphs of chemical shift vs concentratiomohl (graph a) and
mon2 (graph b) as representative models for both ureend thioureabased norbornenyl
monomers. As shown in both graphs, there was a change in chemiitatisith depended on the
concentration of the monomer in solution, which provided evidence fordoder selfassociated
species due to hydrogen bonding formation. In particulamonl the *H nucleus that underwent
the biggest change in chemical shifisthe NH represented with the orange circle, whereas in the
case ofmon2, the aromatic proton (AH) represented with the grey triangle underwent the biggest
change in ppm. This behaviour was also observeohtn3 (ureabased oxanorbornenyl monomer)

and mon4 (thioureabased 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. Graphsr@andmon4

are shown in the Appendix 2 (Figures S84, S85). Typically, thioased SSAs that are slow
exchange species do not participate in any of the-asfociation events, as the NH resonances do
not show any chemical shift charf§eHowever, in the case ofion2 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 (Bi2ire).
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Fig 3.23. Graph illustrating the'H NMR dowrfield change in chemical shift of protons with increasing
concentration ofmonl (a) andmon2 (b) in DMS©ds 0.5% HO (298 K).

3.2.3.6. Dynamic light scattering (DLS) and peti@ntial (ZP) studies

Although it was determined by quantitativel NMR thamonl ¢ mon4 only formed about 10 % of

larger structures when dissolved in DM8§) we were interested to study their sedssembly
properties using DLS and their stability by measuring the zeta potential (ZP). In particular, DLS was
carried out using a concentration ofonl ¢ mon4 of 5.56 mM in BO with 5 % EtOH and 112 mM

in DMSO, wheeas ZP studies could only be carried out in water solution as DMSO damages the zeta

cell.

In this studymonl ¢ mond were dissolved in (i) a solution of 5 % EtOH.@ With a final
concentration of 5.56 mM and (ii) in DMSO with a concentration ofhM2 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 measurementastaken. Since the molecules were novel and no refractive
index data (RI) was available, the datareveecorded 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 Tald® and Figure S86 (Appendix 2)onl ¢ mond seemed
to form aggregates water solution with an intensity average diameter between 130 nm and 230
nm, with ONBbasedmon3 and mon4 having larger particle sizes. These results were comparable
to those obtained foISSAL, which had a dof 220 nm, andB8SA2 with a d; of 235 nm.However,
as determined by gqNMR inO/5 % EtOH, those monomers did not form any largerasdbciated
structures, therefore the DLS results obtained were not expedtadashypothesisel that these
results could be due to agglomeration of smaller struetuin solution that auld 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 cape obtained. Agglomeration is enhanced with increasingecentration and
this behaviour is typical of SSAs when analysed at a concentration of 112 mM in DMSO. In fact,
monl ¢ mon4 (Table3.6 and Figure S88 of Appendix 2) as well as SSAs in general, formed large
agglomerates in solution with hydrodynamic diameters above the limit of detectign {@00 nm).
This was further validated by the correlation function which gave information abausitmaito-
noise ratio as well as the presence of dust particles or agglomerates. The correlation function
obtained formonl ¢ mond4, did not show a smooth single exponential decay or a linear baseline
(Figure S89, Appendix 2nd these effects are alwayslated 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 lookingat the ZP values obtained fononl - mon4 in water solution,it could be
further validatead the hypothesis that no larger sedfssociated structures and hence no aggregates

were formed in solution. As a matter of fact, ZP (also tereledtrokinetic potendil) 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 @f; 10 mV + 10¢ 20 mV, + 2@ 30 mV and + 30 mV

as highly unstable, relatively stablapderately stable and highly stable respectivél{Having this

in mind, it could bethen concludel that the four synthesised monomers were classified as highly
unstable aggregates since their ZP values ranged fBomV to-10 mV (&ble 3.6) compared to

those of SSAL and SSA2 which possessed a ZP value28 mV and21 mV respectivefy.

Table 3.6. Overview of average DLS intensity particle size distribudinth ZPmeasurements obtained for
monl ¢ mon4 at a concentration of 5.56 mM in28/5 % EtOH solutioand at a concentration of 112 mM in
DMSO at 298 K.

Solvent  Concentration  du Polydispersity ZP (mV)

system (nm) (%)
monl  HO/5% 5.56 mM 194 15 (+ 1.49) -35
EtOH
mon2  H.0/5% 5.56 mM 131 21 (x1.42) -2.9
EtOH
mon3  H.0/5% 5.56 mM 216 17 ¢1.54) -4.5
EtOH
mon4  H.0/5% 5.56 mM 226 10 (£ 2.25) -95
EtOH
mon 1 DMSO 112 mM 400 27(x2.59 n.a.
2800
mon 2 DMSO 112 mM 403 29 (x1.19 n.a.
3300
mon 3 DMSO 112 mM 480 35(x1.5% n.a.
1900
mon 4 DMSO 112 mM 123 34 (£ 3.64 n.a.
2500

3.2.3.7. Criticalaggregateconcentration (BC) and surface tension

It was demonstrated that SSAsssessed amphiphilic properties which were responsible for the
formation of large selfissociated structures in solution. It has been shown, in previous®ydnk

the Hiscock group that the CAC for a series of SSAs was found to be at concentrations higher thar
5.56 mM; concentrations at which DLS dies 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 smé# 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 sélphate
Although seHassociated structures of SSAs were present at dilute concentrations, it was only with
further addition of solute molecules #t it was possible to determine the CAC and therefore the

presence of aggregates in solution.

Here, although weshowedno formation of larger selfissociated structures in water at a
concentration of 5.56 mM, we were interested in studying the CAC belwagfanonl - mon4 in a
5 % EtOH/BD 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 KO with 5 % EtOH (22rBM, 10 mM, 30 mM and 15 mM fanonl, 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 ondteejpttof two straight
lines, at the point where the surface tension no longer decreased with increasing monomer

concentration (Figur&.24).
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Fig 3.24. Graphs of surface tension as a function of monomer concentratiomfarl (a), mon2 (b), mon3
(c) andmon4 (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 miginfbrmon2
and mon3 (Table3.7), 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 feon2, whichwas in contraliction with the results obtained
from gNMR. However, this could also be due to experimental error during line best fit. It is worth
noting thatmonl (NBSSAL) andmon3 (ONBSSAL), which both contained the urelaasedSSAL,
were more soluble in those oditions compared tanon2 (NB-SSA2) andmon4 (ONBSSA2) which
instead contained the thiourehasedSSA2. As a consequence, the CAC was higher for-basad
monomers (10.11 and 16.68 mM) than thiouseased monomers (5.33 and 7.84 mM). This
behaviour wa a general trend seen in all ureand thioureabased SSAs. In particul&SAlL was
found to have a CAC of 198 mM, wHd8A2 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 tharhé ureacontaining molecul€s. Furthermore, tle presence of an O
atom on the norbornenyl cation (ONB) slightly increased the solubility of both arehthiourea

based monomers in water and thus the effect was an increase in the CAC values.

Table 37. Criticalaggregateconcertration and sirface tension values obtained foron1¢ mon4in a solution
of 5 % EtOH in water.

Cnax CAC ST

(mM) (mM) (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 polympaly1¢ poly4
Once monomeramonl ¢ mon4, were characterised in the solution state, the corresponding
polymers,polyl ¢ poly4, were also characterised. Specifically, the polymer size was studied using
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DOSY NMih DMSGds, while the polymer selassembly 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 foalymers in HO with 5 %
EtOH, the solution state studies were carried out using 1 % DMS&Diwith a starting polymer

concentration of 1 mg/mL.

3.2.4.1. Solubility studies polymers

Solubility studies were carried out fpplyl ¢ poly2in a water solution with different percentages

of DMSO and MeOH, as well as different polymancentrations. Initially, a concentration of 3
mg/mL (5.56 mM for monomers) in 5 % EtOkHvas selected in order to compare the results
obtained for the polymes with the ones obtained for both SSAs and monomers, thus having a
better representation of the data. However, as shown in Figure @¥,1 (named SS086.5) was

not soluble in that solvent system and big lumps were present even after sonicatiori@t BMSO

was selected here as it is an organic solvent with amphipathic nature that has been widely used in
biological assayfer its ability to dissolve poorly soluble moleculééthough, it was demonstrated

to be toxic to human cells at concentrations1® % (v/v) through plasma membrane pore
formation®®®®, Nevertheless,t was decided that DMSO would be used in this study as no
alternatives were available and as pramffconcept studies. Thus, the solubilitypdlyl (as well as

poly2, poly3 andpoly4) was tested at 1 mg/mL in 1, 5 and 10 % v/v of DMSO in water andLmg/

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 characterisationgast decided that the solution of

polyl 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 regaagaq poly4,

the same behaviour was detected cathe addition of an oxygen atom on the polymer backbone

(poly3andpoly4) did not improve the polymesolubility (Figures S39S102, Appendix 2).
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Fig 3.25. Solubility ofpolyl (compound 8%.5) at different percentages of DMSO and MeOH in water
solution.

3.2.4.2HDOSY NMR studies

DOSY spectroscopy is a wadtablished 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 use
determine the size of small molecules in a mixture and it has beed by Hiscoclet al. to
determine the formation of SSA dimers in DM&O Recently, DOSY has also been used to
determine the conversidf, molecular weight, dispersit§?> of polymers, as well as their
aggregation properti€8. As mentioned before, the synthesis@ilyl ¢ 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 havedeeeto determine the

size, intended as hydrodynamic diametky, of the polymers at a concentration of 20g/mL in
DMSGQds. This was used as a comparison to the DOSY data obtained for the respective monomers,

rather than the analysis and determinationtbe polymer molecular weights.
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Fig 3.26. 'H DOSY NMR spectrum pblyl (20 mg/mL in DMS@ls at 298 K Hydrodynamic diameter of the
anionic and cationic components pblyl were calculated to belh = 1.59 nm andl = 7.31 nm respectively.
Peaks 14, 5and 9 correspond to the anioni8SAwhile peaks 2, 36,-8, 1312 correspond to the cationic
polymer backbne.

As shown in the DOSY NMR spectrum (Figure 3.26) obtainedlfd;, 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
correspondingmonl (Figure 3.19), where the anionic awdtionic 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 uresalfonate anion. Interestingly, although the GPC
analysis revealed the formaticof two different molecular weight distributions (M 10 600 and 2

200 g/mol), the DOSY NMR spectrum did not show the diffusion of more than one polymer chain.
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