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Abstract

Thisthesis reports the synthesis of 30 wtturally related compoundselated by stepwise
variation of a hydrogen bond donacceptor amphiphilic saltThe seHassociative and
corresponding global properties of these compounds were investigated in the stolid,
solution state and gas phase to enable elucidation of any struatieity relationships. In the
solution state, it was established that the molecular sei§ociation of these compounds could
be controlled through modification of the solvent eramment. In organic DMSO these
compounds principally form dimeric species and in an aqueous environment, spherical
aggregatesvere preferentially formed. The addition of salt to the aqueous solution resulted in
the generation of a hydrogeT he physicocheinal propertiesand antimicrobial properties of
these gelated materialwerethen investigatedwhere it washown that these hydrogels exhibit
antimicrobial properties against both Granegative and Gramositive bacteria. Finally,taol-

kit of novel hidp-throughput microplate reader technologwas developed to assess the

presence of dimers, spherical aggregates or fibres in the solution state.
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Chapter I¢ Introduction to supramolecular chemistry

Chapter 1

1.1 The history of supramolecular chemistry

Supramolecular chemisttyas become a fagjrowinginterdisciplinary resarch area,
heavily influencedy three of its pioneers, Charlé®edersetf Donald Crani,and JearMarie
Lehrf who were awardedhe Nobel Prizén 1987for their investigation and development of
mof SOdzf Sa 6KAOK SEKAOAUG &0 NHzOG dzNSup@arhdcmT A O
chemisty¢c RSFAYSR a4 OKSYAaldNER Yaafelz2hiR théidudy o2t SO
highly complex chemical systems that result from the association of twmare chemical
componentsthat interact and are organisedoy noncovalent intermolecular forceSExamples
of these forces arydrogen bonds, van der Waals for¢edW), electrostatic interactions, and
" -donor-" -acceptor interactions These reversible forcesacilitate the production of self
assembling systenfdiological processekas well as the construction of complex redsls and
molecular machinery® Supramolecular chemistris still in its infancy whemompared to
molecular chemistry! Areas of stugl relating to molecular chemistiyavebeen the principal
focusof chemistry investigatiofor over ahundred yeas, undergang substantial development
sinceinitiation in 1828 by Friedrich Woéhlerwho contributed to the foundation of modern

chemistrythroughthe successfl synthesis ofirea, displacing vital force theor§fSchemel).*?

+ O

H - I
I _
H—|>|—H lC:N—O] W} H‘N’C‘N’H
H H H
Ammonium cyanate Urea

Schemel - Friedrich Woéhles displacement of vil force theory with thesynthesis of ammonium cyanate (inorganic
compound) into urea crystals (organic compoutd).
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Chapter I¢ Introduction to supramolecular chemistry

In 1913American chemist Gilbert Newton Lewis first formulated the basic prinoiple
valence theoryd KS OKSYAOIf o62yR O2yairaida 2F LI ANJ

(Figurel)!#*®- |ater coined the covalent bond by Irving Langnifiir.

H H H
$0e*H —— $O0tH O :0-H

Figurel ¢ Example ofralence theory using singularwater moleculeté

It was in 1873 (almost five decadafier Wohlers discovepythat the then-unnamed
field of supramolecular chemistryvas borne where whilst developing a theory ta@eount for
the properties of real gasedohannes Diderilkan der Waaldirst proposedthe existence of
WA Y GSNY2{ S'OCksdlymR FR2ABDHSBR Qoe& (KS Whypobhgsisedoy R | S &
German chemisEmil Fisherconcerning the pesenceof non-covalent interactions between
enzymes andheir substrates® now referred to as hosguest chemistry*® His hypothesis
subsequently led t@ greater understandingf the essenial design of pharmaceutical

The early twentieth century bought/orth Rodebush andVendell Latimerinto this
field, who continued developmendn Tom Moore and Thomas Winmitlssearch?! increasing
the understanding of the nonovalent bond, with emphasis on thetudy of the hydrogen
bond?? Charles Pederson went on to apply this type of 1gomalent interactiontowards
synthetic systemssuch as the development of crown ethéns19602 This same decade Jean
Marie Lehriand Donald Crast continued to build uporPedersots fundamental discovery with
the devebpmentof novelmacrocyclic moleculebat exhibited more advanced settivity when
forming host:guestcomplexes, these are illustratedn Figure2. Although Lehnand Crams
researchfocussed oralkali metal catiorcoordination, JeatMarie Lehn, whilst giving his Nobel
Prize lecture, highlighted the importance of the then unestablished area of anion coordination
chemistry Thisemphasisedhe relevance foits develgpment from bothbiological andhemical

perspectives
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Chapter I¢ Introduction to supramolecular chemistry

------ K +--0  PHNSR, *— ¥
/ AN >

0/ A b PN
N/ 0 o]

Figure2 ¢ Host:guest complexes produced byCharlesPederson (crown ether®) JeanMarie Lehn (cryptate) and
3) DonaldCram §pherand}7-24

The year 2016wvas anotherastoundingyear for the evolution ofsupramolecular
chemistrywhenafurther NobelPrizein chemistrywasawarded. The three mejointly awarded
this honourwere Sir J. Fraser Stoddart, JeRierre Sauvage argernard L. Ferindar their trail-
blazing work in thalesign and synthesis of molecukized machinerywhich hasthe potential
to be used in the development of new materials, energy storage systemsasamdolecular
sensors® The synthesis of thesmolecularsized machineries comprisexf a catenane first
developed byleanPierre Sauvagm 1983 whichisamechanicallyinterlocked chairconsisting
of two linkedmolecular rings (Figure 3%)In 1991 Stoddartand coworkersadvanced on this
conceptwith the development of a rotaxane in which the molecular ring was able to move along
an axleupon initiation from an external stimuls (Figure 3b¥’ In addition, Feringaand
co-workersbecame the firsgroupto develop a molecular motaesulting inthe construction

2T 0K MIW9g(Rgure 3cf?

Figure3 ¢ Examplef molecularsized machinerya) [2]catenare; b) [2]rotaxane c) Nanacar.28 Image reproduced
with permission from the University of Groningen.
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Chapter I¢ Introduction to supramolecular chemistry

Finally, nore than two decadeatfter this type of moleculainvestigaton was initiated
Stoddart and Brundeveloped mechanically mobile ringato systemswhich are reminiscent of
biocompatiblemolecular musclge?’ to amplify and harnessiolecular mechanical motionss

demonstrated in Figure #.

Contract l T Expand Contract i T Expand Myosin

o e

Rotaxane-based
Sarcomere molecular muscle

Figure4 - Exampls of contracting and expandirige molecular motions of a) human musdgarcomere) and b)
mechanical rotaxandased molecular muscle systéth.

1.2Non-covalent interactions

Non-covalent interactionscan occur betweensingle moleculesin a systemand are
formed as a result of the electron distribution between taomoremolecules Intermolecular
interactions promotethe process of selfissociation which results in extended structure
formation such as dimers, trimers or polymers etc. Intramolecular interactions are interactions
betweendifferent functional groups within a singular molecughen compared to the covaie
bond, which ha bond strengths ranging from 150 to 1000 kJ ™dhese mn-covalent
interactions are generalls feworders of magnitude weakehis weaknes$iowever, does not
imply that they are of less importané®.There areseveraldifferent types of norcovalent
interactions, which includevdW forces dipole-dipole interactions; on-dipole interactionsand
ion-ion interactions Electrostatic interactions such as vd@vcesare inducedin the presence

of random fluctuations irelectron clouddensity.
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Chapter I¢ Introduction to supramolecular chemistry

Individually these are some of the weakasbn-covalent interactions with bond energies
<5 kJmol?3! however, thenet effect of multiple interactions canlead to greater structural
stability;*2 dipole-dipole interactions are formed whethere is acomplementaryalignment of
one dipole with anotherThis type of interactioexhibits an energyrange of 5 to50 kJ mot
(Figureba);*2ion-dipoleinteractionshavean energyrange of 50 t®200 kJ mot, where ions such
as Nd bind with polar moleculesike H,O (Figure5b);*® The strongest of the electroatic
interactionsareion-ion interactions theseare similar in strength to that of theeakestcovalent

bond, with energies between 100 860 kJ mot(Figuresc).3

a b c
H\O,H
R\& 5 I H~ - I+ 5. ’H + —
C=0----;C7, O---Na---O; Na--Cl
Q R R f i
R H Os'
HH

Figure5 ¢ Representation of three forms electrostatic interactionsa) dipole-dipole; b) iondipole,andc) iorvion.
Additional classesof nonO2 @I £ Sy (i A y dirfeNattiond vih2h/campriséa
electronrich aromatic unis that interact with either 'y YA 2y X~ | Ol-GA2Y

arrangementDescribed as basic electrostatic interactions by Hunter and Sanders if°186€0,
enemgies of5-40 kJ mot, sii I O A-¥it8ractionsare generateddue to the intermolecular
overlapping of 2 ND A (i kcénfugatkdysystemsThis allows for functional supramolecular
assemblieso be achieved both in solution and in theolid state The algnment of these
aromatic ring is relative tothe = electron density creating a quadrupole moment, with partial
positive charges around the peripheand partial negativeharges above both aromatic fac&s.
Thesestacksystemshavethe potential toexhibitthree different confirmationsas illustrated in
Figure 6 face centred stacking6a)?®’ this confirmation is considered thieast energetically
favourable as two quadrupole moments in close vicinity will cause the stack to askew in favour

of offset(6b)* or edee to face(T-shaped)6c)>
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Chapter I¢ Introduction to supramolecular chemistry

a b c

0
"

Figure6 - Representatiorof ~ -~ interactions: afacecentred stackinqunfavourable) b) offset (favourable) andc)
edge to face (‘Bhaped)favourable)

Hydrogen bondingnteractionshave bond lengths ranging from 1-£0 A(strong to
weak$? and abroad energyrangeof between4-165 kJ mot. Weak electrostatidnteractions
exhibit energy< 12 kJ mol, mid-strengthelectrostaticinteractionsare 16-20 kJ mot andthose
> 60 kJ mdiwhichare predominantly covalent in charactgf an examplef this isthe bifluoride
ion (HR) which hasselfassociative intermoleculdnond energy> 155 kJ mdl*tIn the early
1900sthose stronger bondsbservedwvere originally believed to be limited to crysta#istates,
however, as research progressed into the latter half ofstbentury it was discovered that they
were also present in aprotic solution stat®sDue to their labile and dynamic featureshe
structural properties of these hydrogen bondseinfluencedby a welldefined range ofactors
which include:i) the electronwithdrawingdonating properties of anyfunctional groups
associated with the biding mode ii) temperature® iii) chemical environmert} iv) reactant
concentrations®® v) pressure vi) bond angle’ Canplexes which form predominantly as a
result of intermolecular hydrogen bonds containcamplementaryarray of hydrogen ond
donor and acceptor groupsThe tydrogen bond donatingunit is primarily a strongy

electronegatve elementsuch as nitrogen, oxygen or fluorimgth a hydrogen atom attached
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Chapter I¢ Introduction to supramolecular chemistry

Due toan equivalent partial negative charge on the atboundto the hydrogen, this atoroan

therefore act as a HBA ,acceping hydrogen bonds frona differentmolecule(intermolecular
hydrogenbond) or even belonging to the same molecule (intramolecular hydrdgmrd).

| @RNR23ISY o02yRa OFly 06S SAGKSNI LINAYIFNE FyRkKk2NJ
a direct interaction between hydrogen bond donor (D) and hydnogend acceptor (A) groups.

Thee are six primangeometries that can be adopted in a hydrogen bonded comfiléhese

are summarised in Figuie

H.
D—H----—A
D< A
A H
b /,A d
b— D—H----—-A A
A H.
. A ¢/ .
D—H, D\
H.
A “

Figure? - lllustrationof the six geometries adopted via primary interactioagslinear b) bent c) donating bifurcategd
d) trifurcated e) accepting bifurcated) three-centred bifurcated*’

In single donor systemshe hydrogen bond has a preference for lineatfjgure7a)*®
with colinear bonds such ast#--O exhibiting the strongedtydrogen bondingPimenteland
McClellan suggeshat in these systema deviation of 20 from linearity leads to a decrease in
the binding energy of approximately 10.99Vhereasin double acceptor systems, ndinear
bifurcated angles are of preferen®€Figure7c), thisis due to being energetically more stable
However, he more molecular species involved in the sefembf procesghe morevariables
there are to considerfor example the preferencefor the more thermodynamicét stable

sixmembered ringcyclisation?
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Chapter I¢ Introduction to supramolecular chemistry

When investigating hydrogen bond strengtionsideration should also be taken fibre
partial charges between two neighbouring groufieese are classed &gcondary interactions
and either decrease the binding strength due to repulsivom partial charges of the same sign

(FigureBa) or increase by virtue of attraction between opjiesharges, ashown inFigure8b.*’

a b
[ [ | [ | |
oA D oo
Hﬁ*\ L R N
II HS ’ :l lll \,\/ .I\/ I: /\; ,\I\ :
. I o AN AN
AS D A5 )?‘6 AS Ad
|

Hgure8 ¢ Examplesof secondanhydrogen bondnteractionsbetween two neighbouring groups a) repulsiosi)
from mixed donor/acceptorarrangements and b) attractive interactions--{) between DDD and AAA
arrangements’

1.3Non-covalent interactions nature

Historically, supramolecular architectures found inspiration from natwieere non
covalent interactions are criticalof stabilisng the threedimensional structure of large
molecules such as proteitiand nucleic acid¥.Due tothe nature ofintermolecularhydrogen
bonds, large complexescan dissolve in water at high concentratioffslt is because of this
assisted solubility of large complexasd the strength of thesydrogen bondingnteractions
being much stronger than stacking interactions (< 165 compared®kJ mai), thathydrogen
bonds were hypothesisedto be the key influence in determining bio-molecular structure
stability.> However, Pavel Hobza when investigating this theory, concluded that both motifs are
in fact commrable in aiding in the stabifiion of large molecular complexés.

The primary structures ofrpteins are constructed from general units of amino acids
held together by peptide bond3he property ofeach amino acit determinedby the presence

of different Rgroups which can be either hydrophobic oydrophilic in charactet®
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Chapter I¢ Introduction to supramolecular chemistry

Whilst the hydrophobic effect provides tipgimarythermodynamic drive for the overall
structure of proteins in water, the hydrogen bondgle is to provide the majority of the
directional interactions, which underpinigidity to the structure, specificity in molecular
recognitionand protein foldingProteins contain marsites capable of formingtaydrogen bond
such as the carbonyl and e groups on the peptide backboftin addition to the polar
functional groups(hydroxyls, acids, amides, and amines)seneral of the amino acidside
chains®® The central core of wst proteinsis comprised of secondary structurégigure 9)
formed from the seHassembly of the primary structureBxamples of these structureéaclude:
parallel/antiparalleli -sheets(FigureQai/aii); | -turns/coils(Figure9bi/bii) andh -helices(Figure
9c)which are stabilised by hydrogen bonds between the peptide backbone carbonyl oxygen and
the amide nitrogencontained inthe hydrophobic coré*

ai bi
C-termi 2 gk N-termi
O o H“O O
C-terminus \HANJ\/N\HANJ\/N\H/\N/N-terminus
o} O O

aii bii

v
2:0
Z;
/

OH o H
C-terminus )I\/N\H/\N/U\/NY\

H o}

h N-terminus

Q i

H O H O

N-terminus _ N N C-terminus
N N N
H O (0]

H H O

Figure9 ¢ Hydrogen bondén protein secondary structures: ai) parallebheet; aii) antparalleli -sheet; bi)i -turn
(type 1); biiy -turn (type 2);c)" -helix.

The tertiary structure ok protein is the general thredimensional organisation of its
polypeptide chain in spacstabilised bythe internal hydrophobic interactions between the non
polar amino acid side chaimsid external hydrogerbondand ionic bond interaction® Findly,
the protein quaternary structure is assembled egher multiple folded protein subunit®r
co-factors this structure $ predominantly driven by the hydrophobic effecind further

stabilised by a range of nesovalent and covalent interactions.
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Chapter I¢ Introduction to supramolecular chemistry

Another prominent biological moleculéhat is reliant on norcovalent interactiongor
stabilty is deoxyribonucleic acid (DNAJhe structure of DNAwasfirst discovered in 1953 by
Francis @ick, James Wabnand Rosalind Frankli DNArelieson stabilisation throughmultiple
non-covalent interaction events occurring simultaneouslyThese range from stacking
interactions such agdW forces between the miogenous baseshydrophobic effectsof the
nucleobases and hydrophilic effect of theegatively chargedphosphate backbone As
commonly knowrthe solventenvironmentcan modify the relative importance of the different
non-covalent interactions involved ithe assembly process. As a cellular environment is
agueous and polathe hydrophobic nitrogenous bases located in the interior of the DNA helix
are sequestered away from the surrounding aqueous environment, whilst the exposed
hydrophilicphosphateneadsinteract with the water. Essentially, it is this property that increases
the solubility of DNA in polar aqueous conditioAdditionally,ionic interactions of the external
negatively charged phosphat@sth positively charged ions such as ¥Mand cationt proteins
aid in structural stability. Hydrogen bonding isundamental in the formation of the three
dimensional helix structure observed betweencomplementary base pair utleotides
(adenine/thymine and guanine/cytosing)niversally known asWatsonCrick base pairing

(Figure10).°
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Figurel0 ¢ Cartoon illustrating théedDNA double heliand base pairingof cytosine and guaninassembled through
three hydrogen bondsindthymine and adenin@assembled through two hydrogen bonéfs

1.4 Selfassembly

Selfassembly iscientifically interesting as well aschnologcally important, having

facilitated the generation of complex mattét.Selfassemblyinvolves the process in which

components of a systenreither separate or linked, spontanedysassemble to fornwell-

defined,functionallower or higherorderedstructuresby desigrf’ These can be done through

the pre-organisationof a covalent frameworkor by the method of seHorganisation of

intermolecular interactiongsshownin Figurel1.%® Orderedstructurescanonly be generatd

through selfassembly ibne of two eventsanoccur. i) the associatiorprocess iseversible or

i) the componentscanadijust their positions within the aggregate once it has forrfied.

20| Page



Chapter I¢ Introduction to supramolecular chemistry

As noncovalent interactions arenaturally weaker than covalent bondsthe selfassembly
process is characteristically controlled by thermodynamics and formeder equilibria
controlled conditions® Theseselfassembled aggregatgsimarily occurat snooth interfaces
or in solution aghese environments allow for mobility of the different components involved

within selfassociation processes.

Pre-organisation Self-organisation
Information Diversity
programming dynamics
Design Design Selection
Molecular Supramolecular Dynamic
chemistry chemistry chemistry

Figurell ¢ Principles for moleculasupramolecular andynamic tiemistryselfassembly®

Powerful synthetic strategiesinvolving multiple hydrogen bonding interactiorisave
been continuallyutilised to enhancecomplex stability through increasedstrength andor
directionality. These strategieswhich are integral to the formation @& desired seHassembled
complexcan be designedyincreasingassociation selectivity. Thisashievedoy increasinghe
numberof sites which are capable of hydrogeanding and/or by incorporating a linker which

will aid in the control of the type of seissembled motif observed.

1.5Anion directedselfassembled systems

The origins of thdield of anion supramolecular chemistry can be traced back to 1968
when Park and Simmons recognised the abflity synthetic ammonium cage assemblies to
complex halide anion€.However, in the years following this discoverglatively few aion
recognition systems emergedinion recognition sitesvere traditionally positionedwithin
covalent macro(poly)cyclic structures, taking advantage of moleculatonganisation, to

achieve selective and strong anion bound compleXés.
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Nowadays, anion supmolecular chemistry is dynamicfield of resarchwhich hasstretched

far beyond the preparation of receptors, with anionew functioning as templates to assist
primary bondingfor the synthesis of complex architecturdsxamples athese primary bonds
include but are not limited to,coordinate bonds in metal complexes aedvalentbonds in
macrocyckation.”® As supramolecular chemistry has evolyesb has the discovery of
supermolecules formedhrough the selassembly of anionic interaction§&igure 12. This
superstructure was formed fronfb]pseudorotaxanes which provided concentric spheres of

cationic and neutral ligands for the total encapsulatiorthef anion PE.”* "

Figurel2 ¢ Cartoon representation of a superstructui@med from[5]pseudorotaxanes?

The selective binding ohionic species irelevantto avariety of scientificareas which
include:biology; pharmaceutical catalysisand has significangnvironmengl importance As
previously mentionedanions are commonly utilied as templating agentsn macrocycle
synthesis’® this isas well as supramolecular architectures such as molecular knots, polygons,
gels, polymers andcages An example of selissembled cages incorporatirgnions vas
explored by Cleggnd ceworkers(Scheme 2)vho looked at adapting systems wittie addtion
of anionic guest molecule$hesesystemsexpresgd anovelcombination of dastereomers that

synergistically bound the guest moleciile

22| Page



Chapter I¢ Introduction to supramolecular chemistry

For this process to occithe cage diastereomersderwenttwo major structural change§ist,
they wereinterconvered, then the internal volume of the individual caggshysicallyadapted
through bond rotation This process provided tailbr-madebindingspacewhich encapsulated

the anioric species’

5

| X
12 _N
Y0

Scheme? ¢ Synthesis of the slf-assembledetrahedral [Fels]®* cage complexa) and with the addition of an
anionic guestk).”” Ligands (&) omitted for clarity.

1.6 Amphiphiles andupra-amphiphiles

1.6.1Amphiphiles

An amphiphike is a universalterm that describesany compound thatomprisesof two
distinctly covalentlybound componentswhich exhibit differing affinitiegor the solventwithin
the same systemit is this combinationthat makes tlis class of moleculambivalent For
phospholipid typeamphiphiles,one component wilhave a head group whiallisplays a high
affinity for polar solvents such as waténydrophilic) A secondcomponentis atail group,
generally composed of a hydrocarbon chaitthoughfluorinated groups® and aromatic rings
are sufficiently hydrophobito act as a hrrier againstwater-soluble substance$® These
amphiphiledisplay a high affinity for nepolar solvents such as ethers, esterdiydrocarbons

(hydrophobic)
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There are four different classes ofin amphiphilic moleculei) zwitterion (carrying
opposing charges on the same molecht&ged through alkythainsor other spacersFigure
13, 6); ii) cationic €arry apositive chargeFigurel3, 7); iii) anionic(carry anegative charge

Figurel3, 8), andiv) non-ionic (with nonet charge Figurel3, 9).

H H 0

Figurel3 - Examples of amphiphilic moleculé):zwitterionic ((carboxylatomethydodecyldimethylammoniury 7)
cationic(pentadecanl-aminium); 8) anionic(sodium lauryl sulfate, S);8) non-ionic (sorbitan laurate).

Surfactants and some lipid molecules amenmon, everydayxamples of amphiphiles
Surfactants are substances that adhere to a surface inteifaigcinga noticeable decrease in
interfacialtension by adsorption An anionic surfactantisuallycontainspolar head groups of
either. carboxylate,sulfonate or phosphate coordinated witha positively charged counter
cdion such as sodiunpotassium or ammoniunAn example of an anionic surfactaasodium
lauryl sulfate (SLSJigurel3, 8). This surfactant isvater-soluble at room temperature and
commonlyusedpharmaceuticallyn medicated shampoos as walt a preoperative skin cleaner
as ths compoundexhibits antimicrobial activity againsGrampositive bacteria®® Cationic
surfactantsfrequently contain a nitrogefbased hydrophilic headhich alsoplays a vital role
pharmaceutically due to their bactericidal activity against a wide range of Gadimnegative
and Grarpositive organisms? Relatively on-toxic, nonionic surfactantshave multiple

functions some of which includeetting agents, emulsifiergnd solubiliers®?
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Additionally, these nonionic surfactants arstrong RPglycoprotein inhibitors, a property useful
for enhancing drug absorption and speécifissue targeting? Zwitterionic ampliphilesexhibit
electrical neutral propertieswhich endow extremely high plarity 2 Due to the zwitterionic
amphiphilesnon-toxicity, they are frequently studied and witleused in cosmetic products and
personal caré®

At comparativelylow concentrations, wrfactants occupredominantly as monomers at
the interface and in the bulk aqueous solutjahe distribution of which are in equilibriunf\s
the concentration is increased teemonomers start to interact and sedfssembleAmphiphilic
moleculescan associate into a véty of assembliesn bulk aqueousconditions.When the
solutionenvironment(temperature®” pressuré® or pH?®) is altered theseassemblies are able to
transform from onetype of aggregatedstructure to anotheras shown in Figur&4. However
the type of assemblypresentcan berestricted by the forceswvhich act b keepthe polar/non-

polarcomponentsin favourable environment®

Hydrophillic head
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Figurel4 ¢ Cartoon representation gbossible amphiphilicnorphologesof monolayerand bilayersystemsormed
in solution: a) sphericamicelle(single hydrocarbon chainb) cylindricalc) spherical micellémultiple hydrocarbon
chain) d) blayer; e) vesicle (liposoméd);inversemicelle®°

As mentioned previously, theolventenvironmentplays & integral role in the self
assembly of amphiphilic moleculeghich can therresultin the formation of macromolecular

structures. In aqueous conditiomsicelles or lipid bilayerare commonly formed
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Examples of these structures can be observed in Figudel where the hydrophilic head group
preferentially interacts with an aqueous solution and the hydrophobicatdéintates towards
the hydrophobiccentral core Micelles are widely used in biological and industrial applications
due to their ability to dissolvand transport nospolar materials through an agueous medidin.
Where amphiphilessuch asphospholipidsexhibit multiple hydrocarbon chainghey
preferentialy form either a bilayersuch as thafound in a cell membrarfé(< 5nm in size),or
significantly larger vesicle@~igure 14d and 14e respectively.® The preferencefor these
structuresto form is dueto the hydrophobic chainkeingtoo large to fitin the internal cavity of
the micelle, as micelles argypicallymuch smaller structure¥.In asolvent environment where
the exposure othe hydrophilic head group is energetically unfavourable, inverse micaties
formedinstead,where the hydropholi head is exposed and the hydrophitid is sequestered

internally (Figurel 41).%°
1.6.2Supraamphiphiles

Inspired by nature and ermed supraamphiphiles as they areformed from a
combination of supramolecules and amphiles In contrast with conventional amphiphiles,
supraamphiphiles refer to amphiphiles fabricated on the basis of various-comalent
interactions and/or dynamic covalerttonds connecting the hydrophobic and hydrophilic
components?®®” The reversible nowovalent driving force interactions that aidcomplex
formation includes: hydrogen bond$® electrostatic interactions® chargetransfer
interactionsi® imine bond!%* boronic ester bond$? and hostguest recognitiort®
Modification of these interactionshanges the amphiphilicity whicward supraamphiphiles
with unigue properties such as stimuli responsiveness and controllabflitiie selfassembly
and disassembly process®4Examples of these supamphiphilesincorporating norcovaknt
interactionscan be observed in Figut®. This FigurdlustratesZhangand ceworkersspherical
aggregateg10), thesewere constructed using wedgghaped amphiphileassembled through

~ -~ stacking interactions®®
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Kabanovand coeworkers developed suctures resembling micelleghich were fabricated
through electrostatic interactions afonventional singlehain heaeto-tail supraamphiphiles
(Figurel5, 11).1% Shown in Figuré5, 12 are complimentary interacting groupsielamine and
isocyanuric acidnvestigated by Wang and aworkers Thisdouble and single chain supra

amphiphileis fashionedthrough extended hydrogen bond arra$fs

oZo NT
\ /
+N—
Figurel5 - Exanples ofsupraamphiphilesassembled throughon-covalentinteractions 10) -~ & { t911)A y 3

electrostaticl%6 and 12) hydrogen bonding®

Additionally, supraamphiphiles can also bermed through dynamicovalent bonds
such as imine and disulphide, which, under certain condit@@msreversibly form and bredR’
similar to noncovalent interactions’ The physiochenical properties and the applications of a
supraamphiphile are dictated by the topologgside from the conventional singt#hain head
to-tail supraamphiphile, there arether forms: i) multi-chain heaeto-tail, of whichthere are
severaltypes here muliple tails are present on just theydrophilic,just hydrophobicor both
components®ii) bola-forms, thesecontain two hydrophilic watesoluble groups positioned at
both ends of a hydrophobic skelet6hcommonly utili®d in solubilisatiorand drug or gene
delivery vehicle$® and finallyiii) polymericsupraamphiphileswhicharefabricated fromeither
non-covalentor dynamically covalent bourgblymericsegmentsof two or more!® frequently

usedin cancertherapies and the formation of surfactants and nanocarrié?s
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1.7PhD aims andbjectives

1.7.1 Aim of PhD thesis:

To be able to understand and taildhe selfassociation and antimicrobial properties of a

novel class of supramolecular sasociating amphiphile (SSA).

1.7.2 Objectives
1 To synthesise a library of compounds which will enable elucidation of molecular
structure and physicochemical propgrtelationships, across the solid state, solution
state and gas phase. (Chap®r
1 To control the sefassociation of the aggregate structure of an SSA through modification
of the solvent environment, from dimeo spherical aggregat® hydrogel. (ChapteB)
1 To enable highhroughput characterisation of those molecules that form multiple

different materials. (Chaptef)
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Chapter 2

2.1 Introduction

As previously discussed @hapter 1 =zLINJ Y2 SOdzf + NJ aSt ¥l 4as$s
FT2NXI GA 2y 2 mtergtiogsnTOefdmatiod yf those bonds associated with this self
assembly process, in addition to tigdrophilic/hydrophobic solvent interaction is known to
drive molecular selfssociation and aid structure stabilisation of any resultant aggreate.
This, in turn, dictates thaggregate properties in either thelution or solid staté®In recent
years the design of neoovalent selassociated materials, particularly those that incorporate
the use of hydrogen bonds, have become aifoof interest due to their capacity for application
in many fields. Specific examples of these applications include the construction of novel
molecular semtonductors formed through multiple hydrogen bonds by Yagai and co
workers!!! Additionally, Ikkala and eworkers used noftovalent complex formation to drive
the selfassembly of cobalt nanostructures for capsid productinFinally Zhou and co
workers have developed nanotubes as novel gene/drug delivery systems which were
constructed by the selissembly of amphiphilic macrocycles via fwowvalent interactions. Here
the nanopores formed by the insertion of these nanotubes ithe hydrophobic core of lipid
bilayerswere shown to mediate highly selective transmembrane ion transport, in addition to
aiding efficient transmembrane water permeabilit@ompoundsl3-15 (Figure16) show the
designs othe macrocyclesvhich assembled to forrhydrogenbonded nanotubesThe methyl
groups present in the cavity @b were shown to hinder proton influx when compared to those

of 13and14where an enhanced rate of proton influx was mediatéd.
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O
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Figurel6 ¢ Macrocycles which assemble into hydrogeonded nanotubes13

The field olow molecular weight (< 500 g/mol) anion receptor chemistry has expanded
greatly over the last few decadé¥;!*>with (thio)urea moieties being extensively explored in
the development for anion binding framework$.This is a practicalhoice due to the ease of
their synthesis as well as their binding selectivity through-tirectional hydrogen bonds with

other anionic molecules, as shownHigure 17’

a/s

~ ~

-I—=
I—=

Figurel7 ¢ Example of (thio)urea selectively binding through two hydrogen bonds.

In 1990 the simple diphenyl urea was one of the first urea receptors reported in
literature. Thigplanar moleculeontains an aromatic substituedirectly bound to each side of
the urea moiety(Figure 18)Iit was initially anticipated that the size of theomatic groups would
induce steric hindrance, consequently affecting the hydrdgemding pocess whencompared

to those molecules with aliphatic chains present in the molecular structure.
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O
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16

Figurel8¢ One of he first urea reeptorsreported in literaturel18

However, Etter and cworkers showed this hypothesis to be untrue, and with the
addition of electronwithdrawing nitro substituents situated in different positions on the
aromatic ring systems (ortho/meta/para), found that this increased the acidity of the urea

moiety and as a consequendbe hydrogen bond donating propertieBigurel9, 17-19).118

O:N
17 - ortho 2@\ o /@NO?
18 - meta
19 - para N)J\N

H H

Figure19 ¢ Dinitro phenyl structures synthesised to investigate the effect ineedaacidity has on the binding
properties of simple urea receptois?

Inspired by Etters findings, Wilcox andworkers investigated the binding affinities
(when fitted to a 1:1 binding isotherm) of various oxoanions with (thio)urea derivatives in
chloroform. It was found thatalthough the mone(m-nitroaryl)thiourea receptor was a better
host, it was realised thal8 was more susceptible to nucleophilic and electrophilic attack,
therefore more likely to partake in undesirable side reactidfisonsequently, they focussed
their initial investigations on the hoswWilcox and ceworkers reported that the mone(m-
nitroaryl)urea receptor exhibited strong hydrogen binding with the counter anion of TBA salts
of sulfonate (6.1 x 13, carboxylate (2.7 x #pand phosphate (9.0 x JQFigure20, 20).}*°Upon
comparison of the calculated binding constants, thie(m-nitrophenyl)urea(Figurel19, 18)
exhibited higher values than the moffm-nitroaryl)urea Figure20, 20). However, the option
for functionalisation of the mongm-nitroaryl)urea receptor makes this molecule much more
attractive!?® and reinforces their importance in applications such as membrane transfort,
sensing?? and material scienc&? As a resultthe roles that (thio)urea functionalities play in

anion hinding events have continued to be extensively researched and comp&ree.
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Figure20 ¢ Mono-(m-nitroaryl)ureareceptorhydrogen bonding to diphenyl phosphatd BA salt1®

In the early 2% century these supramolecular principles were successfully applied by
Supuran and cevorkers for the design of novel antimycobacterials, some of which exhibited
effective activity against standard strains of tberculosigH37RY.1?® These substituted urea
derivatives as illustrated ifrigure 21, 21-30 produced a growth inhibition ofk 78 % at a
concentration of 6.2%M. Compound24 and 25 both exhibied growth inhibition values of 89
% against M.tuberculosis(H37Rv)these values are comparable with isoniazid (85 %) and
rifampin (93 %), two current cliradly relevant treatments for mycobacterium tuberculosis .
Presently, no new drugs to treat TB have been developed for many years, this breakthrough
could be considered interesting for the potential development of new antimycobacterial

drugs!?®

R-
21-Gly 25 - Ser
22 - Ala 26 - Phe
23 - Val 27 - Tyr
24 - Leu 28 - GlyGly
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Figure21 ¢ Urea antimycobacterialerivatives!2é
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More recently (thio)urea moieties were incorporated into structures designed and
synthesied by Gale and eworkers to encourage selective hydrogen bonded coordination of
neutral species over anionic phosphate centred spefeadditionally, Steednd coworkers
utilised a urea motif(31) which demonstratedthat covalent bondscan be sbstituted for

hydrogen bondsfor the fabricaton of novel supramolecular gels as showirigure22.128
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Figure22 ¢ Hypothesised parallel packing arrangamef urea deriatives,used in the formulation of supramolecular
gelst2®

The surfactant properties of a series of hydrogen bond donating anions containing a
ureaspacercarboxylatesulfonate motif have been investigated by Faustino anevodkers as
illustrated inFigure23. The results from their studies established a correlation between critical
micelle concentration (CMC) and amino acid residued2¢§6, where the CMC decreasedtiv
decreasing number of carbons on the side chain of the amino acid. Furthermore, the substitution
of the carboxylate group3@) for sulfonate 87), sulfate 88), or phosphate39) groups, showed
a CMC decrease, in the order of £LOOPG > S@ > OS®. This is hypothesised to be due to
the higher polarisability values of those surfactants with sulfur or phosphorous atoms in their
polar head groups. Compounds with increasd@) (or branching 41) alkyl chains gave the
lowest calculated values of CNi#g3.04 x102 mol dnm. Faustino and cavorkers attributed this
to the steric hindrancecausedby the closely connected hydrocarbon chaipseventing

micellisationt?®
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The calculated CMC values 8#-41 were shown to be similar to that of the walbcumented
surfactants sodium decanoatd.09 x 16 mol dnt®) andtrimethyldecylammonium bromide

(6.7x 10? mol dnt®).12%133

+
/\/\/\/\NJLNf’n*Y Na
H H

32-36 Y =CO,, n=1-5
37-39Y = SO5, 0SO57, OPO5", n = 2

40 o 41 o
- + JL - +
\/\/\/\NJLN/\/COZ Na Q/\N N/\/COZ Na

H H H H

Figure23 ¢ Examples of iea-spacercarboxylate/sulfonatéphosphate motifs synthesised by Faustino et al. to enable
exploration into their surfactant properties.

Drawing inspiratioffrom Fawtino's work, Hiscock and esorkers developed a series of
éSupramolecular Se#fssociating Amphiphilés 60 { { ! a0 G KA OK Ay @gabkkJ2 NJ ( ¢
sulfonate motif. This general structure designed by Hiscock aiwibekers, shown ifrigure24
comprises of an anionic hydrogen bond accepting (HBA) group; a (thio)urea hydrogen bond
accepting/donating moiety (HBA/HBD) and a hydrophobic region. The acidity of the amine

groups was altered through stepwise modification of th@rBups within the hycbphobic

region13413

R
Rs R%Z\
JI O X = 0/S
Rs H H _’S\\O Y Y = Counter cation
R " O 7
I Hydrophobic region I HBA/HBD ledrophiIic HBA groupl

Figure24 ¢ General structure of the sulfonatéhio)urea amphiphilic salts synthesised by Hisceicil..134.135

The SSAs illustrated Figure24 contain two possible HBA sites (the (thio)urea and
sulfonate functionalities), and only one HBIe gthe NHSs in the (thio)urea functionality), the

O2YLISUAUGADS yI idNE 27F UK Srushataiky 23 &addBWBG (0 dzSy G a
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As a result, these SSAs discussed can adopt at least four differeassatiated hydrogen
bonding modes as shown Bchene 3: (thio)ureaanion dimer 8a); (thio)ureaanion stacking

(3b); anti-(thio)urea(thio)urea stacking3c) andsyn(thio)urea}(thio)ureastacking 8d). These
binding modes could be manipulated through alteration of the physical state, chemical
composition, solvent environment and/or through modification of the cationic units. Through
modulation of the HBD acidity with the substitution of the R and X groups, the length and angle
of the hydrogen bonds formed within the complex were found to differ, whictuin altered

the angle of dimerisation. Furthermore, increased acidity of the HBD groups resulted in the more
optimal formation of the ureaanion hydrogen bond. It was also shown tlia¢ presence of a
weaklysulfonatecoordinating canter cation such a$BA resultegrimarily in theformation of
ureacanion dimers. However wimeTBA was replaced with stroaglfonate coordinating cations
such assodium or potassiunthe formation of the ureaanion binding mode was prevented,

giving rise to the urearrea birding mode instead®®

(thio)urea-anion binding
(thio)urea-(thio)urea binding

/ N\

Schemes - Possible seldssociated hydrogen bonded modes for this claisamphiphilic salta) dimer; b) tape; c)
(thio)urea(thio)ureaanti-stacking d) (thio)urea(thio)ureasynstackingt34135
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More recently Hiscocland coworkers focused on the synthesis and sedbociated
propertiesof a series of intrinsically fluorescent SSAs. Here they discovered that the solvent
environment played an integral role in the size of aggregate formed, with smaller predominantly
dimeric species (< 10 nm) observed in 100 % DMSO. However, when Hiscockwamttezs
increased the percentage of water, a greater percentage of larger aggregates > 100 nm in
diameter were observed to be present. These larger structures were studied thraugh
combination of dynamic light scattering (DL%), NMR, tensiometry to derive the CMC and
directly visualised through a combination of transmission and fluorescence microscopy. In
addition to dimeric species (< 10 nm) being present in the solution si&i@ % DMSO) they
were also shown to exist in the gas phase and the solid .sTaese were identified through
highresolution electrospray ionisation mass spectrometry {8S) and singlerystal Xray
diffraction techniques (XRD) respectively.

Computationally derived electrostatic potential mapsere employed to calculate
comparativesurface energy maximuni{ay) and minimum Enin) valuesusing lowlevel semt
empirical PM6 modelling method§ hese predicted values were found to correlate well with
both the dimerisation constants derived from thid NMR studies and the CMC values. Hiscock
and coworkers concluded that it may be possible to predict the surfactant properties of this
class of SSAiQure24) by measuring the dimerisation constant and/or sirmgomputational
techniquest®®

GAYAYy3a |y dzyRSNEGFYRAY3a 2F (GKS &adzLIN} Y2t S
assembly process at the molecular lewdl alow for the informed construction of monomeric
units. This willultimately enablethe fabrication ofpre-designedsupramolecular functional
materials, exhibiting global properties of choid®y havingpredictable @ y G NBf 2 F (KS:
associatednteractions at a fundamental levalill not only influence scientififields associated
with nanostructure formatiort?” & LIS OA T A OY LIX &S ylig 2amS2F m | BamsOA | G S
will also enablestepwisert O K Is ya e fields of supramolecular materialuch as low

molecular weight gelator§?®
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This chapter builds on these initial findings and explores the moleculaasssitiated
propertiesof 30 structurally related compoundEifure25, 42-58 and60-72), by a combination
of complementary techniques in the gas phase, solid state and solution state. Compdund
could not be stabilised so has been excluded from this study. The techniquesyechpto
investigate the structuractivity relationship properties include singteystal XRD; ESIS; DLS;
H NMR; and Diffusion Ordered Spectroscopy (D&SNMMR. The global properties of these
SSAs will be further explored using tensiometry to derive@WC and lovevel computational
studies to derive electrostatic potential maps which will enable calculatioBngfand Exin
values. Compoundsg3-80 (Figure25) were synthesised to allow exploration of ipair effects
GAGOKAY 2dzNJ a e Zigefl tat Qisbstublyiwill AohonlKverifgHisdo& andvaokers
previous hypothesis, but it will also allow for improved predictive models and more defined
associated limitations to be developed.

The work detailed in this chapter has been publiskéthin the following peereviewed
journal article

3. Towards the Prediction of Global Solution State Properties for Hydrogen Bonded,
{ St Fn! aaz2O0Al LAyWhite5. WLIKUeldKB Wisan, H. J. Shepherd, K. K. L. Ng, S.

J. Holder, E. R. Clark and J. R. His@@m- Eur. J.2018,24, 77677733
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42-R=CF;X=0;n=1,A=805;2=TBA  [53-R=NHy; X=0;n=1,A=S05;Z=TBA
43-R:CF3;X:O;n:2;A=SO3';Z=TBA 56‘R=OME;X=O;I’\=1;A=SO3_;Z=TBA
44-R=CF;X=0;n=3;A=805;2=TBA  [¥/-R=H ~X=0O/n=1A=S05;2=TBA
45-R=CF; X=S;n=1,A=80;;Z=TBA  [98-R=NOy X=0:n=1,A=S505;Z=TBA
46-R=CF3 X =S;n=2;A=S03;Z=TBA 59-R=NHz X=S;n=1,A=S05;Z=TBA
47-R=CFy X=S:n=3A=S05;Z=TBA 60-R=0Me;X=S;n=1,A=S0;5;Z=TBA

61-R=H; X=8;n=1,A=803;2Z2=TBA
62-R=NO;; X=S;n=1, A=S05;Z=TBA

48-R=CF3; X=0:n=1,A=S05;Z=Na"
49-R=CF3 X=0;n=1,A=803;Z=PytH"  |63-R=CF;;X=0;n=1;A=COO0Bu;Z=n/a
50-R=CF3 X=0:n=1,A=503;Z=TMA 64-R=CFy3 X=0;n=1;A=COOH; Z=nla
51-R=CF3 X=0;n=1,A=803;Z=TEA 65-R=CF3 X=0;n=1;A=C00; Z=TBA

52-R=CF3 X=0:n=1,A=805;Z=TPA 66-R=CFy X=S;n=1;,A=COO'Bu; Z = nla
53-R=CF3; X=0;n=1A=803;Z=TPeA  |67-R=CF3X=S;n=1,A=COOH; Z=n/a
54-R=CF3 X=0;n=1A=803;Z=THA 68-R=CFy X=S;n=1,A=C0O0; Z=TBA
(L i
NN s TBA L ~aO TBA
- N N -
O H H 30° H H &°
69 70
O S
MO TBA z
HOR g0 N 2
N ) W[ ~O_ TBA
SN 44 N ST°-
H H &°
72
o 73 -Z=Na* 77-Z=TPA
/\gio- 7+ T4-Z=PyrH* 78-Z=TBA
75-Z=TMA 79 -Z=TPeA
76 -Z=TEA 80-Z=THA

Figure25 ¢ Chemical structures dhe 39compounds discussdd this chapter
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a
Amino(n)sulfonate
NCX Z+ , R X no
EtOA I
R,@/ © NN 2
H HJ o
b
tert- butyl- 2-amino
QNCX acetate . R‘@\ X
CHCI
< 5 NJ’LN/WO\K
H H g
Trifluoracetic acid | TBA
DCM
RON BE"
NJ\N’\[rO TBA
H H §
c

/@ENHQ Triphosgene /@:NCO
EtOA ]
R" Rl O c R“ R'

Aminomethanesulfonate
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Ru

o)
N TBA
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Schemet ¢ Synthesis of compounds discussed in this thesis. Compourdia:62) b) 63-68; c)69-72.

2.2 Sythesis

The compounds4@-72) discussed within this chapter were designed through stepwise
modification of42. Compoundsgt2-47, 56-58 and 60-62 were synthesised by the reaction of the
appropriate amino sulfonic acid with either isocyanate or isothiocyanate and TBAOH in
methanol. After furtherpurification,the pure products were obtained as either whitelids in
yields of 52 %, 60 %, 56 %, 63 %, 60 % and 48-4%)( as cream solids in yields 78 % and 81 %
(56-57), as a yellow solid in a yield of 7898)(as white solids in yields 50 % and 6 685(1) or

as a yellow solid in a yield of 89 62)(respetively.
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Compound48was synthesised by the reaction of AMS with the appropriate isocyanate in
pyridine and isolated as a white solid in a yield of 89 %. Compgalfhfid were synthesised by

the reaction of AMS with the appropriate isocyanate in pyridimdipfved by the addition of

either NaOH in water or one equivalent of the approprigtgaternary ammonium hydroxide

YR Aaz2tlFiSR da 6KAGS a2t ARa Ay @AStRa 27T don
reduction of57 using hydrazine hydrate and palladium on carbon resulted in the formation of
crude 55. After further purificaton 55 was obtained as a brown solid in a yield of 96 %. The
reduction of62 using tin shavings and concentrated hydrochloric acid resulted in the formation

of crude59. This compound5@) could not be further purifiegScheme 4a)

Compounds$3 and 66 were synthesised by the reaction tdrt-butyl 2-amino acetate
with either isocyanate or isothiocyanate give the products as white solids in yields46f%
and 75 %respectively. Compound and 67 were formed through the deprotection @3 and
66 using oncentrated trifluoroacetic acid, after further purification the producé!@nd 67)
were obtained as white and brown solids in yields of 65 % and 83 % respectiveaddition
of TBAOHo 64 and 67 resulted in the formation of compounsl65 and 68, in yields of 100%
(Scheme 4b).

Compounds9was obtained through the reaction of TBA AMS withndphthyl
isocyanate in pyridine. The pure product was obtained as a pale brown solid with a yielkbof 31
Compound¥0and72were synthesised by reaction of -@minoanthracene or
4-(6-methylbenzothiaza)aniline as appropriate, with triphosgene in ethyl acetate to give the
corresponding isocyanate. This was followed by the addition of TBA AMS. After further
purification,70and 72 were obtained as yellow solids irelds of 43 % and 65 % respectively.
Compoundr1lwas synthesised through the activation e{2aminophenyl)benzothiazole with
M Z-earbonyldiimidazole in chloroform followed by the addition of TBA AMS. The pure product

was obtained as a palgellow solid with a yield of 42 §&cheme 4c)
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2.3 Solid stat: singlecrystal Xray diffraction

Singlecrystal XRD is a routinely used nmastructive analytical technique in the field of
supramolecular chemistry for the identification of crystalline materials. Using this technique, the
selfassociated binding modeof 42-58 and 60-72 were first explored within the solid state.
Crystal structures have been previously obtained4®r45, 48, 49, 56-58, 69, 71 and 72135136
With (thio)urea-anion42, 45, 56, 58, 69, 71 and 72 shown to dimerge through(thio)ureaanion
hydrogen bond formationContrastingly, thestructures of 49 and 57 exhibithydrogen bonded
seltassociation through the formation of uremion tapes over the optimal ureanion dimer.
This was hypothesised to be due to the replacement of the TBA as demonstrat2avith a
more competitive HBD pyridimin cation as shown i49.2*® Finally, the structure obtained for
48 which contains a Nawithin its molecular structurgexhibited seHassociation through the
formation ofureaurea hydrogen bonded tapes. This wagothesised to be due to anion pair
effects3136

The crystallography data discussed in this chapter was obtained and refined by Dr
Jennifer Ruth Hiscock. Novel singtgstal Xray structures o#3, 44, 46, 47, 50, 55 and 62, 63
and 65 were obtained from a tweweek crystallisation process through slow evaporation of
EtOH:HO solutions containing the relevant compound. The crystal structures obtainetBfor
44, 47, 55and 62 were all shown to form selissociated (thio)ureasulfonate dimers through
four intermolecular hydrogen bonds. The structure &3 not only exhibits an intermolecular
hydrogen bonded dimer forming through the ursalfonate portion of the amphiphilic salt, but
there is also an intramoleculéaydrogen bond between the alkyl-N and the sulfonate group
observed. This simembered energetically favourable formation is made possible due to the
extended length of the alkyl chain with the addition of a,@#+2). Evidence of the bond
formation for43is illustrated inFigure26. The interior bond angle ¢f3, calculated from the
intersecting planes of the urea substituents was calculated to be 18@.@raphical example of

how this value is determined is shownHigure27.
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Figure26 ¢ Singlecrystal Xray structure of43, illustrating intramoleculabonding and intermolecular dimerisation
through ureaanion complexationTBA counter cation has been omitted for clarity.

Interior angle of self-association

Figure27 - Ball and gtk representation othe interior angle of selassociated dimerisationatculated from the
intersecting planes of th@hio)urea substituents

With SSAurea-anion 44, further extension of the alkyl chain length fronx2 to n=3,
shows the intramoleculahydrogen bond ring system was found to be no longer favourable.
However, stabilisation through two different binding modes was obsenfdure 28a
demonstrates the NH HBD groups shown to bind with one HBA sulfonate oxygen, whereas in

Figure28b a singleN-H HBD group binding with two HBA sulfonate oxygemdserved
43| Page



Chapter Z; SSA physicochemical studies

The interior dimerisation angles of these compglewere calculated to be 170.9and 175.7

respectively.

Figure 28 - Singlecrystal Xray structure of 44, illustrating intermolecular dimerisation through ureanion
complexation a) M HBD with one HBA sulfonate oxygen and 4 NBD with two HBA sulfonate oxygem8A
counter cation has been omitted for clarity.

Compound 47 (Ck substituted thioureasulfonate again selfassociatesthrough
intermolecular interactions of the urea-N to the sulfonate anionic moiety, unlik€k
substituted ureasulfonate 44, with this compound the HBD-N groups are seHssociating
through four hydrogen bonds with different HBAlIfonate oxygens as illustrated figure29.
Exchanging the urea functionality4) for thiourea group 47) resulted in a comparatively
twisted binding mode with an interior dimerisation angle of 180.8lightly larger than those

calculated fod4 (1709 and 175.7).

Figure29 ¢ Singlecrystal Xray structure of47, illustrating intermolecular dimerisation through thioureanion
complexation.TBA counter cation has been omitted for clarity.
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Madification to the Rgroup on he aromatic substituent from a € an additional
HBA/HBD primary amino group with®b, results in a structure, which not only exhibits the
common (thio)ureaanion dimer but also a hydrogen bonded amidfonate tetramer with an

interior dimerisation agle of 180.0 (Figure 3Q)

Figure 30 - Singlecrystal Xray structure of 55, illustrating intermolecudr dimeristion through ureaanion
complexationand tetramer formation through amiranion complexationTBA counter catiohas been omitted for
clarity.

The seHassociated complex formation events discussed soFmu(es26 and 28-30)
have shown that the structures df3, 44, 47 and55 are planar in nature, with an interior angle
of dimerisation® 180.0 . When the compoundé modified with the addition of a nitro group in
the para-position as shown for compoungl (Figure31) a decrease in the interior angle of
dimerisation is observed. This dimer instead exhibits an interior angle of dimerisation of 24.6
comparable to he value obtained fob8, the analogous urea, which exhibited an interior angle

of dimerisation of 19.9.
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Figure 31 - Singlecrystal Xray structure of62, illustrating intermolecular dimerisation through thioureanion
complexation. TBA counter cation has been omitted for clarity.

Compounds46, 50 and 65 all show(thio)ureasulfonatetapes stabilised through two
intermolecular sulfonatdthio)urea bonds. This is particularly interesting with regard€E
substituted thioureasulfonate46 (Figure32), as previously discussed the analogous ud& (
forms a seHassociated ureaulfonate dimer. This difference in hydrogen bonding mode was
attributed to either the instability of the dimer due to the formation of an intramolecul

hydrogen bond or crystal packing forces.
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Figure32 - Singlecrystal Xray structure of46, illustrating intermolecular polymerisation through thioureanion
complexation.TBA counter cation has been omitted for clarity.

Rephcing the TBA counter cation 42 with TMA produces compoun80. Previously
published42was shown to exhibit hydrogen bonded dimerisation through a taei@an binding
mode%® However, compound0 forms aureasulfonatetape as illustrated inFigure33. This
switch of binding modes is attributed to the electrostatic interactions between the anionic

functionality and the TM counter cation.

Figure 33 - Singlecrystal Xray structure of50, illustrating intermolecular polymerisation through uresnion
complexation.
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Compounds3 does not contain an anionic functionality. In this comparative example,
the anionic group is instead protectéy atertt 6 dzi @ f S&a G SN ¢ KA & O2 YLRdz
02yYRSR aSt¥nlaaz20AlGdA2y o0dzi Avyadil SateRmoeltlra |

acting as a principle HBA/HBD group, as shoviigare34.

Figure34 - Singlecrystal Xray structure of63, illustrating intermolecular polymerisation through thioureznion
complexation.

The removal of thaert-butyl ester from63 and the addition of TBAproduced the
corresponding carboxylat5). However during the tweweek crystalliation processthe Ck
group was converted to a carboxylic acid functionadity shown inFigure35, 65a and 65b.

Investigations into what influences caused this conversion is still ongoing.

48| Page



Chapter Z; SSA physicochemical studies

65a
TBA ¢
LR
OH
N"N
DY
65b
o)
LR o
N N/YO TBA

Figure35 ¢ Compound$5aand65b crystallised from a solution containirig over a tweweek period.

The structurefor 65abd K2 g & &St Tl & a 2ddghkwd ntrgholeBuiO dzZNNR
carboxylateurea bondqFigure36). It was observed thatpe formation is preferred over dimer
formation, this was hypothesised to be due &mion geometry where the trigonal planar
carboxylate moiety favour§ y R 1t 2 ganiatzNiRhctions Figure37a). While the analogous
tetrahedral sulfonate group favours dimer formation through the creatio¥ & dzNJ dzNB | 1| y
hydrogen bonds as illustrated Figure37b. Investigations into these preferred binding modes

are still ongoing.

Figue 36 ¢ Singlecrystal Xray structure of65a/b, illustrating intermolecular polymerition through ureaanion
complexation.
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Figure37 ¢ A possible effect of anion geometry on hydrogen bonding mode, grtal planer carboxylate and b)
tetrahedral sulfonate.

. I..o
Q,
o=
0w Z=Z-
Py

The hydrogen bond distances and anglesi§y®4, 46, 47, 50, 55, 62 and 65, calculated
from singlecrystal Xray structures are shown ifiable 1.These calculated results demonstrate
the hydrogen bad length from donor to acceptor (B) range from 2.88B.42 A with hydrogen

bond angles between-bt A ranging from 122:374.1 .
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Tablel - Hydrogen bond distances and angles involved-id-&hion hydrogen bonded selissociationcalculated
from singlecrystal Xray structures.

Hydrogen Hydrogen
Compound HBD Hydrogen HBA boZd Ie?wgth bo)r/1d aigle
no. atom ,
O5www! (DI wow!
43 N1 H1 02 2.8954 (18) 163.42 (10)
43 N2 H2 02 3.0960 (17) 149.23 (10)
43 N2 H2 02 2.9813 (18) 122.31 (16)
44 N1 H1 o7 2.889 (13) 156.9 (7)
44 N2 H2 o7 2.917 (16) 154.0 (7)
44 N3 H3 01 3.105 (15) 150.4 (7)
44 N4 H4 01 2.967 (16) 151.7 (7)
44 N5 H5 015 3.096 (15) 158.1 (7)
44 N6 H6 014 2.980 (16) 148.1 (7)
44 N7 H7A 09 2.909 (13) 157.5 (7)
44 N8 H8A 09 2.916 (15) 152.4 (7)
46 N1 H1 02 2.829 (4) 159.1 (2)
46 N2 H2 01 2.918 (4) 159.9 (3)
47 N1 H1 01 3.149 (5) 169.4 (3)
47 N2 H2 03 3.013 (4) 141.7 (3)
50 N1 H1 02 2.987 (3) 169.32 (18)
50 N2 H2 03 2.862 (3) 172.3 (2)
55 N1 H1A 03 3.094 (3) 154.41 (16)
55 N1 H1B 03 3.423(3)  153.24 (17)
55 N2 H2 04 2.927 (2) 155.24 (15)
55 N3 H3 04 2.903 (3) 152.77 (15)
62 N1 H1 03 2.860 (3) 161.71 (16)
62 N2 H2 01 2.897 (3)  154.17 (17)
65 N1 H1 010 2.831 (13) 174.1 (10)
65 N2 H2 09 2.828 (12) 159.9 (9)
65 N3 H3A 01 2.884 (15) 155.2 (9)
65 N4 H4B 01 2.812 (16) 152.2 (9)

In summaryit has beershownthat the anionic moiety and the hydrogen bond donating
(thio)urea groups are key substituents in sa$Gociation, aiding in the formation of stable
intermolecular bonded dimer and tapspecies It was shown that when weakly coordinating
TBA is substituted with a stronger coordinating counter cation such as TMA thessetfiated

hydrogen bonded tape formation is favoured over the dimer.
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Finally, it is hypdtesised that anion geometry plays a significant role in the binding mode, with
compounds containing the carboxylate moie6p) favouring enebn ureaanion interactions,
while the analogous tetrahedral sulfonate group favours dimer formation through thation

of four ureaanion hydrogen bond&hapter2.3, Figure 37)

2.4 Gas phase:ass spectrometry

ESIMS was initially utilised for measurement of molecular mass and structural
characterisation of biologically important macromolecules such as prdf€iasd nucleic
acids** More recently this application has been extended to a broad range of analytes which
include: inorganic compounds, examples of which are bomnpounds, where conventional
ionisation methods had previously proven to be problematic. HoweveiMis3s useful for the
analysis of these (sometimes -@ignsitive) compound¥? polar organic compounds, where
work was undertaken by Wilson and Wu for the detectiof common reagent hexamethyl
phosphoric triamide&1) using ESWIS. The Naadducts, [M + N&](81a) and [2M + Nd&](81b)
were observed to be present in the gas phasSigre38).1**and finally metabrganic complexes
where KeithRoach discovered EMIS a straightforward method for obtaining complex

formation and species distribution informatidft.

81 81a
Na

6/

(HzC)o2N—P——N(CH3); —————3 (H3C),N—P——N(CHs),

N(CH3), N(CH3)2
81b
(H3C)2N
_—N(CH3)2
+ /04 \
O/Na N(CHs)»

(H3C)sN——P——N(CH3),
N(CH3)z

Figure38 - Utilising ESMS theNa* adductsof hexamethylphosphoric triamide3(), were shown to be present in the
gas phasgM + Naf (81a) and [2M + N&](81b).143
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ESl is termed as a soft ionisatitechnique as very little residual energy is retained by
the analyte and in general, no fragmentation occurs upon ionisdffffurthermore, as this is a
Wa2FGQ § Scovagn ilterz8tdns gugh/as the hydrogen bond are preserved in the gas
phase!*® ESIMS is an innovative approach to studying intermolecular interactions; this
technique was utilised within this study to determine if dimerisation or-as#fociation is limited
to the solid and solution stas for compound42-58 and 60-72, or whether these compounds
exhibit dimeric species in the gas phase.

As expected, data obtained from higésolution ESMS studies show?2-58 and 60-72
to exist in the monomeric state [Mwhere [M} represents the anioic component of the
corresponding amphiphilic salt. &8, 64, 66 and67 are neutral compounds, [NH]", therefore,
represents the conjugate base of these molecules. It is not possible to distinguish the difference
between the anionic monomer [Mand a dineric species [M+M]due to the mass to charge
ratio. However, it was possible to identify safsociated dimers [M+M+H)f 42-58, 64, 65, 67-
70 and 72 and the N4& adducts of60-62 [M+M+Naj to be present the gas phase, with
correspondence between théheoretical and actualm/z peaks which exhibit a relative

abundance range from 2 % to 98 86,overviewed i able2.
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Table 2 - Highresolution ESImass spectrometry theoretical and experimentally derived val(B#\. = relatig
abundance)

Compound m/z [M+M+H] Compound m/z [M+M+H]
no. Theoretical Actual RA no. Theoretical Actual RA
(%9 (%9
42 595.0397 595.8B90 98 571 459.0578 459.0649 52
43 623.0710 623.0689 17 58 549.0351 549.625 3
44 651.1023 651.0996 9 60! 573.024 573.0431 28
45 626.9941 626.986 81 610! 513.0012 512.9840 2
46 655.0254 655.0236 7 62! 602.9714 602997 2
47 683.0567 683.0529 4 63 Not observed
48 595.0397 595.0418 69 64 523.1058 523.1025 27
49 595.0397 595.008 88 65b 545.0877 545.1039 11
50 595.0397 595.023 60 66 Not observed
51 595.0397 595.085 31 67 555.0601 555.0577 12
52 595.0397 595.0423 59 68 555.0601 555.0591 5
53 595.0397 595.0377 14 694 559.0890 558.9373 24
54 595.0397 595.0347 14 704 659.1204 659.1210 28
55 489.0868 489.0853 4 714 Not observed
56 519.0861 519.0867 4 728 752.0862 753.0864 50
[a] Previously published resultg® [b] Obtained as the [M+MMat ion.

UsingCF substituted ureasulfonate42 as an example, the EBIS spectrum presented
in Figure39 shows the presence of an anionic monomer {With anm/z of 297.0159 §9a) and
the monoprotonated sulfonateurea dimeric species [M+M+Hyith an m/z of 595.0390

(2970159 + 297.0159 + 1.008%).

Into&s’]
. 297.0159 595.0390
a b
60
40
20 - E— N S
0 \ ‘ Roaloa l ey Vi (. | 1 \ |-,
200 400 m/z 600 800

Figure39 - ESlspectrum of42, showing both the monomeric a@nprotonated dimeric specigsnonomeric species
(insert, 9 and protonated dimeric speci@ssert(b).
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Within the molecular structuresf tert-butyl protected 63 (urea)and 66 (thiourea)
there are no anionic substituents or ionisable carboxylic acid residues, theréferpresence
of a dimeric species was not observed. The protonated dimeric species for previously published
ortho-subgituted benzothiazoler 1 was also not shown to be present, this was hypothesised to
be due to the formation of the intramolecular hydrogen bond between the urdd &hd the
nitrogen on the benzothiazole substituerfEigure40), limiting the number of potetial HBD

groups available to stabilise the formation of the dink&r.

7"

Figure40¢ The proposed structure of monomer 81, demonstratingntramolecular bond formation, as observed in
the gas phasés®

All ESMS spectra that display the abundance percentage of different isottore2-
58and60-68 are presented in Ppendix1.3, FiguresS70-P5.

In summaryit has beershown thatfor mono-protonated sulfonate(thio)urea or mone
protonated carboxylatgthio)urea dimeric species to be present in the gas phase, it was
established that compounds were neiged to contain an anionic substituent or an ionisable
carboxylic acid residueSincecompounds42-58, 60-62, 64, 65, 67-70 and 72 all fulfil this
requirement, theywere all showrto form selfassociated dimers either as [M+M+HMi as the
Na" adduct [M+M+Na]. Furthermore, limiting the number of HBD groups involved in the self
association process, from two to one as shown/bresults in dimeric destabilisation in the gas
phase. The stability of those dimer formations identified in the gas phase char#termined,
therefore the compounds discussed will be further explored in the solution state using a

combination of complementary techniques.
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2.5 Solution stateselfassociation studies

Unlike the solid state, in which the molecular interactions obséraee influenced by
crystal packing forces or the gas phase where the same interactions can be subject to
experimental conditions, the solution state introduces solvsolute interactions. These
solventsolute interactions exert influence on molecularfse$sociation events and resultant
aggregate, micelfé” or inverse micelle formation process&8.This is comonly observed in
solvents with HBA or HBD groups, such as DMSO or Vfter.

Intermolecular forces between the solute and solvents compete with tloddeetween
the solute molecules. Thuseating solvensolute hydrogen bonded sedissociated complexes
which must be disrupted to allow for the formation ofydrogen bonded selfssociated
complexes. The conformation of extended aggregdtemed will also be dependent on the
type of solvent within a syster® Maximisirg the hydrophilic or hydrophobic interactions with

the surrounding environment will result in more robust sa#isociation complex formation.

2.5.1 Dynamic light scattering

Dynamic light scattering analyses are routinely used in chemical and biological
laboratories for the detection of aggregates in solutions of macromoleddteghis wel
established, nosinvasive standardised technique is based on the Browmiation of dispersed
particles, on the principle that particles are constantly colliding with solvent molecules. Such
collisions produce a constant amount of transferable energy, which in turn induces patrticle
movement. As expected this energy transfes lzagreater effect on smaller particles than those
that are larger in siz&! When these particles are irradiated with visible monochromatic light,
the intensities of he then scattered light fluctuates in a tintependent manner due to the
continuously changing distances between the particles, analyses of these intensities allows for
the determination of the diffusion coefficienDf. Using this parameter and others doed in

the StokesEinstein equation, the hydrodynamic diametdg)(can be calculated (Equation®j.
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Equationl - The Stoke€nsteinequation thatenables calculation of thdiffusion coefficient measured by DL,

dy, = Hydrodynamic diameter
k BT D = Translational diffusion constant
= kg = Boltzmann’s constant
H 31‘[71 D T =Thermodynamic temperature
I = Dynamic viscosity

Limitations of this technique for acquiring particle measurementdude i) an upper
size limit of 1000 nm where particles larger than this can be attributed to the onset of
sedimentation or amalgamation of smalkeggregatesii) a lower size limit of 1 nm, this value is
defined by the signaio-noise ratio as small pticles do not scatter a sufficient amount of light,
resulting in a poor measurement signaljthed4sA & G KS OF f Odz IhypStheticRA | Y S
particle on the assumption that particles are spherical in shi&pelowever, in reality, the
dispersed particles can be n@pherical, dynamic and solvated/hydratdeidure4l), therefore
DLSprovides only an indicative size afparticle,colloid or aggregated specie€s! Finally, the
graphs produced within this study are intensity distributions, weightey size. As the
compounds discussed within this thesis are novel, refractive index calculations have yet to be

investigated, therefore, number or volume distribution information could not be attained.

Figure41- Cartoonrepresentation ofthe hydrodynamic radiusij) measurements of different shaped sasociated
aggregates using DLS.

In this study the average intensity particle size distribution for compourass, 58,
and60-68was investigated in a solution of EtOKIH1:19) and DMSO using DLS and compared

with previously published results f6i7 and 69-72.13¢
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These solvent systems were chosen as the monomeric unig ahd 69-72 have previously
shown to seHassociate to form either spherical aggregates or dimeric species under these
conditions?® (the addition of the EtOH in the ague®system was required to aid compound
solubility and allow effective measurement comparison for the entire SSA library to date).

Extended selfssociated aggregates (peak maxima > 50 nm) were all shown to form
with compounds42-52, 55-58, 60-62, 64, 65, ard 67-72 at a concentrationof 5.56 mM in a
agueous solution of EtOH:@ (1:19) At concentrations of 0.56 mM and 5.56 mM, a broad range
of aggregate sizes with a peak maxima from 215660 nm were observed, as overviewed in

Table3, with a PDI (%) rargf 13.02¢ 42.01 %as shown in ppendix1.4.1, TableS3.
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Table3 - Peak maxima obtained from an average intensity particle size distributid@-52, 5558, 6062, 64, 65,

and 67-72 obtained at0.56 mM and 5.56mM in an EtOH:HO (1:19)system by DLS. Hydrodynamic aggregate
RAFYSGSNI Aa 3IABSY AY yYo 'y yySItAy3da LINROSaa st a | LK
0ST2NB o06SAy3 [tt26SR (2 022t (.2(Nol= cyntpbuadiaNgbes yon= § S Y LIS |
concentration)

No. Conc. | Peak maximg No. Conc.| Peak maxima No. Conc.| Peak maxime
(mM) (nm) (mM) (hm) (mM) (nm)
2| g% | 1az1s | | ose| 20 | % |ose| M
9| os| o0 | P |ose| B | |5 | s
“|os| 28 |5 |ose| B || o5 1000
| os | 1z.24 | | ose| asoza | % | ose| 1
| 0% | eparss | ® | ose| 200 | | ose| s
| 0% | ausas || ose| a6 | % |ose| 106
| ose| 2521 | % ose| 70 |%%|ose| 2
o] Z e s B s =
oz = [alsE] = lweE =
U ose | 220 | % | ose| 122850 || ose| 120

[a] Previously published result&® [b] not calculated due toample solubility.

Prior to these DLS studies being undertaken, the samples underwent an annealing
process (heating to 40C and cooling back to 2%) to ensure any sedfssociated aggregates
present had achieved a thermodynamic minimubue to compoundnsolubility in an aqueous
environment at comparable concentrationsompounds containing TPEB3)], THA %4) or a
tert-butyl ester within their molecular structure68 (urea) and 66 (thiourea)), could not be
included within these studies.

It was observd that those selassociated aggregates present in the DLS studies split
into one of three different classes. The first class are those widhfeom 1-10 nm and only
observed with solutions containinGk substituted ureasulfonate 42 and nitro-substituted
thioureasulfonate62, at 5.56 mM these values are indicative of lovegder structures such as
monomers, dimers and trimers. However, withand62there are also larger structures present

(164 and 106 nm respectively).
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The second class contains 5rB# solutions ofCE substituted ureasulfonate43, nitro-
substituted ureasulfonate58 and para-benzothiazole substituted2, where structures have a
dn of between 10100 nm. Finally, the third class is for those structures witty detween
100550 nm. Tis size obtructure (100550 nm) was observed for every compound studied at
5.56 mM excephitro-substituted ureasulfonate58, which has aly of 91 nm. The existence of
this size of the selfissociated structure, reported by these DLS studies, hasdglrbaen
confirmed through a combination of complementary fluorescence and transmission microscopy
studies at comparative concentrations, using intrinsically fluoresamtito-benzothiazole
substituted71 and para-benzothiazole substituted@2.1% Solutions containing2, 43, 45and72
indicate two distinct aggregate size distributions coexisting in the same 5.56 mM solution.

In a 0.56 mM solution the majority of th@mpounds 42-45, 48, 50-52, 55-57, 60, 61,
64, 65, 67-69 and 70-72) all exhibit structures with aly representative of class three (100
550nm). As observed these larger structures still persist at lower concentrations, therefore, the
size of the selassaiated hydrogen bonded aggregates are not (for these compounds) disrupted
by the competitive binding of solvent molecules. Solutions contai@Bgubstituted thiourea
sulfonate46 or 47 and nitro-substituted thioureasulfonate62 at 0.56 mM exhibit strucires
that exceed the limitations of the experimedt > 1000 nm. These structures are attributed to
amalgamations of smaller structures.

Finally, in a solution of DMSO at comparable concentrations of 5.56 mM and 0.56 mM,
42-52, 5558, 60-62, 64, 65, and67-72 show evidence of aggregates > 100 nm in diameter
(Appendixl 4, FiguresS96S181). It is hypothesised that these structures are amalgamations of
smaller seHassociated species, as this DLS information was obtained from an intensity
distribution, thepresence of a few large structures can potentially mask the presence of smaller
ones. lrther studies discussed section2.5.3.2suggest that the proportion of compound in
these associated materials is within the error asarement of NMR, therefore is a very low

proportion of material that ends up in treeaggregates > 100 nm in diameter.
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In summary, DLS studies conducted at concentrations of 0.56 mM and 5.56 mM show a
broad range of aggregate sizes from 21 6560 nm were observeith an aqueous soltion of
EtOH:HO (1:19)With extended selassociated aggregates (> 50 nm) shown to be present for
compounds42-52, 55-58, 60-62, 64, 65, and67-72 at a concentratiorof 5.56 mM Small lower
order structures ¢u 1-10 nm) are proposed to be monomers, dirmeor trimers and were
observed with solutions containing2 and 62, at 5.56 mM, these were in addition to the
presence of structures with @y of 164 and 106 nm respectively. Solutions containing
compounds43, 58 and 72 (5.56 mM) were shown to exhibit stctures with adw of between
10-100 nm.

Finally, in an aqueous environment at 5.56 mM, all compounds (exXs®phave a
prevalence to form higheorder selfassociated hydrogen bonded aggregates with between

100550 nm.

2.5.2 Surface tension and arél micelle concentration studies

The amphiphilic nature of surfactant molecules (such as SSASs) is responsible for their
selfassociated properties, with the balance of hydrophobic and hydrophilic effects driving the
monomers to sefassemble, forming engy favourable structures. A common example of these
aggregateformations are micelles, where the polar head group seeks to interact with an
aqueous medium, and the hydrophobic tail is sequested internal to the struéttre.

Here CMC is elucidated by determining the surfcsion of a serially diluted series of
compound solutions. At a low concentration, the presence of molecules at the surface disrupts
the cohesive energy of the solvent and therefore lowers surface tengtajurg 42a). As
molecular concentration increasethe surface interface becomes saturated by these sufface
active moleculesHigure42b), the surface tension is found to no longer decrease with increasing
molecular concentratiod®® This point is defined as the CMC, whéine number ofmicelles,
vesicles or aggregated spec@gsentincreasein the volume phase above this transition point

(Figured2c) andthe surface tension becomesdapendent of concentration.
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Figure42 ¢ Cartoon representation of CMC determination. a) Surfactant congregstehe surface, b) surface
becomes saturated and c) proposed aggregate formatién.

In 1955Williamsand coeworkersinvestigated the CMC of pure sodiunutgl sulphate
in water and NaCsolutions using conductivity, light scattering and diffusion mobility. In their
study, association colloids were characterisadd it was determined thain dilute solutions
only small particles were present but at a higher concentratimth small andarge colloidal
structures were in equilibriun®’ However, selassociated aggregates are now known to be
present in dilute stutions below the CMC valudt is only withthe further addition of solute
molecules that wecanrecognise and detect the aggregation of spherical units by measuring
surface tension against concentratiétt:'>®Factors that affect CMC reproducibility include the
presenceof other surfaceactivesubstances$®the presence oélectrolytes®®and any wariation
of temperaturé®! or pressuret®?

The CMC and corresponding surfactant properties42-52, 56-58, 60, 61, 65 and 69
72 in an EtOH:HO (1:19)solution were observed using the methods analogous with those

reported by Costas and aeworkers Chapter6.1.1).1%¢
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The CMC and surface tension (obtained at CMC) values were calculated using a plot of

surface tension againgtoncentration and taken at the point of whicthe surface tension is

found to no longer decrease with the further addition of compoufft®® as shown in the

exampletensiometric profilesin Figure 43a and b)with the resultoverviewed inTable4. With

the exception of anthracene substituted 70 and parabenzothiazole substituted72, all

compounds exhibit a CMC above 5158/ the concentration used for the DLS studies, and

where the presence of larger structures was observed. This confirms the previous statement

that selfassociated aggregates > 10 nm are present in dilute solutions before the CMC is

reached!36:158
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Figure43 - CMCecalculation of5.61 mM for compoundt7 (a) and34.57 mM for compound?2 (b) in an EtOH:kD
(1:19) mixture using surface tension measurements. Linear relationship between Log(Cogrer) and surface
tension. Surface of droplet saturated, minimum surface tension reachied)(

Table4 ¢ CMC and surface tension (obtained at CMC) measurements for compé2#ad@s 5-61, 65and69-72in a
solution of EtOH:HO (1:19)at 25 C.

Compound CMC zunr;aocf Compound CMC fel;r;?i)c:

no. (mM) no. (mM)
(mN/m) (mN/m)

42 10.39 37.45 57 40.89 47.90
43 10.70 38.49 58 30.29 44.94
44 8.85 36.78 60 65.83 45.05
45 24.14 34.35 61 74.59 42.85
46 6.12 42.24 62 [b]
47 5.61 33.59 63 [b]
48 96.35 36.65 64 [b]
49 198.42 36.16 65 11.21 | 39.33
50 209.98 41.78 66 [b]
51 103.13 33.75 67 [b]
52 34.57 36.09 68 [b]
53 [b] 69e 10.67 46.67
54 [b] 70 2.52 43.15
55 [b] 710 9.54 48.71
56 9267 | 46.14 72 0.50 46.50

[a] Previously published resultd [b] not calculated due to sampEolbility.

With alkyl chain length extension fron=1 ton=2, the CFk substitutedurea-sulfonate
amphiphiles42 and 43, exhibit a slight increase in CMC, from 10.39 to 10.70 mM ctisfedy.
ContrastinglyCF substitutedthiourea-sulfonate amphiphiled5and46 (n=1 andn=2) exhibit a
noticeable decrease in CMC from 24.14 to 6.12 mM.
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It is hypothesised that the formation of the intramolecular hydrogen bondi3ncould be
attributed to this slight increaseGhapter2.3, Figure26). With the additional extension to the
alkyl chain length froorm=2 ton=3, a decrease in CMC is observed for bothGResubstituted
ureasulfonate and the thiouresulfonate amphiphiles from 10.70 to 8.8 and 6.12 to 5.61
mM respectively. Substitution of the HBD urd8 4nd44) for more acidic thiouread@ and47)

also results in a decrease in CMC (10.70 to 8.85 mM (urea), 6.12 to 5.61 mM (thiourea)). This is
expected as it is well known that thioure@ceptors establish stronger hydrogdsond
interactions and form more stable complexes with anions than thedacontaining
counterpats.?® However, this trend is not observed when comparing wsaHonate42 with
thiourea-sulfonate45, hypathesised to be due tthe formation of asecondry structurethat is

not involved in the selissociation process, as illustratedHigure44. This hypothesis is further
supported by variable temperaturtH NMR studies. Where % NMR performed at 298 K
showed the presence of two structures, confirmed through comparative integration of those
peaks attributedto the thioureasulfonate against counter cation TBAiQure45). With an
increase of temperature fron§ 298 K to® 333 K the weak intramolecular hyaiyen bond
demonstrated inFigure44 is hypothesised to be disrupted as the peaks preserfigure45

were shown to coalesce as shownFigured6.

45 F3C A- - Sulfonate-anion
FsC 5 H
— N A

N”NTA )
H H SN
H

Figured44 ¢ Proposed formation of the secondary structureddt
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Figure45¢ H NMR of compound5in DMSQds conducted at 298.15 K, comparative integration showing the
presence of two structures.
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Figure46 - THNMR of compound5in DMSQds conducted at 333.15 K, showing coalesmeof thioureasulfonate

It was hypothesised that the urezarboxylate analogué$) would exhibit a lower CMC

than ureasulfonate derivative42, due to stronger hydrogen bond complexes being formed

between carboxylate anions and urea functioriaht
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The strengths of these complexes are determined in tHeNMR selissociation studies
(Chapter2.53.4). Whereas, the hydrogen sulfate ion is known to form significantly weaker
bonds with the urea grouf’* However, upon comparing the value$2( 10.39 mM with65,
11.21 mM) the reverse is observed witBexhibiting a lower CMC value. An explanation for this
could be the difference in hydrogen bonding modes, véifhadoging the less stable trigonal
planer geometry, as illustrated @hapter2.3, Figure37.

A comparative decrease in surface tension recorded at the CMC for solutions containing
42-52,56-58, 60, 61, 65and69-72, in generalcorrelates with the presence af Cksubstituted
aromatic ring system within the molecular structure. As LogP can be used as a comparative
measure of hydrophobicity, theoretically derived L8§RFigure47) and polarisability values
calculated for the Rjroup on the aromatic ring sy&h, were investigated to determine if there
was any correlation with the CMC and surface tension measurements. These theoretically
derived values were calculated using optimised geometries of the aromatic ring substituents
and counter cations contained whin the molecular structures a@f2-52, 56-58, 60, 61, 65 and
69-72by low-level computah 2 Y I £ Y2 RS f A ysaftwareATheres(llterondhesy Wmc
calculations demonstrate the €Bromatic ring system to exhibit a LogP value of 2.16, the
highest ofthe subsgituted functional substituents.tlis suggested that this higher affinity for the

agueous phase could be a major contributing factor to the initial observations.

ss3is08%s

-0.89 -0.17 0.57 1.50 1.55 1.60 1.65 1.67 2.16

Na® PyrH" TMA TEA TPA TBA TPeA THA
nfa 036 027 162 357 523 690 8.57

Figure47 ¢ Calculated LogP values from geometry optindisemiS YLIA NA OF £ t ac YS{ KARlRE dza Ay :
for Narwere inaccessible by these computational methods.
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The effects the counter cation have on the derived CMC valud® ahd 48-52 were
then investigated. It was shown that the CMC values adotitedollowing trend42 <52 <48<
51<49<50. Polariability acts as a measure ahioncation coordination and strengttof any
ion-pair effects within a systert?® The theoretical values of polaasility for those counter
cations contained within the molecular structyrda’, PyrH, TMA, TEA, TP#nd TBAwere

calculatedand are overviewed iffable5.

Table5 ¢ Calculated polarability values for counter cations df2, 48-52.

Compound no. Cation Polarisbility
42 TBA 65.47
48 Na+ [a]
49 PyrH+ 46.91
50 TMA 46.64
51 TEA 52.85
52 TPA 58.90

[a] Results could not be calculated, as in an aqueous solution, the sodium ion exists agdtated complex
[Na(HO)]*.

TBA exhibits a more diffused cationic charge demonstrated by the high polarisability
value (65.47), and as a result, weakens any potential fep@ninteractions between the cation
and sulfonateanion substituent. This subgeently leaves the HBA groups free for hydrogen
bonded seHassembly processes, resulting in a CMC value of 10.39 mM. The calculated values
for PyrH and TMA are both relatively low at 46.91 and 46.64 respectively, therefore are more
likely to form ionpair interactions with the anionic component of the amphiphile, resulting in a
weaker seHassociated structure and consequently higher CMC values (138%ar(d 209.98
mM (50)). This increase of CMC from 10.39 n¥\)(to 198.42 mM49) and 209.98 mM50)
respectively is also be attributed to the decrease lipophilicity of the counter cation from TBA to
PyH and TMA. The polarisability for Neould not be calculated as it is expected that the Na
exists as the hydrated complgia(HOX]*. This hydration proess decreases the relative
availability for cations to form iocion interactions therefore, instead promotes ureanion

hydrogen bond formation.
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Two correlations were observed these are: i) decreasing CM@ arfid 49-52 with increasing
calculated theoetical LogP values of catioByrH, TMA, TEA, TPA and TB&yure48, greer)
and ii) decreasing CMC 42 and 49-52 with increasing polarisability values of catioRyrH,

TMA, TEA, TPA and T@Agure48, blue). These correlation graphs are showrHgure 48.
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Figure48 ¢ Comparison of CMC and calculated cation polarisabbitye) and LogPg(eer) values obtained fod2
and49-52.

In summaryit wasshown thatthe substitution of the HBD urea for more acidic thiourea
resuted in a CMC value dexase. The ureaulfonate (42) was shown to have a lower CMC
(10.39 mM) than analogous uraarboxylate65, this was theorised to be due to the adoption
of different hydrogen bonding modes, wi@® adopting the less stable trigonalguier geometry.
Comparison of experimentally derived CMC values with theoretically calculated polarisability
and LogP values showed a correlat@rdecreasing CMC dR and 49-52 with both increasing

calculated theoretical LogP and polarisability valuethefcounter cations.

2.5.3'H NMR selfissociation studies

NMR spectroscopy is an important tool that has been routinely used to characterise
noncovalent interactions in the solution state. Examples of these interactions include halogen

bonding®’~ -~ & G F%@fdhyddgen bondingie160170
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To gain an understanding of the sasociated interactions at the molecular levé@-58 and
60-72, a series oftH NMR studies were employed ibD&SGds 0.5 % HOor anEtOH:HO (1:19)
solution. These solvent conditions allow for the direct observation of the HBDrlsonances

in a competitive solvent environment

2.5.3.1 DOS'H NMR

As shown in the aformentioned DLS studie€hapter2.5.1), the dn of compoundst2-
52,55-58, 60-62, 64, 65, and67-72 areall > 100 nm at concentrations of 5.56 mM and 0.56 mM,
this was hypothesised to be due to amalgamations of smallerassticiatedstructures. To
further investigate this theory a series of DOBXMR studies were carried out at 55.56 mM in
a DMSQGds 0.5 % HO solution containingd2, 45, 65, 68 and 72. The obtained translational
diffusion constanwas applied to the StokeSinstein guation (Chapter2.5.1, Equation 1jo
enable the derivation of thdw. Solutions containing?2, 45, 65, 68and72were chosen to ensure
a collective, a comparative data set was obtained due to their molecular structural differences.

The results generatkfrom these studies support the earlier theo@hapter2.5.2) of
TBA not being a strongly ealinating cation in solutionFigure49 illustrates the TBA cation
diffusing at a different rate to that of the sulfonat@ea anionic moiety o42. As45, 65, 68 and
72 all contain TBA as the counter cation within their molecular structure, the same diffusion rate

trend is observed for these compoun&ppendix1.6, Figures 898-201).
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Figure49 - TH NMR DOSY of compound2 (55.56 mM) m DMSQds 0.5 % HO, conducted at 298.15 K. Anionic
component highlighted in blue, TBA counter cation highlighted in red.

The results calculated from this study show no evidence of large aggregates in a solution
of DMSQds 0.5 % HOas all anionic speciese shown to exhibit du< 1.7 nm Table6), this size
is hypothesised to be indicative of lowerder structures such as dimers.

As with the DLS studies, a limitation@®SYH NMR studies is the assumption that all
species present are spheric&@haper 2.5.1,Figure41). A further limitation is the presence of
fast exchange processes which may complicate experintéritds hypothesised that the larger
species observed in the DLS studies in a soluti@M$0ds 0.5 % HO exist in concentrations
that are too low to be observed by standard solution stdteNMR techniques his hypothesis

is supported by the quantitativiH NMR studies showin Chapter2.53.2,
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Table6 ¢ Calculated)y for the anionic species @2, 45, 65, 68 and 72 using the StokeEnstein equation

Compound no. du(nm)
42 1.15
45 1.13
65 1.28
68 1.42
724 1.64

[a] Previously published resultg®

In summaryDOSYH NMR studies of 55.56 mM solutions containdi2y45, 65, 68 and
72 at 298 Kare hypotheised to be indicative oémall loworder dimeric species with a

du<1.7nmto be present forall compounds in aolution ofDMSQGds 0.5 % HO.

2.5.3.2 QuantitativéH NMR studies

QuantitativeH NMR is a commonly used technique to quantify the concéntraof
low molecular weight (LMW) molecules, providing initial evidence for the presence of-lower
order species such as dimers and/or higbeder species such as larger aggregates in soldtfon.
These higheprder species are known to adopt salike properties, resultantly becoming no
longer observable usingplution state NMR techniques

As the magnitud of the peak on an NMR spectrum is proportional to the number of
nuclei present’® comparative integration of an LMW molecule against a known internal
standard allowsF 2 NJ 0 KS LISNOSy GF3S 27F | 1068f SQ&EAY NI @2Y
to be cuantified. Quantitative '"H NMR was employed to quantify the concentration of
compounds42, 45, 65, 68 and 72 in a solution oDMSQds 0.5 % HO at 111.12 mM, with the
exception 065 which was conducted at 55.56 mM due to solubility.

The internal standarthat was used for this study wagib (1 % w/v) of dichloromethane
(DCM), chosen due to DCMs miscibility with DMSO and because the peaks for DCM do not
overlap with peaks attributed to the compounds being studied. This enables effective spectral
signal inegration. An analogous series tf NMR studies were performed wi#t2, 45, 65, 68
and 72 in EtOHD,O (1:19)at °© 5.56 mM to replicate those condiins within the DLS

experiments.
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With EtOH (251L) acting as the internal standard, again chosen becauseleént miscibility
and the position of the solvent signals. To ensure the entire NMR signal was collected, the
relaxation time was increased to 68condsas a shortened signal collection time can cause a
percentage of the signal to be lost. The limibats of this experimental technique include i) the
inability to quantify any absence of selésociated species at a concentration below the limit of
detection of the NMR spectrometer; and ii) performing this experimentJ@ Besults in the
absence of thos signals attributed to N groups due to proton exchange.

In a solution oDMSQGds 0.5 % HO, 42, 45, 65, 68 and 72 all showed no discernible loss
of signal from solution through comparative integration with the internal standard DCM signal,
an example gectrum forCE substituted ureasulfonate42is shown inFigure50. As no loss of
signal was observethis would suggest that those larger species (> 100 nm) present in the DLS

studies (Chapter2.5.1) exist in concentrations that are too low to be detedtbyH NMR

methods.
DCM CH,
Compound 42
ArCH,

S — P x

0.98 207205 1.01 2.84
I [ [
= o o = o ST S
95 9.0 85 8.0 75 7.0 6.5 6.0 55

Chemical Shift (ppm)

Figure50 - IH NMR spectrum with a delayi(¢ 60 s) of compound?2 (109.8 mM) in DMS@s/ 1.0 % DCM. No
apparent loss of compound observed upon comparative signal integration.

Moving into a solution ofEtOHD,O (1:19)at © 5.56 mM, the results from the
quantitative'H NMR studies performed with2, 45, 65, 68 and 72 show anl- LJLJI NaBspfi W
the compound from the NMR sample through comparative integration with the EtOH signals
(Table7). ThisapparerW 62 A& | GGNRAROdzi SR (2 -drdelselfadoddtedi A 2 Y
aggregates,that are invisible to the NMR (NMR sil@ntto be present in a predominantly

aqueous environment.
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A representative spectrum faCk substituted ureasulfonate42 demorstrating the apparent

s 2F GKS O2YLRdzyR
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(Quantitative spectra fod5, 65, 68 and 72 are available ilppendix1.7, Figures 302-S209).

Table7 ¢ Overview of apped ¥ lilos9) YW I f 4%285% 65B2aNd72in anEtOH:RO (1:19)solutionat® 5.56 mM

derived through quantitativeH NMR experiments.

Compound no.| EtOH:DO(1:19)(%)
42 51
45 50
65 68
68 59
724 10

[a] Previously published resultg®

EtOH CH,
Compound 42
ArCH,
l
0.490.48 73.51
[y —
: 7 6 : A 3 2 1

Chemical Shift (ppm)

Figure51 - 1H NMR spectrum with a delagh(= 60 s) of compound2 (5.80 mM) in RO/ 5.0 % EtOHANn apparent
51% loss of compound was obserwgabn comparative signal integration.

The results from thestH NMR studies indicate that those larger structures observed by

the DLS studieChapter2.5.1) under similar agueous experimental conditions are significant

in number. It is hypothesised th& ensure stabilisation of larger higherder selftassociated

aggregates, the solvent environment needs to be hydrophilic as we have observed with

EtOH:O (1:19)If the solvent environment is not sufficiently hydrophilic as vidiSGds 0.5%

H.O, smaler lower-order structures such gghio)urea-anion dimers are instead stabilised. This

was confirmed through th® OSYH NMR studies, where tha, range of42, 45, 65, 68 and 72

were shown to bebetweenl1.13 and 1.64 nm in siZ€hapter2.5.3.1)

In summay, quantitative'H NMRstudies in a solution ddMSQGds 0.5 % HO with all

compoundsshowed no discernible loss of signal from solution through comparative integration

with the internal standard DCM signal.
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However, in an agueous solutionlBfOHD,O (1:B)at® 5.56 mM 42, 45, 65and68all exhibited

an | LILJ NdSsgofi the Wompound of 50 % from the NMR sample through comparative
integration with the EtOH signals, wil24 K2 g A y T los {27 SWNI @ © 16s8e9a S | L
are attributed to the formation of larger high@rder selfassociated aggregates, that are NMR

silent.

2.5.33 Zeta potential studies

%Sl LR G Sy ( Adlettrbkingti€ go@ntidd SNK SR ®NSIlj dzSy (t & dz
define the stability of colloid particles or aggregates in solution. Guidelines classifying colloidal
dispersion zeta potential values are comon in literature, particularly pharmaceutical journals
when investigating drug delivery syste#i$A measurement more positive than +30 mV or more
negative than30 mV is considered stable, a value lower than this suggests aggregate instability
and a tendency for the particles to flocculdf@€However, although zeta potential values provide
a good indication bcolloid stability, there are occasions, such pedbmes in the cell where a
value of between10 to-40 mV are considered stabl& therefore, environmental conditions
are an important factor.

To elucidate the stability of the largeigherorder selfassociated aggregates observed
at 5.56 mM by DL&.5.1) present at the CMQChapter2.5.2) yR (i K2a$S §MR G o6S
silenQ Ay ( KS HjNMR gtildie§Chapter2% 3.2) zeta potential measurements were
obtained for42-52, 5557, 60, 61, 65 and 67-72. Reproducible measurements could not be
produced for solution®8, 62 and 64. It is hypothesisedhat this is due to the weak HBA#tro
groups positionedon the aromatic ring systems 68 and 62. Table8 gives an overview of the

results obtained from the zeta potential stability studies &*52, 5557, 60, 61, 65and67-72

in a solution of EtOH3® (1:19) at 5.56 mM
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Table8 ¢ Zeta potential measurements for compourdiz-52, 5557, 60, 61, 65and67-72in a solution ofEtOH:HO
(1:19)at 5.56 mM.

Compound no. Zeta(;?giznnal Compound no. Zeta(prg{znnal
42 -76 57l 19
44 -94 60 30
45 -92 61 66
-t 34 62 [
47 -38 63 [b]
48 -55 64 d
49 -28 65 37
50 24 66 o]
51 -26 67 23
52 -48 68 2
53 [0] 692 96
54 [b] 708 82
55 -30 710 79
56 -08 72lal 101

[a] Previously published resultg [b] not calculated due to sampl@solwility. [c] Could not be accurately
determined due to lack of reproducibility.

The zeta potential measurements obtained from solutions contaidh &0, 51, 57, 67
and 68 all showed evidence of unstable aggregatenfation with zeta potential values *¥30
mV. Compoundd9, 50 and51 all contain counter cations within their molecular structure that
have been identified by previous polarisability studies, to exhibit low polarisability values (46.91,
(PyrH), 46.64 (TMA) and 52.85 (TEAYespectively) Chapter2.5.2, Table5). Therefore, as
previously discussed cations PyrAIMA and TEAre more likely to form iofpair interactions
with the anionic component of the amphiphile, rdgng in a weaker selfissociatedstructure.
This theory is supported with evidence from these stability experiments where those SSAs that
contain PyrH(49), TMA 50) and TEAH1) were shown toexhibit unstable zeta potential values
of -28,-24 and-26 mV respectively.

Upon comparison of th€r; substituted ureasulfonate (42) with the ureacarboxylate
(65) a decrease of stability is observed with zeta potential values going-#6r@2) to -37 mV
(65), these findings correlate with those observations in the CMC experint€htspter2.5.2)
and the single crystal data obtained from the solid state studi@bapter2.3), where seH

associate®5 adoptsthe less stable trigonal planer geome{hapter2.3, Figure37).
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This same trend is observéar CFk substituted thioureasulfonate(45) whichexhibits a stable
zeta potential value 0f92 mV with analogous thiourezarboxylate aniong8) exhibiting an
unstablezeta potential value o4 mV.Asolution ofthioureasulfonate57was shown to contain
structures with incipient stabilitgxhibiting azeta potential value of1l9 mV, this instability is
hypothesised to be due to the absence of an electron withdrawing functional group on the
aromatic ring systemA further example of compound instability is shown wikte tstructural
alteration of CE subgituted thiourea-sulfonate45. The replacement of the sulfonate anion
(zeta potential valueof -92 m\j with the neutral carboxylic acid functionaligs shown ir67,
destabilses the resultant aggregatas evidenced withraunstablezeta potential value 023

mV.

In summary, elucidation of the stability of those higloeder structures observed at
pPpc Ya Ay GKS 5[{ &aldzRASAT LINBWRylED | iy (KKES
guantitative'H NMR studies were conducted through measurement of #ta potential value
under analogous experimental conditions. Aggregate instabil2g, (24 and-26 mV) was
observed for solutions containing9, 50 and 51, the destabilisation of these structures is
attributed to competitive iorpair interactions of strogly coordinating cations NaPyrH and
TMA with the anionic amphiphile, disrupting the sa#fisembly process this further supports the
hypothesis discussed @hapter2.5.2 Where the amphiphile is known to adoptréggonal planer
geometry (65), a decreae in structure stability is observed e87 mV, compared to the
tetrahedral binding mode adopted by the analogous usedfonate 42) which exhibits a zeta

potential value of76 mV.

2.5.3.4'H NMR dilution studies

To quantify the strength of the hydreg-bonded seHassociated complexation events
undertaken by the anionic component 42-58, 60-62, 69-72, the tert-butyl ester derivatives of
63, 66and carboxylic acids 6#and67 a series ofH NMR association studia®re undertaken.

These studies werperformed in ©MSQOds 0.5 % HO solution.
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We have previously identified, through the quantitatiid NMR experiments, that all the
compound is present under these solvent conditions.

Samples o#42-58 and 60-72 were prepared in series, with an aliquof the most
concentrated ¥ 112 mM) undergoing serial dilution. The downfield change in chemical shift
with the increasing compound concentration of corresponding HBB fdsonances 042-58
and60-72was monitored Figure52). This process enabled the @pgation and characterisation
of the hydrogerbonded seHassociated complexation events. The data obtained from'the
NMR seHassociation studies performed wit?-44, 46, 47, 50-58 and 64-72 were fitted to a
mathematical binding isotherm model usingn&fFit v0.5t" An example of the data obtained for
CE substituted42is illustrated inFigure53.

These obtained data werettied to both the cooperative equdf (CoEK) modelyhich
assumes the first seHssociation event is different from all subsequent identicalas$ociation
events'™ and the dimerisation/equak (EK) modelvhere the association constants for all self
associatecevents are equiat’® these models allow for elucidation of the corresponding-self
association constants. Binding isotherms (CoEK and EK) were first explored by Meijer and co
workers who investigated theffect that temperature and concentration had on the binding
strength of seHassembled arrangements, presenting quantitative information about

cooperative and isodesmic selésembly system'§%181
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Figure52 ¢ 1H NMR stack plot of uresulfonate42in DMSQds 0.5 % HO, illustrating the change in the chemical shift
for the signals corresponding to thelresidues# andb) with changing compound concentration
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Figue 53- Graph illustrating théH NMR dowrfield change in chemical shift of ureaHNresonances with increasing
concentration of compound2in DMSGds 0.5% HO (298 K).

79| Page



Chapter Z; SSA physicochemical studies

The association constants 42-44, 46, 47, 50-58 and 64-72 calculated by fitting these
dilution data to both the CoEK and EK binding isotherms are overview@dlhle 9. The
associated errors of these derived values suggest these compounds best fit the (diibe)is
EK binding isotherr{iiim) in preference to thaCoEK binding isotherrthis further validates the
presenceof lower-order anionic dimersn a DMSQds 0.5 % HO solution Chapters2.5.3.1and
2.5.3..

The association constants of solutions contaird2gi4, 46, 47, 50-58, 64, 66, 67 and
69-72 were all calculated to be relatively low with Esm < 15 M. When comparingCk
substituted ureasulfonate 42 which has aKsm value of 3 M with ureacarboxylate65 and
thiourea-carboxylate68 (Ksim 41 M?! and Ksim 105 M?), there is an increase in the assdina
constant of over an order of magnitude, from sulfonate to carboxylate. This increase is
hypothesised to be due to the basicity of the anionic species, in addition to the geometry of the
selfassociated hydrogen bonded complex (tfio)ureacarboxylates 65 and 68, which form
stable dimeric species ia DMSGds 0.5 % HO solution. Comparatively, low dimerisation
constants were derived fat3and46, Kim 0.2 M andKgim 0.3 M respectively, these low values
are attributed to the potential intramolecutahydrogen bond formation previously identified
through the solid state singlerystal XRD studies f@t3 (Chapter2.3, Figure 26). With an
extension of the alkyl chain lengtf the CEk substituted ureasulfonatefrom n=1 @2) to n=3

(44), an increase idimerisation constant was observed from 5.3 k¢ 6.6 M™.
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Table9-{ St ¥l aa2OAl GncalgllatédXoAZ 44|46, 4750c58 and63¢72in a DMSGds 0.5 % HO
solution at 298&. These constants were obtained from the fittingldNMR dilution data and refined to EK and CoEK
models using Bindfit v0.57

No. 42 43 44 46 47
EK | K || 53 | +06%| 0.2 | +20%| 6.6 | +20%| 03 | #+42%| 51 | +21%
(MY | Kgm || 27 | £03%| 0.1 | £1.0%| 33 | +1.0%| 0.2 | £21%| 26 | +14%
Model CoEK Ke || 130 5 no 40 |5 mMH|[200| p HD 19 |6 pmM|141| 5 N
(M) Kim || 6.5 5 nd 2.0 B C® 100 p MP 09 |H HPp| 7.1 B HO®
p 0.5 p H® 04 |p HN| 03| MM| O5|H Ccc| 04 |b MN
No. 50@ 51 52 53 54
EK Ke || 135 | £0.7% | 6.3 +09%| 66 | +1.2%| 41 | +05%| 50 | +09%
MY | Kim || 6.7 | £03%| 32 | *04%| 33| *06%| 21 | 03%| 25 | +t05%
Model CoEK Ke|[182| 5 mM® 120 | 5 H®D 149| p HDP 88| MP 96 | ph HO
(M) Kaim || 9.1 b NP 6.0 B M® 75| p M®P 44 | 5 nd 48 b MO
p 0.8 5 o0® 0.6 b p® 05| p cd 06| H 0B 09 | H Cc&
No. 554 56 571134 584 63
EK Ke 36 | +15% | 1.2 +30%| 0.6 | +3.0%| 89 | £51%
MY | Kgim || 28 | z07%| 06 | *15%| 03 | +15%| 45 | £26%
Model | . -/ K |l 46 | 56 y® 180 |5 n® 130|565 pPH322|6 PO [c]
(V) Kimll 23 | 5 nao 9.0 B H® 65| p H®D 16.1| 5 HD
p 09 |p Mo| 01 |[p HM| 02 |p HO| 02 |H OT
No. 64 65 66 67 68
EK Ke || <0.1 828 | +25%| 11.9| +15% | 10.8| +35% | 2093 | +1.3%
(MY | Kam |[ <0.1 414 | £13%| 6.0 | *08% | 54 | +1.8% | 1047| +0.7%
Model Ke || 7.1 | £18.3%| 101.8| +51% | 23.8| +1.7% | 4.6 | +20.8%| 226.1 | +1.4%
8\2_'1:‘)'( Kam || 36 | 92%| 59 | 26%| 11.9| 09%| 2.3 | +10.4%| 1130 | 0.7 %
p 0.1 | +584%| 2.6 | +375%| 05 | +75%| 1.9 | +31.1%| 1.2 | +3.3%
No. GoL3ab] 70138 710138 72134
EK Ke || <0.1 2.9 +05%| 1.2 | +21%| 53 | t06%
(M) | Kiim |[ <0.1 15 | +02%| 06 | x11%| 27 | +03%
Model Ke || 0.5 | £431%| 8.6 | £11%| 6.2 | £88% | 13.0| £0.7%
COEK Kim || 0.3 | +215%| 4.3 | +05% | 3.1 | +44%| 65 | +03%
(M%) p 0.0 | £47.0%| 0.5 +25%| 0.4 | £178%| 0.5 | +2.0%
[a] Possibility of more complex bindingvents than are being modelledb] 5+ G FAGGSR dzaAy3

Newtown) rather than NeldgMead (Simplex) methodsc][Could not be fitted.

A limitation of this'tH NMR association experiment is that both bindswherms (CoEK
and EK) are limited to one component, edienensional homogenous aggregation. However,
the introduction of the more acidic HBD thiourea functionality to the methyl linked sulfonate
amphiphile resulted in the observation of a second slowhaxge process fo45 and 60-62.
Figure54 illustrates both the primary (fast exchange) complex formatianafd b:) and the
secondary (slow exchange) structure formatiendgndb,). The identified secondary structure

for 45was previously hypothesised be present in the CMC studigShapter2.5.2,Figure44).
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Verification of the presence of this hypothesised hydrogen bond mediated, reversible
slow exchange process was verified through variable temperatdifdMR studies at 298.15 K
and 333.15 KAppendix1.1, Figures®S6, S23824, S2627 and S283(). To compare the sizes
of these fast and slow exchange thioursalfonate species, a furthéd NMR DOSY experiment
was performed withd5. The results from this study demonstrate that both species veamglar
in size with a4 of 1.13 nm (Appendix1.6, FigureS199). For the slow exchange species there is
an absence of any comparative downfield chemical shift for tHé Msonancesaf and b,),
suggesting that this species is not involved any-asdbdation events, therefore, exists
independently. When examining thevidence|it can be concluded that for the slow exchange

species to be present in solution the HBD groups are required to comparatively acidic in nature.

45
F3C\©\ S
VNS
H H O
a b
a; a, b, b,
1.74 mM
)

AU i), LUL 11l 46.30mm

J_l I LJJL JUlt_M1-12mM

....................................................

Figure54 - 'H NMR stack plot dhioureasulfonate45in DMSQds 0.5 % HO, illustrating the change in chemical shift
for the signals corresponding to theHresiduess: andbs) or intramolecular hydrogen bonded/tautomeric species
(a2 and by) with changing ompound concentration
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Association constants could not be obtained48rand49, as these compounds contain
counter cations Naand PyrH within their molecular structure. It has previously been
mentioned in the CM@Chapter2.5.2)and zeta potential stdies (Chapter2.5.3.3)that the
presence of competitive ioion pair effectsinterferes with any hydrogerbonded sel
association complexation events.

To further explore this theory and in an attempt to establish the extent to which ion
pair effects affet the systems that are discussed within these studies, an additional set of
NMR association experiments were performed wihlts 73-80 (Figure 55)in a solution of

DMSQGds 0.5 % HO.

0 73-Z=Na* 77-2=TPA
S0 z+t T4-Z=PyrH* 78 -Z = TBA
75-7Z=TMA 79 -Z =TPeA

76 - Z=TEA 80-Z=THA

Figure55 ¢ Chemical structures of thossmpounds 73-80) used to explore iopair effects.

As salts73-80 do not contain an HBD (thio)urea moiety, the downfield change in
chemical shift of the ethyl GHesonance was monitored at concentrations of 55.56 mM,
5.56mM and 0.56 mM, this method allvs for any presence of idon interactions to be
identified. As shown ifrigure56, counter cations TEA®), TPAT7), TBA18), TPeA{9) and
THA 80) show little evidence of sulfonateation coordination as there is only a small downfield
change in cbmical shift of the ethyl GHesonance. However, there is clear evidence ofpair
effects with counter cations Nand PyrHi(73and74) which at 55.56 mM exhibit chemical shifts
of 0.14 and 0.08 ppm respectively. There is also arguable evidence-péiioaffects for the
TMA counter cation?b) where a chemical shift of 0.049 ppm was determined.

The strength of these ionic interactions between'{&8), PyrH (74) and TMAT5) with
the sulfonate moiety was then investigated through a serie¢ioflMRitration studies with78
acting as the host and Pyrbr TMA hexafluorophosphate salts supplied as guest species. These
data were then fitted to a 1:1 binding isotherm where association constart® ni* were

derived.
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As a result of this investigatiothe binding constant fob0 should be treated with caution due
to suspected sulfonatd MA coordinationTheNa" hexafluorophosphate was insoluble in the
experiment solvent conditions, therefore, association constants for this salt could not be
obtained bythis method. The results from thesel NMR association studies clarify the reasons

Fad G2 é6Keé WgSIi1fteée O22NRAYIFGAY3IQ ¢.! Aa (GKS

chemistry for establishing HBD receptor:anion complexation strength.
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Change in chemical shift (ppm)
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0.02 4

0.00 - . .----._
TMA TEA TPA TBA

Na' PyrH™ TPeA THA

Counter cation

FHgure56 - Change in chemical shift observed for thdseNMR signals corresponding to the ethyl sulfonate GH
compounds73¢80in aDMSQds 0.5 % HO mixture at 55.56mM.

In summary, to quanfy the strength of the hydrogerbonded seHassociated
complexation events undertakeby the anionic component of aBSA, a series 6H NMR

dilution experiments were performedJpon evaluation of the errors relating to the derived

association constants, it was concluded that all compounds best fit to the EK binding isotherm.

The results from this study sho4®-44, 46, 47, 50-58, 64, 66, 67 and69-72 produce a value that
is indicative of lowenrder anionic dimeric formatiorkiim < 15 M?). These observations agree

with the observations of the previously discus$edNMR DOSY studigdh@pter2.53.1).
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When comparig the Ck substituted ureasulfonate @2) with the (thio)urea
carboxylates §5 and 68), an increase in dimerisation strength was observed, this was
hypothesised to be due to the increase in basicity from sulfonate to carboxylate, in addition to
the different binding modes, with the carboxylate preferentially adopting the trigonal planer

geometry as observed @hapter2.3 Figure37.

2.6 Low leveln silicomodelling

Electrostatic potential analyses are essential theoretical tools for elicitingoealent
interactions?®? In 2004, Hunter showed that low level theoretically derived electrostatic
potential maps, using energy minimised seampirical AM1 modelling methods produc&gax
and Enin surfa@ values that correlate well with experimentally derived dztaVhere Enax
represents the principléiBDgroup andEqnin represents the principle HBA groupathyamurhy
and ceworkers investigated theoncept ofintramolecular interactions in the form ¢fydrogen
bonding using the topologidaproperties of electron densiti?® The results from their studies
demonstratedthat the electron density at the hydrogen bond critical point irages ihearly
with increasing stabilation energyfrom weak to strong hydrogen bond® These theoretical
systems have also been used successfullpredicting the sites and directionality of hydrogen
bonds incomplexes containing HF;®land Nkl84

It has been discussed within this chapter that hydrogen bonded complex strength

increases linearly with increased acidity of the HBD groups gimgvino other factors apply

(Chapter2.5.3.4)Lowf S@St (GKS2NBGAOFtt& RSNADSR St SOUNE

software were derived from the geometry optimised aniotegct-butyl and carboxylic acid
components of compound42-72to enable ducidation ofthe more favourable HBD and HBA
sites. It is hypothesised that the data retrieved from these computational studies would
correlate with experimentally derived dimerisation constants and CMC values, as previously
shown in Hiscock and emorkers amphiphile selfssociation investigation$® For these
studies, the AM1 modelling methods were substituted for PM6 modelling methods in line with

work conductecby Stewart'®
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The results from these studies demonstrate that the calcul&gdand Eni, values from
geometry optimised, energy minimised structurds1@-72 correlate with the principle HBD and

HBA functionalities within the molecular structure. These values are overvieweablalO.

Table10 - Enax and Enin values(kJ mot) calculated ford2 -72 using semempirical PM6 modéing methods with
{LI NIty Wmc &2F06FNBd b2d I O2YLl2dzyR ydzyo SN

Emax Emin Enax Enin Enax E‘nin
No. (kJ/mol) (kJ/mol) No. (kJ/mol) (kJ/mol) No. (kJ/mol) (kJ/mol)

42,4854 | -34.28 | -706.12 | 57 | -69.10 | -728.74 | 65 | -41.02| -736.14
43 -71.20 | -708.55| 58 | -16.50| -692.64 | 66 | 244.14| -217.03
44 -54.43 | -760.64 | 59 | -0.595| -716.56 | 67 | 260.70| -202.84
45 -17.83| -687.15| 60 | -45.05| -716.01 | 68 | -28.66 | -716.37
46 -61.68 | -680.84 | 61 | -52.82| -710.29 | 69 | -65.85| -720.79
47 -75.64 | -757.75 | 62 2.417 | -673.04 | 709 | -60.12 | -714.30
55 -12.26 | -727.63 | 63 | 232.18| -248.94 | 71@ | -66.07 | -723.07

56 -48.92 | -730.37 | 64 | 249.96| -232.38 | 728 | -31.97 | -703.73
[a] Previously published resultg®

The computationalmethods applied within this study, do not only allow for the
observation of principle HBD and HBA sites to be identified but the optimised geometries show
the preference of intramolecular bond formation. An example is showrigare57 with CR
substituted urea-anionic monomeric units o2-44. ThisFigureillustrates linear structures for
42 (n=1) and44 (n=3). Howevefor 43, which contains an ethyl linken€2), the presence of an
intramolecular bond is observed. This trend is also observed for thegmas thioureaanionic

monomers 45-47) (Appendix1.9, Figure$2%-S2§).
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42

43

-708.553
44

-760.643

Figure57 - Electrostatic potential maps calculated for lined2-44 using energy minimised S YA mSYLJA NR O €
modelling methodsEnaxand Enin valuesdepicted in the Figure legend are giverkith  ¥.2 £

As previously discussgareliminary investigations by Hiscock andveorkers showed a
correlation between theoretically deriveinax and Enin values for57 and 69-72 and their
corresponding dimerisationonstants'® This revelation does not come as a surprise because,
as discussed within this chapter, the acidity and basicity of the principle HBD and HBA
functionalities are a major contributing factor to the strength of sadociated hydrogen
bonded complex formation. To further explore this principle, Hiscock andackers work was

expanded on, to include the additional 26 compounds investigaiigttin this ctapter.
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The compounds that dimerisation constants could be calculated4f»44, 45, 46, 50-
58and69-72) (Chapter2.5.3.4, Table 9yyere plotted against the derivellaxandEninvalues as
shown inFigure58. Data for63-68 were not included in this stly due to differentiation in
potential binding mode. As shown igure58, there is evidence of some correlation between
Enaxand dimerisation constant. This observation indicates that with increasing HBD dgigity (
there is a correlation with incresng values of dimerisation constants. Those data points
outlined in black represent compounds with the same anionic substituents with differing
counter cations. A relationship betweedf,in and dimerisation constant, however, was not

observed for compoundsxplored within this study.
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Figure58 ¢ Comparison ofnax and Enin values obtained for the (thio)urea containing moietiesd@f44, 45, 46, 50-
58and69-72 with dimerisation constantsThe black boxes represent compounds vilie same anionic substituent
but with different cations.

The comparative effects of both HBD acidity and HBA basicity were then investigated,
where the sum ofnaxandEnin (BnaxtBnin) Was plotted against dimerisation constant. These data
exhibit a linearcorrelation with the exclusion of five outlierd3, 46, 47, 50 and55) as shown in
Figure59. CE substituted (thio)ureasulfonate43 and 46 are outliers, this can be explained by

the presence of a secondary anionic monomer, formed through an intramaleloahd.
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A limitation of this model is, therefore, the requirement for a ec@mponent, one

dimensional homogeneous solutiofhe data folICk substituted thioureasulfonate 47 were
also excluded from the fitting process due to the probable adoption afightly twisted
geometry due to the thioureaubstituentin comparison to the planar ureaubstituent Chapter
2.3, Figure 29. TMA containing50 has extensively been discussed concerning potential
competitive ionpair effects, therefore this may be an dapation for50being an outlierFinally,
the additional HBD/HBAamino functionality of 55 results in the structure which has the
potential to form two different selassociated binding modes and as a consequence does not
fit the trend.
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Figure59 - Comparison oEmnax + Enin Values obtained for the (thio)urea containing moieties4@f44, 45, 46, 50-58
and69-72 with dimerisation constantsThose data points excluded from this fitting process are shown in black. The
black box repesents compounds with the same anionic substituent but with different cations.

In summaryijt wasshown thatthe sum ofEnaxand Enin was found to correlate well with
the experimentallyderived dimerisation constants. The results from the comparative sgudi
illustrated inFigure59 led to the conclusion that it may be possible to predict the strength of a
seltassociated complex (considering the equal K model). This can be carried out using simple
low-level computation modelling methods, providing the hgdgen bonded mode and

competitive ionpair effects within a system are the same.
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2.7 Nextgenerationprediction moded

Hiscock and cavorkers previously hypothesised that the CMC is dependent upon the
dimerisation process. In their studies, a correlatidrcomparative increase in strength of the
hydrogen bonded dimer formed inRMSQGds 0.5 % HO solution with a decrease in CMC value
obtained inEtOH:HO (1:19)was observedit was proposedhat it may be possible to predict
the surfactant properties of thir class of amphiphiles¥ and 69-72), through measuring the
dimerisation constant and/or simple computational techniqi&s.Extending on these
preliminary studis, an additional 26 compounds were proposed to be investigated in line with
Hiscock and cavorkers experimental methods. As with tBgax, Enin and dimerisation constant
model previously discussed @hapter2.6, the same limitations apply where the compuis
must exhibit the same binding modes, which must not be influenced bypdimeffects.
Additionally, these compounds must not exhibit intramolecular hydrogen bond formation. A
further limitation of this model is the requirement of the compounds dontain the same
counter cation within their molecular structure this is because, in an aqueous solvent system,
the competitive hydrophobicity of a cation will have a substantial effect on theassEmbly
process. This limits the number of compounds that bartaken forward for this study, out of
the proposed 26 only three meet the criterié 56 and 58), with the initial five from Hiscock
and ceworkers preliminary studieb{ and 69-72) making eight in totahs illustrated in Figure

60.
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Figure60- Chemical structures of the 8 compounds taken forward for the 4gexteration prediction model study.

Using a variety of complementary techniques the molecularasdbciation events of
42,56-58and69-72 have been independently elgred in two different solvent systeniBMSQ
ds 0.5 %and EtOH:HO (1:19) The change in solvertivironment, fromDMSO to the aqueous
solvent system, and the change in molecular arrangement from dimer to extended aggregate,
will also be driven by the hydphiobic nature of the selfissociated, hydrogen bonded complex.
To gain an understanding of these effects, the theoretical LogP values for the arorgatiggR
were calculated as shown @hapter2.5.2, Figure47. The calculated LogP values were then
employed to derive the CMC weighting values used within this correlation study, where LogP
weighted CMC = CMC (mM) x LogP of the aromatio®p.

The amphiphiles that qualified for this stud§2( 56-58 and 69-72) were then split into
two subgroups. Subgrougne consists of those amphiphiles that contain a single aromatic ring
(42, 56-58) shown inFigure6l, blue. Sulgroup two (Figure6l, ) contains amphiphiles
with > 1 aromatic ringystem 69-72). This separation is due to diffemt factors affecting he
seltassociatechydrogenbonding process, according to the number of aromatic ring systems

within their molecular structure.
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Figure61¢ Comparison of experimentally derived dimerisation constant value$Xd&@6-58 (blue) and69-72 ( )
with LogP weighted CMC (mM).

The dimerisation constants calculated fronD&SQGds 0.5 % HO solution containing
42, 56-58 and 69-72 (Chapter2.5.3.4, Table Pwere plotted against the LogP weighted CMC
obtained in an aqueous solutiorf BtOH:HO (1:19)Chapter2.5.2 Table 4. This produced two
linear correlations, indicating that as hypothesised, both hydrogen bonded dimerisation
strength and hydrophobicity of the anionic component are key influences towards CMC. These
linear correlatons establish that the higher the dimerisation constant and LogP value of the
aromatic substituents within the molecular structure4#, 56-58 and69-72 the lower the CMC.

As proposed iChapter2.6it may be possible to computationally estimate dimatisn
constants using theoretically derive@inax and Enin values. With these data and the
computationally calculated LogP values, it is hypothesised that for hydrogen bonded systems, it
is potentially possible to predict CMC values using easily accedsililievel computational
methods.

In summary, the results from this study demonstrated two linear correlation graphs, one

for each subgroup.
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The relationship between the dimerisation constants and LogP weighted CMCs vald&s for
56-58 and 69-72 supporkd the earlier hypothesis that hydrogen bonded dimerisation strength
and hydrophobicity of the anionic component are both key influences towards Cki&pter
2.5.2) This prediction model, when combined with the modeldhapter2.6, Figure59 has
proven hat is it potentially possible to predict CMC using theoretically derived data, from

simple, easily accessible ldavel computational modelling systems.

2.8 Chapter2: Summary

This chapter has focussed on understanding and predicting theassticiated
properties of 30 structurally related compounddlowing for the elucidation of structure
property relationships governing the sa$sociated abilities for this class $6A It has been
established that the physical state and the competitive solventesgsin which these
compounds are dissolved in plays an integral role @irteelfassociation propertiesand with
use oflow-level computational modelling methods it may be possible to predict dimerisation
constants and CMC values.

Building on Hiscock dncoworkers preliminary work into the investigation of the self
association events in the solid staf&%it was identified that compounds containing covalently
fAY1ISR | .5nlyA2yAO TFdzy OGA2yl £ AlGASwithi tfigk |
molecular structureshow a preference towards the fomtion of HBD:anion complexes

With an extension of the alkyl chain length, franethyl (42) to ethyl (43) evidence of
cyclisation was observed, this was no longer favourable with a further extension to the propyl
linker @4). Furthermore, it was observetiat the anionic substituent plays an integral role in
the geometry of the binding mode witbompoundscontaining the carboxylate moiety6%)
favouring endon ureaanion, trigonal planer geometry whilst compounds containing the
sulfonate groups favour atehedral geometry forminghrough the creation of four ureanion

hydrogen bonds.
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In the gas phasedimeric species were observed to be present for all compounds
investigated that did not exhibit an intramolecular bond within its molecular strucliedde
11). Moving into the solution state, complimentary DLS and zeta potential experiments have
allowed for the presence and stability of both low@mder dimeric species and higherder
hydrogen bonded selissociated aggregated100-550 nm)to be invesigated in two different
solvent environment€EtOH:HO (1:19 andDMSQds 0.5 % HO. The presence of these self
associated structures agverified throughquantitative'H NMR(Chapter2.5.3.2)and'H DOSY
NMR(Chapter2.5.3.1)experiments, using the latteit was also possible to determine tlag of
the dimeric species to be < 1.7 ramoverviewedin Tablell.

The CMC and corresponding surfactant properties were investigated, here it was
observed that increasing HBD acidity resulted in decreasing CMCsv&ughermore, the
presence of strongly coordinating cations'NayrH and TMA was shown to destabilise resultant
aggregate formations, resulting in high CMC valuee.OMC values fahose compounds with
a urea functionality, which were shown to formtended aggregates > 100 nm in the DLS studies
at 5.56 mM were shown to correlatgith the calculated cation polai@bility and LogRalues.
Where CMC decreased with increasing poédiikty and LogP

To quantify the strength of the hydrogdsonded seHassociated complexation events
undertaken by the anionic component of a compound, a seriésl MR dilution experiments
were performed.The results from this study shawat the majority of compoundgroduced a
value that was indicative of lowearder anonic dimeric formation Kgim < 15 M1). Further
validating the observations in the previously discusB&5YH NMR studie¢Chapter2.5.3.1).

When comparing theCEk substituted ureasulfonate 42) with the (thio)urea
carboxylates €5 and 68), an increas in dimerisation strength was observed, this was
hypothesised to be due to the increase in basicity from sulfonate to carboxylate, in addition to
the different binding modes, with the carboxylate preferentially adopting the trigonal planer

geometry as obmrved inChapter2.3, Figure37.
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Association constants could not be obtained for compounds that are hypothesised to
be affected by competitive ion pair effects such8and49, which contain counter cations Na
and PyrHwithin their molecular structureEvidence of the presence and strength of these ion
pair interactions were confirmed by second set ofH NMR dilution studieperformed using
73-80 and, titration studieswith 78 acting as the host and Pyrdr TMA hexafluorophosphate
salts supplied asugst species.

Simple lowlevel computational modelling was used to produce electrostatic potential
maps, wherebnaxand Enin values were derived (Table 11). The sum othese derived
Enaxand Enin Valueswas found to correlate well with the experimentaliigrived dimerisation
constants wherethe same hydrogen bonding mode was adopted and-pair effects were
minimal. The resultfrom the comparative studies deto the conclusion that it may be possible
to predict the strength of a selissociated complexdasidering the equal K model). This can be
carried out using simple lo¥evel computation modelling methods.

For those amphiphiles that fitted the criteria of the same counter cation and the
adoption of identical binding modes, both the dimerisation camstand CMC values could be
compared. In this study, two linear correlations were identified. The relationship between the
dimerisation constants and LogP weighted CMCs value®2f&i6-58 and 69-72 supported the
earlier hypothesis that hydrogen bondednuérisation strength and hydrophobicity of the
anionic component are both key influences towards CMC.

The prediction models derived in this chaptervyegproven that is it potentially possible
to predict dimerisation constants and CMC using theoreticalljvddrdata, from simple, easily

accessible lovlevel computational modelling systems.
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Tablell ¢ Overall smmary ofphysicochemicallataobtained for compoundgd2-72in the solid state, gas phase and solution state in additiorotoputationally derivednaxand Eninvalues.

Solid State Gas Phase Solution State Computational
XRD Mass spec DLS Zeta potential 1H NMR Tensiometry Electrostatic potential maps
No. Dimeric species 5.56 mM guantitative DOSY DilutionEKmodel | CMC  Surfa@ tension Emax Emin
Binding mode| Present/absent Pea{‘n”n";x'ma (mv) DO (%) DMSOds(%) di(nm) (’;"}I‘_T) error | (mM) (mN/m) (kd/mol)

42 Dimer3s Present 164 -76 51 0 1.15 2.7 +0.3%| 10.39 37.45 -34.28 -706.12
43 Dimer Present 459 -78 [e] 0.1 +1.0%| 10.70 38.49 -71.20 -708.55
44 Dimer Present 122 -94 [e] 3.3 +1.0%| 8.85 36.78 -54.43 -760.64
45 Dimer3s Present 342 -92 50 0 1.13 [f] 24.14 34.35 -17.83 -687.15
46 Tape Present 142 -34 [e] 0.2 +21%| 6.12 42.24 -61.68 -680.84
47 Dime Present 122 -38 [e] 2.6 +1.4%| 5.61 33.59 -75.64 -757.75
48 Tapé3 Present 531 55 [e] [f] 96.35 36.65 -34.28 -706.12
49 Tapess Present 220 -28 [e] [f] 198.42 36.16 -34.28 -706.12
50 Tape Present 164 -24 [e] 6.7 +0.3%| 209.98 41.78 -34.28 -706.12
51 [a] Present 190 -26 [e] 3.2 +0.4%| 103.13 33.75 -34.28 -706.12
52 [a] Present 190 -48 [e] 3.3 +0.6 %| 34.57 36.09 -34.28 -706.12
53 [a] Present [c] [e] 2.1 +0.3% [c] -34.28 -706.12
54 [a] Present [c] [e] 25 +05% [c] -34.28 -70612
55 Dimer Present 342 -30 [e] 1.81 +0.7% [d] -12.26 -727.63
56 Dimer3s Present 190 -98 [e] 0.6 +1.5%| 92.67 46.14 -48.92 -730.37
57 Tapess Presents¢ 220136 -19136 [e] 0.3136 +1.5%)| 40.8936 47.9036 -69.1036 -728.7436
58 Dimerss Present 91 [d] [e] 4.91 +2.6%| 30.29 44.94 -16.50 -692.64
60 [a] Present 220 -30 [e] [f] 65.83 45.05 -45.05 -716.01
61 [a] Present 190 66 [e] [f] 74.59 42.85 52.82 -710.29
62 Dimer Present 106 [d] [e] [f] [c] 2.417 -673.04
63 [b] Absent [c] [e] [a] [c] 232.18 -248.94
64 [a] Present 396 [d] [e] <0.1 [c] 249.96 -232.38
65 Tape Present 220 -37 68 0 1.28 414 +1.3%| 11.21 39.33 -41.02 -736.4
66 [a] Absent [d [e] 6.0 +0.8% [c] 244.14 -217.03
67 [a] Present 459 -23 [e] 5.4 +1.8% [c] 260.70 -202.84
68 [a] Present 164 -4 59 0 1.42 1047 +0.7% [d -28.66 -716.37
69 Dimeri36 Presents¢ 164136 -96136 [e] <0.136 10.6736 46.6736 -65.8536 -720.793%¢
70 [a] Present!3 220136 82136 [e] 153  +0.2%)]| 2.5236 43,153 -60.1236 -714.303
71 Dimer36 Absents® 295136 -79136 [e] 0.6%36 +1.1%| 9.5436 48.71:36 -66.07436 -723.0736
72 Dimert36 Presents¢ 122136 -101136 10136 0 1.64436 2.7%36 +0.3%| 0.5036 46.5036 -31.97436 -703.7336

[a] Crystals not obtainedb] C2 NY Q&4 K& RNR3ISYy 02y RSR (g noLdalGilatedde fofsamiple soltibil [B]\Cbuld Adt 1% Aatzirafelp determined due to lack of reproducib[iyStudy not conducted.
[f] Possibility of more complex binding events than are being moddlig@ould not be fitted.
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2.9 Chapter 2: Conclusion

Within this chapter preliminaty resultshave been expanded o¢rirom the initial five
structurally related compounds designed, synthesised and investigated by Hiscock -and co
workers® This chater introduced a further39 structurally related compounds. Thimabled
fort KS St dzOARFGA2Y 2F aiNHzZOG dZNBTLINR LISNII & NBf | i
for this class of compoundillowing for focus to b@n understanding and predicting K S & St F 1
I 2420AFGAGS LINBLISNIASAE 2F | Y IS telUking AirOthed G K A
extensionon the origind hypotheses;*®the improvement of existingredictive models anthe

determination ofanyassociated limitations.

2.10 Future work

Future work will ontinueinto what factors caused the conversion of thes@fctional
group to a carboxylic acid group during the crystallisation proce85 a$ dscussed itChapter
2.3. Additionallythe preferentialbinding modes adopted by the trigonal planer carboxylate and
the tetrahedral sulfonatenoietieswill be further explored

As a further extension to the previous wotkg focuswill be on the adaptionof this
class of compourglwhere 82-85 will be synthesisedHigure62). As shown through previous
experiments, in a solution AMSQGds 0.5 % HOthe compounds discussed within this chapter
show a preference for forming small lowerder structures, hypdtesised to be indicative of
dimeric species.Hisproposed newgroup of symmetricanolecules will beynthesisedvith the
purpose of investigating whether these systems can begoganised, the physicochemical

properties will then be identified and comped with those compounds already investigated.
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Figure62 ¢ Proposed structures for a new group of symmetrical amphiphiles
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Chapter 3

3.1 Introduction

Previous research investigating saffsembly initially centred on bimacromoleules
such as nucleic acids, proteins and their synthetically derived counterparts, due to their
significant roles in natur&® The seHassembly of small molecules in agueous or organivent
conditions has also been found to be influential for many diverse scientific areas. Ranging from
fundamental science to practical applications, where accurate and highly programmed self
assembly can produce supramolecular architectures withrdisphysical feature®’ This sel
assembly process occurs when individual components within a system organise through non
covalent interactions into ordered and/or functional structures or patterns. One type of
common seHassembly process is the foation of a supamolecuar gel.

Supramolecular gels are a class of soft material, formed throughcoealent
interactions (such ashydrogen bonds; -~ stacking; van der Waals forces; dipdligole; or
charge transferpetween the monomeric units of low ntecular weight gelators (LMWGY
Thesenon-covalentinteractions enable LMWG to reversibly sadisemble into unidirectional
high aspect ratio fibres that constitutesalidikey S i ¢ BdlidlikeQn'this instancerefers to
a soft and resilient matéal which consists of at least two components, one of which is a li§tid.
Supramolecular gelsan bebroadly classified intthree caegories, based on the immobitid
solution components within the thredimensional gel matrix) organogels contaiboth polar
or non-polarorganic solver,8°1%%ji) ionogels contain ionic liqui#8 and iii)hydrogels contain
water, 19%197

In 1892 Brezinger noted the first LMW hydrogelator as diberamylstine(Figure63,
86).1% However, the gelation properties were nstudied until 1921 by Gortner and Hoffmann,
who discovered thaB6was able to form a gelated material at 0.1 % concentrati®Rrepared
by dissolving36in 5 mL of hot ethaol and further diluted to 100nL with water, equating to

approximately 12,000:1 (water molecules:gelator molecule).
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The resultant hydrogel was reported to be rigid enough to retain its shape for > 1 minute when
undergoing an inversion test® However, the Hoffmann gel characteristics remained
unexplored by modern technology until 1978, when Menger anavodkers applied*C NMR
techniques to the system and were able to distinguish two distinct molecular types (monomeric
and extendedaggregate). This was possible through the observation oFEMR pin-lattice
relaxation times Ty). It was shown that in a DMS@O solvent systenthe monomeric species
selfassociated akin to that of surfactants, with minimaffiect to the T; valuesand the peak
resonances. However, when thibdnzoylcystinected as a gelator, in the presence of a greater
percentage of kD (20 %), thd: was dramatically affected, resulting in broad resonariées.

These ibenzoylcystingels were further examined in 1995 byray crystallography?*

86
OHO\fO
H/z\/sx.s/\/H
Of\OHO

Figure63 ¢ First reported MWGdibenzoy} ¢cysteineld®

Menger and ceworkers went on to develop a further 14cystine derivatives through
step-wise modifications t®6. The addition of more electrewithdrawing aromatic ring systems
as shown irFigure64 (87), resulted in a hydrogelator capable of sefisembling and rigidifying
an aqueous solution at 0.25 mM (0.01 wt %) in <&fbads®*?In a report produced in 2010 this
naphthalene -cystine derivative held the record for lowest gelator concentration and fastest

gelation rate?®

87

HO_ _O
OO N}\/S\s/\./ N
H
; o)
o7 oH

Figure64 ¢ Naphthalene -cydine derivativesynthesised by Menger and -weorkers202
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The scalabilit?* and regenerativ&® properties of a supramolecular gahake these
materials of interest for development towards a number of applications which include
chemosensord?®2%” biomedicine$®® and drug delivery vehicle8? Hamachi and caevorkers
developed a hydrogel which coule lused as a matrix fammobilisng biological and artificial
materials without destroying the integrity of the sample. A fluoresadr@mosensofFigures,
88b) which was originally developed to detect phosphate and its derivatives by fluorescence
enhancementwas embedded i@ a supramolecular hydrogel, formed through the self
assembly of LMW@Ba. It was shown that the nanofibers had no deteriorative influences on
either the stability of the monomeric gelator units the hydrogel produced or the functions of the
embedded chemamnsor?®® Subsequently, hydrogddased delivery devices are habitually used
for a number of biological applications, which include: d¥abcular?!! transdermat'? and

subcutaneoug!®

88a

88b

Figure65 ¢ Chemicaktructures of LMWGynthesisedy Hamachi and cevorkers(88a) and chemosensoBgb) that
wasembedded into hydrogel 0B8a.206

The supramoleculgoroperties of ureabased gelated materials have been extensively
studied by Steed and eworkers!?321421%A series of foubis(urea)structurally relatedgelators
(Figure66, 89-92) of varying solubilieswere employedto demonstrate thei potential to act as

crystalli@tion media for molecular organic compounadboth drug and nordrug species
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Preliminarily rheological experiments to elucidate whether the presence of the drug
molecule within the matrix had any effect on the gelation processese conducted. From
these studies, it wagoncluded no adverse effect of the material, and conversalglight
increase in the solitlke behaviour was observed. The results from th&tselies demonstrated
that it was possible to induce crystallisation mblecular organic compounds$n particular
anticonvulsantcarbamazepine (CBZ) (1 % wt), within the fibrous network of gelated materials
8991 In the presence of copper(ll) halidasetallogelator92, was also shown to promote
crystal growth. The presence of these crystals was verified using optical microscopy where it was
noted that the morphology of the crystal was concentratidependent, with needles formed at

higher concentrationsfoCBZ and blocks at lower concentratidifs.

89 91

90 @\ 92
o) N o N

o i X P I3 e
NN N o SONTON NN
5 H H o i H H H H

Figure66 - Bis(urea) structurally relatedelators used asrystallisatbn media for molecular organic compounds

Hydrogels are extensively used for biomedical applications due to their unique
properties which include: absorption of high aqueous content; flexibility; softness and bio
compatibility?’” Gunnlaugsson and eworkers developed a library @fight novel derivatives
(Figure67), the structures of which were investigated for their ability to function as LMWG, self
associating via urepyridyl hydrogen bonds and-" stacking interactionsforming arobust
gelated material. These soft materials were then explored to see if they possessed antibacterial
properties. The results from this study demonstrated thatahtgelators prevented bacterial
growth for both Gam-positive methicillinresistantStaphylococcus auredMRSA) and Gram

negativeEscherichia cofE.col).
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LMWG=93-96 were shownto exhibitthe least activityagainst MRS£one of inhibition
of 7 mm, 6 mm and 10 maiameter,whenconcentrations oft.3mmol, 3.9 mmol, and 3.6 mmol
were applied). Gelator®7 and 99 exhibited moderate activity againgE.coli, whilst 98
demonstratedgood activity against bothacteria models, gelatot00 was shown to exhibit
greater activity towards MRSAvith a zone of inlbition of 13 mm (1.8 mmol) and 20 mm

(3.6mmol).8
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Figure67 ¢ Chemical structures of pyridyl ureas synthesised by Gunnlaugsson amatlcers?18

The development of novel antimicrobials along with the incorporation of novel
antimicrobial agents into drug delivery vehicles is becoming increasingly more imperative.
Antimicrobial resistance (AMR) withinvast range of infectious agents, which include bacteria,
viruses, fungi and parasites, is a growing threat to public heatihdwide 2°1t is predicted that
the number of AMR attributed deaths will be greater than those caused by cancer by the year
2050, decreasig the worlds GDP by $100 trilliéf. Consequently,ifihting AMRis of public
health priority that requires collaborative global approach acradksectors

A diverse range of supramolecular specific approaches are currently being used to
combat AMR,; for example, the developnt of four Trpincorporated pillar[5]arene channels by
Zhang and cevorkers. These hydrogen bonded channels displaybila insertion selectivity
for the lipid bilayer membrane of Grapositive bacteriaver that ofmammalian erythrocytes
demonstratingvery low toxicity. All four channels were shown to exhibit antimicrobial activity

against multiple Granpositive bacteria.
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The concentrations required to inhibit 50 % bacteria growtHG@ ranged from 0.F uM,
efforts are continuing to improve the amticrobial activity of this family of pillar[5]arene
channels??! EFSheshtawy and cworkers developed their strategy from supramolecular
principles for the investigation into extending the #Hée and efficacy of fluoroquinolone drugs
with cucurbit[7]uril (CB7). The results from these studies showed an extendedlifdeaihd
enhanced efficacy of danoflaxacin against clinically releacillus cereuéB. cereuy with a
zone of inhibitiorincrease fron? 18 mm (without CB7) t& 20 mm (With CB7xalmonella typhi
(S. typhi C 24 mm to® 26 mm),E.coli ° 22 mm to® 27 mm) ands.aureug® 21 mm to® 24 mm)
at pH 8.1222

Hiscock and cavorkers developed their own supramolecular approach inte t
investigation of antibacterial design, with an initial focus on increasing antibacterial activity of
their first-generation structurally related SSAs, against clinically relevant ¥fR@Athin their
studies, they explored the sedfssociative properties and antimicrabiefficacy of electromich
anthracene and electropoor anthraquinone derivative SSASdqure68, 101-103). Compounds
101 -103 were individually shown to illicit an antibacterial response against clinically relevant
MRSA with MI§ values calculated a®.(71, 0.46 and 0.61 mM respectively). Interestingly, this
efficacy was increased whdi®2was combined in a 1:1 molar ratio with eith#d1 (0.33 mM)
or 103 (0.31 mM) wherelarge stable aggregated speciels400-500 nm) were observed in an
agueous enviroment. Demonstrating that the formation of those large safsociated

aggregated species is imperative for effective SSA delivery to the bacterial cétf wall.

B e .
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101 102
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Figure68 ¢ Chemical structures of electrgmoor anthraquinone 101) and electrorrich anthracene derivatived 02
and103).
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Inspired by previous works conducted by Gunnlaug&8éamd Hiscock?, this chapter
will briefly summarise the seHssociative properties of previously discus<eid sulstituted
ureasulfonate4?2, ortho-substituted benzothiazol&1 and para-substituted benzothiazol&2,
in addition to introducing novdbis-substituted 104 (Figure69). Furthermore, it will be shown
that known antibiotic ampicillin1(05) can be successfulgo-formulated with72.

The work detailed in this chapter has been publishétiin the following peeireviewed
journal article

2. Controllable hydrogen bonded seHssociation for the formation of multifunctional
antimicrobial materialsL. J. WhiteJ.E. Boles, N. Allen, L. S. Alesbrook, J. M. Sutton, C. K. Hind,
K. L. F. Hilton, L. R. Blackholly, R. J. Ellaby, G. T. Williams, D. P. Mulvihill and J. R. M&teock,

Chem. B2020,8, 4694;47002
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Figure69 - Chemical structures dhe fivecompounds discussed in this chaptér05= ampicillin sodium salt)

Compoundl04 was prepared in a one pot synthesis by firstly forming the isocyanate
To achieve thidriphosgene was added to a stirring solution efédmethylbenzothiazol)aniline
in ethyl acetate and the mixture heated at reflux for 4 hours. Then, one equivaler{@f 4
methylbenzothiazol)aniline was added to the reaction mixture hadted at reflux overnight,
filtered and the solid washed with ethyl acetate. Further purification resulted in production of

the pure product104) as a yellow solid with a yield of 84 %.

105| Page



Chapter X Hydrogel development

As discussed in Chapter 2 the presence of dimeric species hashmen ® prevail in
both the gas phase and in competitive organic (DMSO) solvent sydterd2, 71 and 72.
However, moving into aqueous solutions of EtOfHK1:19) those same SSAs were shown to
form stable extended seHssociated aggregates, witt? als of 100550 nm and zeta potential
values of76 mV(42),-79 mV {1) and-101 mV 72).

In preliminary studies by Hiscock andworkers,the intrinsically fluorescent anionic
components obrtho-substituted benzothiazolél andpara-substituted benzothiaze 72were
directly visualised through a combination of transmission and fluorescence microscopy, where
it was discovered these larger sasociated aggregates are spherical in shape, as shown in

Figure70.13¢

Figure70- DAPI filter composite image @2in an EtOH:bD (1:19) solution showing the presence of a spherical self
associated aggregafés

This chapter explores any structural alterations from spherical aggregate to a fibrous

network for structurally related 2, 71, 72and 104in aqueous salt solutions.
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The techniques employed to ctaterise any subsequent hydrogels include visual inspection
(inversion test); scanning electron microscopy (SEMYergydispersive Xay (EDX);
fluorescence microscopy; pH detection and rheometry. The propensig2atl and 72to act
as antimicrobiahgents against Graipositive MSRA and GranegativeE.colibacteria will also

be explored.

3.2 Hydrogel determination

3.2.1 Inversion test and minimum gelation concentration (MGC) studies
The discovery that this class of compound could gelate was a ctargulgorise. Whilst
preparing a sample gparasubstituted benzothiazol&2 in phosphate buffer (0.505 M) to
determine how this compound interacted with vesiglésvas realisedthat after heatingand
upon cooling,a gel had formed. This discovery therompted investigations as to why the
phosphate buffer induced a change in the sedfociated structure formatioinom the spherical
aggregate observed 0O toafibrous networkwith the addition of saltHiscock and cavorkers
investigated this class &SA in the solid state where it was discovered, that when strongly
coordinating cations Naor K were contained within the molecular structure, a change in
binding mode was observeéd The presence of a weakiyordinating cation (TBA) resulted in
a selfassociative ureanion binding modeHigure71a). When stronger coordinating cations
(N& or K) were present, the urearea binding mode wathen favoured Figure71b). This was
due to the sulfonate group no longer being free to act as an HBA group, instead, the urea oxygen

became the principle HBA in the saffsociation process®

a b
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H H _(I) \‘ H\ ,H O
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Figure71 ¢ Examples of binding modes a) uraaion and b) ureairea.
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This led to the initial hypothesis that the formation of tgel was dependent on the
presence of a stronglgoordinating cation that prevents the selfsociation of the SSA into
spherical aggregates formed in® in favour of fibres. To elucidate as to whether this process
was also anion dependent a series ofdifferent anionic salts were employed.

The concentration of the aqueous salt solutions (0.505 M) used in this study was
determined due to that initial discovery, where it was foufzgelled in a phosphate buffer with
a concentration of 0.505 M. The propsty for72 (5 mg) to gelate in lower concentrations was
then investigated. In the first instance samples7@f (5 mg) in aqueous salt solutions, at a
concentration of 0.0505 M were prepared. This resulted in an incomplete gel as shown in the
example infFgure72a. The aqueous salt solution concentration was then increased to 0.405 M
again resulting in an incomplete geidure72b). Thereforejt was determined that 0.505 M was
the optimal concentration of the aqueous salt solution to enakitdo act asa gelator. Further

investigations into the concentratiedependence of the agueous salt solution are ongoing.

Figure72 ¢ Incomplete gels formed through the addition 82 (5 mg) to 1 mL of aqueous Na&)0.0505 M and b)
0.466 M

The presence of a gelated material in this study was initially verified by an inversion test,

in which the gel is characterised by resistance to flow in an inverted¥ial.
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Here 1 mL (0.505 M) of the appropriate salt solutfdablel2) was added td mg of eithed?2,

71, 72 or 104 in a glass vialand heated to appmximately 60 °C until the solid matter had
dissolved. Thisadution was then allowed to cool to room temperature and the vial inverted to
verify gel formation.Despite its simplicity, the inversion tesnethod is a frequentlyused
successful test tdetermine thepresenceof hydrogels?®*

The results from this prelimingrexperiment showed that of the compounds tested,
only parasubstituted benzothiazole uresulfonate72was found to form a gelated material. An
example of the inversion test performed is illustrated in FigdBe This example shows the
hydrogel formatiorof 72 (5 mg) in aqueous salt solutions of Na&&g(re73a) and NaOAdHigure

73b) (1 mL, 0.505 M)As observed ikbO the absence of a gelated material is apparent.

Figure73- Inversion test of hydrogels containiff@: 5 mg in1 mL of HO; a) 5mgin 1 mLagueousNaCl (0.505 M)
b)5mgin 1 mL ofaqueousNaOAc (0.505 M).

Compound 42 dissolved, however, it showed no sign of onset gelation. This is
hypothesised to be due to the lack of the benzothiazole unit within the moleatitacture,
causing reduced stabilisation of the safsembly processes through intermolecular stacking
interactions?®

As extensively discussed in Chapte{Chapter2.3, 2.5.3.3 the intramolecular bond
formed between the urea M and nitrogen on the benzothiazole substituent7dfresults in

destabilisation of any reswnt selfassociated structured={gure74).
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Therefore, as expected this compound did not pass the inversion test as shbiguiia
75, reinforcing the previous hypothesise of the importance of > 2 HBD units free to participate
in the selfassociation proess. Finallyl04 does not contain an anionic moiety, removing any
anionic HBA sites, this confirms the significance of the salt component for this family of SSAs to

selfassaociate into polymeric gel fibres.

7"

Figure74- The promsed structure of monomer of1, demonstratiry intramolecular bond formatio#6

Figure75 ¢ Failed inversion test forl (5 mg)in 1 mLof HO and 0.505 M aqueous solutions of: a) NaCNdhiC@
c) NaHPQ; d) NaOBze)NaNQ; f) NaOA¢ g)NaCQ; h)NaSQ and i)NaF

3.3 Characterisation of supramolecular hydrogels

3.3.1 Minimum gelation concentration (MGC)

The MGC is the lowegibssble gelator concentration required to form a stable gel. To
assess the MGC péra-substituted benzothiazol@&2in 14 differentaqueoussalt solutions, vial
inversion experiments were performed. To avoid confounding variables affecting the results of
the experiment!®® all samples were prepareanalogously As temperature is one of the key
parameters in the gelation process, thevérsion experiments in this study were all performed

at 25 C to allow for comparison of hydrogel characteristics between samples.
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Tablel2 - Summary ofonic strength of agueous salt solutions (0.505 B)erage 1§ = 3) salt soltion (0.505M) pH
values obtained at 25 {G1GC determined though inversion testing for samples contaiithgnd variousaqueous
salt solutions (0.505 M) at 25 °C.

lonic oH lonic pH
Salt strength (salt MGC Salt strength (salt MGC
(salt (mg/mL) (salt (mg/mL)
soln.) soln.)
soln.) soln)
7.00 + 7.00 +
NacCl 0.505 0.02 15 NaOBz | 0.505 004 15
6.28 £ 6.32 +
KCI 0.505 002 2.5 NaNQ 0.505 001 15
781+ 401+
RbCl 0.505 0.02 35 NaHPQ | 0.505 001 15
422 + 1.26 +
TBACI | 0.505 0.02 [a] NaHS® | 0.505 003 [a]
8.82 + 11.63 +
NaF 0.505 0.04 2.0 NaCQ | 1.515 003 3.0
8.54 + 8.49 +
NaHC®| 0.505 0.04 4.0 NeeHPQ | 1.515 0.00 [b]
7.76 + 7.00 +
NaOAc| 0.505 0.02 35 NaSQ 1.515 0.02 3.5

[a] Precipitation at 5 mg/mL, no gel formatidp] Partial gel formed at 5 gimL.

The results from the inversion experiments demonstrate the MG2ofeeded to gel
1 mL of various aqueous salt solutions was found to be dependent on the salt prégesre
the anion remained the sam@?2), the MGC needed to gela®505 Maqueoussolutions of
NaCl, KCI, RbCI and TBAas found toincreaseexponentially withincreasingsize of the
associated counter cation, 1.5, 2.5, 3.5 and > 5 mg/mL respecthiglyre76).

This is hypothesised to be due to the increasing strength of (SS#)-cation (salt
solution) coordination wher@ BA <Rb" <K' <Na'. As previously discussed@mapter 22.5.2),
strong ionpair effects within a molecular structure result in instability of any extended hydrogen
bonded seHlassociated aggregate in &tCH:HO (1:19 solution. For72 to form a stable gel
fibre network in an aqueous salt solution, the original packing arrangement and hydrogen
bonding network is required to be altered.

Evidence of the stability of those larger aggregated structures presehtO was
observed whergelationwas attempted mechanically.h& appropriate salt solution (0.1 mL,
5.05 M) was added t32 (1.5 mg in 0.9 mL of-B) in a glass viagitatedusing a vortex foone

minute and left &room temperature for 12 hours.
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Thismechanical method yielded no formation of gelated material, confirming, habrder to
initiate the formation of gel fibreghe addition of heat to the system is required to disrtipe

supramolecular structure

Figure76 ¢ Inversion test of hydrogels containiim@ (5 mg) in 1 mL of #0; a) MGC of2(1.5mg) in 1 mlof aqueous
NaCl (0.505 Mp)MGCof 72(2.5mg) in 1 mL cdqueousKC|0.505 M)and c) MGC 0f2(3.5 mg) in 1 mL @fqueous
RbCI (0.505 M).

Upon comparison othe effectsthe different sodium saltshave on the resultant
hydrogel formationjt was discovered thathe ionic concentration and the pbf the agueous
salt solutionsignificantly influencedhe stability of the gel fibre network. With a decrease of
both the pH and ionic strength of the salt solutifhable12), a generadecreaseof MGCwas
observed

An example of the effect that the ionic solution has on gel formation is evident with the
comparison betweerv2 in 1 mLagueoussolutionsof NaBPQ and NaaHPQ. TheNaRkPQ
agueoussolution exhibits an ionic strength of 0.505 and pH4dfl, the MGC is 1.5 mg/mL.
Conversely72 (5 mg)in 1 mL ofaqueousNaHPQwhich has an ionic strength of 1.515 and pH
of 8.49results only in a partial gegnd exhibits a MGC > 5 mg/mln this instanceit is
hypothesisedhat the increased number of charged iomay be a contributing factor, where
the change in protonation stataffectsthe coordination strength

In summary it was shownthat changing the solvenénvionmentto an aqueous salt
alters the selfassociated structure present in® from spherical aggregates into a fibrous 3D

network.
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In addition to the presence of salt, the benzothiazole group was shown to be essential, thought
to be due to the requiremendf -~ & G I O1 A y IThd sffenGH\F tiibiidkogels formed

was found to be dependent on cation size, ionic strength and pH.

3.3.2 Rheology

Rheology is a commonly used analytical technique to determine the mechanical
properties of supramoleculanfurogels??® Gelated materialsindergo distinctive changes when
subjected to tensile and compressive stresddewever, theyare more regularly identiéd
based on their deformation and flow behaviour when apglwith oscillatory stress, which is
jdz yGAFASR o0& StlFadAO LINBLISNIASAE ugddthid a G K
technique arange of diféerent measurements are possible, which sugpfprmed information
with regard to the 3D viscoelastic network of a gelated material. In this study, the viscoelastic
properties of hydrogels formed above the MGC, whégg5 mg) in 1 mlof the appropriate
agueoussalt solution (0.505 M) were investigated. At this concentratitwe, fibril formation
I F F 2 NRIlasticityK Sthexyelated materialswhichallows for the reliableneasurement of
mechanical properties of the soft materia®nsequently, those aqueous salt solutions in which
5 mg of72did not observe the tube inversiorsts were excluded from this study as they cannot
be classified as robust gelated materials.

The rheological properties of a viscoelastic materialgeaerdly independent of strain
up to the yield pointBeyond thigield poinE G KS Y I (i S Ndino br@eétinearviered A 2 dzN.
stress and strain are proportiohandresultantly thestorage modulus declinemnd the critical
point (commonly known as the gebl transition point orflow point) is reached Figure77).
Between the yield and galol transition points, the material structural strength has decreased,
although the sample still largely displays the properties of aNjeasuring the strain amplitude
(9 dependence of the storage DQU | Y R f 2 dha initléRsiRpltbcharacidising theA &

visceelastic behaviouof a hydrogel material?®
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Figure77 ¢ Average resultsn=3) from amplitude sweep experiments used to define the linear viscoelastic region
yield point and flow poinof 72 (5 mg) in 1 mbf aqueousNaCl (0.505 Mat 25 C (1 = 100%).

The results from the amplitude sweeps were used to define the hydrdgedsr
viscoelastic regiofLVERas overviewed irnTable 13. This region is the range in which the
material is the most intact, anthe point at whichany additonal experimental methods are
applied. The gesdol transition point was also observed, wh&2(5 mg) in 1 mL of aqueous NaCl
(0.505 M) demonstrated a critical straig) ©f ° 46 %. Below this galol transition point, the
gelated material is highly strtured and intact, where the material behaves solid (elastic) like
GKSNE DO®2BSDE®AE ONRGAOIT LRAYG GKS YIFGSNRI
(Figure77). An overview of the gedol transition point values (%) obtained from the amydi

sweeps is shown ihablel3.
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Table13 - Summary of rheological data f@2 (5 mg)in 1 mL ofthe appropriateaqueoussalt solution (0.505 M)
Characteriation experiments were performed at 25 °C: averége3) gelsol transition points obtained from shear

strain ¢) amplitude sweeps; average=3)a G 2 N 3S o6DQU0 FyR t2a8a o6DQQ0 Y2ZRdz A
0.1 %).
Gelsol Storage Loss
Salt transition modulu% Eror | v o Rdzt  EMOr
EointJ (%) (Pa) (Pa) (Pa) (Pa)
NaCl 46.4 1307 +11 202 +12
KCI 6.8 1867 + 74 274 +12
RbCI 46.4 1308 + 85 176 +9
NaF 100.0 1448 +70 216 +11
NaHC® 4.6 1166 + 54 175 +14
NaOAc 100.0 1409 + 65 235 + 39
NaOBz 215 503 + 23 115 +7
NaNQ 21.5 650 +21 112 +8
NaHPQ 3.2 1117 + 37 192 +10
NaCQ 31.6 1653 + 28 226 + 20
NaSQ 6.8 1503 + 130 228 +18

Once the LVERasdefined by the amplitude sweep, the gelated material structure was

further characterised using an angular frequency sweep at a strain below thelcpitimt ).

This provides more information about the strength of the interactions between the components

of the material, thus its overall robustneds.a typical experiment, thB &rain of a gel should

vary only weakly with frequen@s shown irFigue 78.
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Figure78- Average resultsn=3) from frequency sweep experiments obtained from théERunder a constant shear
strain ¢) 0f0.925 % of a gelated material containifigy(5 mg) in 1 mlaqueousNaCl (0.505 M) performed at 2&.
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The results from the angular frequency sweeps applied under a constant sfyah (
NdpHp 2 &aK2g It YIS NAdvérthe antBedrdnGeRof fitqenSeE KA 6 A
(0.2-100 rad/s), this denotes the elastic character to be always dominant when the frequency is
applied. These results from the angular frequency sweeps are summaridetbliel3. Upon
comparison of thestorage (R0 &% ROD@GUO Y2 RdzZ A X A (G A afailyo & SN
constant over the range dfelated materials tested, with the storage modul@s7.4 times
greater than the loss modulus for any comparative hydrogel undesdhexperimental

conditions as illusttted inFigure79.

2000 -
)
1600 - O .-
— .99
@ o O
0. 1200 - (2,n25
O g
800 o _
O
T O
400 | ] | ] | ] L |
100 150 200 250 300
G" (Pa)

Figure79¢ Comparisonob Q YR DQQ @I f dzgulardrégiiencyhédobcal@xiiinents K S
summarisedn Tablel3.

In summary,t was shown thatthe presence oflifferent salt solutions asfound to
modulateboth the gelsol transition poinindthe 02 YLJ- NI 6 A S aid 2N} 3S 6DQU
observed for eaclgelated materialThe solidike character of the materials was manifested in
GKS FFOG GKFG GKS a2 N> 9854 tines Reztedzhan th®\@soouss | &

Y2 Rdzf dza D¢ dzLJ (12 GKS &@ASfR aidiNBlaa 2F G4KS 3St¢
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3.3.3 Microscopy studies

Due to having the abilitto reveal the structures dEMW compoundswith a resolution
of up to a nanometr¢?’ SEM is routinely employed toharacterse the morphology and
microstructure ofdehydrated hydrogels(xerogelsf?222° This technique can generate high
resolution topological images thrgh the utilisation of a focussedbeam of high energy
electrons as a source of illuminatié?. Consequently, this enables thmorphology of the
dehydratedhydrogels(xerogels) to be observed. Limitations of this technique include i) high
magnficationonly allows fora smallfraction of a sample tbe imaged in a realisticnieframe;

i) to be imaged using SEM, a hydrogel must first be dehydrated to form a xerogel, this
destructive procesmay result in artefactsuch as line and dark area charging or electron beam
damage, reslting in the analysis of artefacts that are not present within the solvent containing
hydrogel®®!

Due to instrument availabilitya selection of the hydrogels/partial gels were taken
forward to be observed by SEM. For comparative purpabés pool of material consisted of
hydrogels contming both monovalent and divalent cation salt solutions. Those gels/partial gels
with 72 (5 mg) in aqueoud NaCl; ii) Na#PQj; iii) NaCQ; iv) NaHPQ; NaNQ; and v) NaHCGO
(1 mL, 0.505 Myvere dehydrated through the use of a shlenk line, to give x&0@GEM images
and corresponding EDX spectra obtained and refined with the assistance of Dr Luke Alesbrook.

Bvaporation of theimmobilisedliquid is known to causehe brittle fibrous structures
that form the 3D network to collapse therefore SEM focuse®n general shapes and
morphologiesof the fibresrather than on the absolute quantitiesuch as theliameters and
lengths. The SEM images of the xerogels prepared from the dehydration of the hydrogels
containingNaClor NaNQ showed the presence of platdl like objects Appendix2.5, Figure
S3® and S30), this was proposed to be due to insufficient magnification of the SEM when
observing this samples. Consequently, the magnification of the SEM was increased to allow for

elucidation of the gel fibres inufure samples.
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With anincreas& magnification of the SEM, the morphology of the xerogels containing
NaCQ (Figure80) or NahPQ (Figure81) were observed. These images showed the presence
of multiple rigid fibres of variable thicknessemanating from aentral point with the darker
patchesidentified as the end of thosegid fibrillar structures.As the magnification of the SEM
is further increased as shown with the xerogel containing JR&n Figure81, those ends of

the rigid fibres become more ggarent.
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Figure80- SEMmage of a xerogel prepared from a dehydrated hydrogel contair@{§ mg/mL) iraqueousNaCQ
(0.505 M).Locations of analysis by EDX spectra highlightethikn(Figure82a) and (Figure82b). Sale = 10
pm.

*" @ Spectrum a oSpetrum b

Figure81 - SEMimage of a xerogel prepared from a dehydrated hydrogel contaid@¢s mg/mL) inaqueous
NaH,PO4(0.505 M) Locations of analysis by EDX spectra highligimeahk (Figure83a) and (FigureB3b). Scale
=5um.

118| Page



Chapter X Hydrogel development

Energydispersive Xay is a complementary analytical technique to SEM, used to
determine the elemental analysis or chemical characterisation of a saiffdldultiple EDX
spectra and arresponding elemental analysegere obtained for each processed SEM image.
The spectra showim Figure82 and83 correspond to the SEM images #2in aqueous N&CQ
(Figure80) or NaHPQ (Figure81). The spectra shown iRigures 82a and 83a represent the
internal core of the fibres, where the sulphur element denotes the presené@.dlthough the
oxygen is present within the molecular structure @2 it is also present in the molecular
structure of the associatedqueoussaltsolutions (NaCQand NaHPQ), therefore, this is not a
distinguishable element. The spectra showRigures82b and83b were taken from the exterior
surface of one of the nanofibers, where the elemental analysis once more confirms the presence

of 72.

Figure82 - EDXspectrum showing elemental analysis of the xerogel imageedgures0.
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Figure83 - EDXspectrum showing elemental analysis of the xerdgelged in Figuré&l.

Upon comparison of the SElhage obtained for a xerogel containing HaQ, with
those containing N®CQ and NaHPQ a difference in architecture is observed. The xerogel
containing N&CQ was shown to exhibit a highly dense porous architect(fFegure 84)
compared to theemanatindfibrillar structures observed for xerogels containingG@ (Figure

80)and NaHPQ (Figures8l).

Figure84- SEMmage of a xerogel prepared from a dehydrated hydrogel contaifd{§ mg/mL) irequeousNaHCO;
(0.505 M. Scale= 5pum.

Fluorescence microscopy not as popular as SEM for the visual analysis of hydrogels

due to having a relatively low resolution compared to that of SEM.
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However, as a ncdestructive technique, fluorescence microscopy can provide valuable
information on the microstructure and distribution of the fibres in sp&teDue to the
intrinsically fluorescent nature of the anionic component7& it was possible to utilise this
technique within these studie®ue to instrument availability, only a select number of gelated
materials were able to be visualisddierein, four materials were observed, these included three
gels with MGCs ranging from 1% 3 mg/mL and one partial gel (>n3g/mL) for comparison
purposes. These materials were as follova(5 mg) in aqueous: i) NaCl; ii) NBE&; iii)) NaCQ;

and iv) NaHPQ (1 mL, 0.505 M). Fluorescence microscopy images obtained and refined with
the assstance of Prof. Daniel Mulvihill.

The fluorescence images of the hydrogels comprised of aqueous salt solutions NaCl and
NaHPQ show the presence of continuous multidirectional ssedsembled nanofibers, as
illustratedin Figure 85a and 85b. Both gels cataining NaCl and NaRQ within their matrix
exhibit an MGC of 1.5 mgyL Chapter3.2.1, Table 2). When these structures are compared
with those from a gel with a greater MGC such abiBla (4.0 mg/mL) the fibres appear to be
shorter with a higher crosknked density resembling a honeycostike structure (Figure35c).
Interestingly, those fluorescence images obtained for hydrogels containingPi@agt NaHCQ
correlate with the images obtained through SEM where long fibres were shown in the xerogel
contaning NaHPQ (Figure 8), and a higher crosknked density with NEICQ (Figure &)
contained within the structure.

Moving into an aqueoussalt solution in which72 (5 mg) only forms a partial gel
(NaHPQ), fewer fibres are observed. Interestingly insghgueoussalt solution, in addition to

those fibres, spherical sedissociated aggregates are also observed tpresent (Figuré&5sd).
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Figure85¢ Fluorescence microscopy images of gels/partial gel conta#ti§ mg/mL) in (505 M aqueous solutions
of: a) NaCl; b) NaRQ; ¢) N&CQ and d) NaHPQ. Scale = fim.

To aid visualisation and enable a more detailed analysis of those nanofibers formed in
aqueous solutions of NaCl and NaHR@e fluorescence images shownkigures 85a and 85b
were refined through deconvolutiomethods Chapter6.1.2). These refined images not only
confirmed the presence of long multidirectionéibres (Figurse 86ai and 86bi) but with
enlargement it was also possible to observe the branching anangiement of those fibres in
more detail (Figures 86aii and 86bii), allowing for agreater understanding of theelated

materiak to enable rational design.
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Figure 86 - Refined fluorescence microscopy imagef hydrogelcontainng 72 (5 mg/mL) in 0.505 M aqueous
solutions of ai) NaCl and bi) N&D,. Imagesaii and bii are enlarged areas outlined@t in ai and bi.

As previoushgiscussedcompound72 has an MGC > 5 mg in a 1 mL 0.505 M aqueous
solution of NaHPQ. In Figure85d it was observed that both a fibrous network and spherical
aggregates were present. In the refined confocal image shoWwigime87a, these combinations
of structures are much more apparent. Interestingly, that same partial gel when visualised as a
xerogel using SEM, demonstrated that the spherical shaped aggregates were able to withstand
the dehydrationprocess (Figur@&7b), possibly supported by the presence of salt within the
aqueous solution. Complimentary EBPectra and arresponding elemental amgseswere

obtained to confirm the presence @R in those spherical aggregates as showRigure87c.
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Figure87 ¢ Images and elemental analysis of a partial gel containZ@ mg/mL) irnqueousNaHPO, (0.505 M).a)
refinedfluorescence microscopy image, b) SiEMge of a xerogel prepared from a dehydrated hydrdggland c)
EDX spectrum showing elemental analysis &dale = pim.
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In summaryijt wasshown that through the use of fluorescence and SEM techniques, it
was ssible to observe the morphology of the fibrous networks of gelated materials formed in
a variety ofaqueoussalt solutions.The morphology of the xerogels preparecbrh the
dehydration ofhydrogels containing NaHQ, and NaCQ show the presence of mufile rigid
fibres of variable thickness emanating from a central point

Using fluorescence microscopy it was shown that for those gelated materials with a low
MGC (1.5 mg/mL) such @&in agueousNaCl and NaiPQ the selfassembled nanofibers were
long andmultidirectional Figures86ai and 86bi), and with further refinementit waspossible
to observe the branching and entanglement of those fibres in nu@&il (Figures86aii and
86bii). In contrast for a hydrogel containing agqueousaHCQ which has a Igher MGC
(4.0mg/mL)the fibres appeaed to be shorter with a higlerosslinked density resembling a
honeycomblike structure (Figure85c).

Through these observations it can be concluded thase nanofiber networkformed
through noncovalent interactions are responsible for the gelation proces¢hen spherical

aggregates persist the gelated material is unstable with an MGC > 5 mg/mL.

3.4 Antimicrobialefficacy determination

34.1 Solution state antimicrobial properties

Previousstudies condcted by Hisock and ceworkershaveshown members from this
class of SSAs to exhibit antimicrobial properties against Guasitive, clinically relevaiiRSA
(USA3005% Ascommonly knownselective antimicrobial activity of many amphiphilic salts
driven by the negative surface a@tyge exhbited by bacterial cell surfacesomparedto those of
most healthy eukaryotic celfl8***Building on Hiscock and -weorkers initial proof of principle
investigations®2%” the antimicrobial activity of GFsubstituted 42, ortho-benzothiazole
substituted71; andpara-benzothiazole subsiited 72 againstGrampositive MRSA and Gram
negativeE. colibacteriawhen suppliedto the bacterial celsurface as sefissociated spherical

aggregatesvere explored.
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The anionic componerd of this series of SSA2, 71 and 72) are hypothesisedto
preferentialy interact with phospholipid head groupthat are prevalent at the surface of
bacteria ceb (hosphatidylethanolamine (RE06) and phosphatidylglycerol (PG07)), over
those present athe surface of eukaryotic celfphosphatidylcholine (PQ08)).2%6-237

It is hypothesisedhat 42, 71and 72 will form complexes withboth 106 (PE)and 107
(PG)through the formation of acombimtion of multiple hydrogen bondand/or favourable
electrostatic interactionsusirg 72 as an example, these binding modes are showrigure88.
Also illustrated inFigure88 are theinteractions betweerthe urea of 72 and the phosphate
group of 108 (PC),although these interactions may be effectivenly comparatively weak,
stericallyhindered electrostatic interactions are possible between the sulfonate grodg anhd

the tertiary ammonium group 0108 (PC).

s A
HoH c'),:p H H 90 HoH o9
o -9 o
,,H{,o\ﬁ,o\/\&:ﬂ e 'F-:,O\A,OH o) B0
106 © H 107 O 108 |

Figure88 - Potential binding mode o¥2to PE 106), PG 107) and PC1(08) phospholipid head group

The antimicrobiakexperiments discussed within this study were conducted and data
analysed by Nyasha Allen. Using standaedhods Chapter6.1.3) the minimum concentration
of a compound eeded to prevent 5046 ofbacterialcell growth(MIGsy), of 42, 71 and 72 against
GrampositiveMRSA USA300 azramnegativeE. colDH10B weraletermined? Asthe TBA
contained within the molecular structure o2, 71 and 72, has beenreported to have
antimicrobal activity in itself, the MIGoy value of TBACI| was also obtained to ensure any
antimicrobial activity was due to the SSA and not the TBA cation. An overview of theseisesults

shown inTablel4.
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Tablel4 - The MIGp values (mM) a determined ford2, 71, 72 and TBACI against clinically relevant Gyzaositive

MRSA USA300 and GraragativeE. colDH10B at an initial calibrated cell concentration equal to the 0.5 McFarland
standard after 900 minutes (optical density measured at 6®0.n

Compound| MRSA| E. coli| Ratio

42 0.46 385 | 1:3.6
71 0.99 357 | 1:54
72 0.93 502 | 1:84

TBACI 3.18 6.36 | 1:2.0

The results from the MBgexperiments showt2, 71 and 72 to exhibit greater activity
againstMRSA with values of 0.46, 0.99 and93 mM respectively, oveE. coli(3.85 @2), 3.57
(71) and 5.02 mM72)). It ishypothesisé that the increased efficacy against MRSA is ttugne
phospholipid bilayer compositioof the two bacteria. MRSA hassingle phospholipid bilayer
containinga high proportion of107 (PG)(57 %), whereag.coliexhibits adouble phospholipid
bilayer containinga greater proportion of1l06 (PE)85 %y2° These results suggest th4g, 71
and 72 show a preferencdowards 107 (PG) however, other factors need to be taken into
consideration such as individual bacteria phospholipid composition, which can alter according
to life cyclé*® and growth phasé*! The MIGo results for TBACI against both MRSndE.coli
provide evidence that the efficacy dR, 71 and 72 is due to the anionic component of the
molecular structure and not solely due to the presence of the TBA counter cation.

In summary, the preliminary solution state Md@ntimicrobial studieslemonstrate that
the anionic components af2, 71and 72 all exhibit antimicrobial properties greater than that
of the TBA cation. With all compounds showing greater activity against MRS .geérthe
composition of the phospholipid bilayer is hyposiiged to be a contributing factor. Whe#e,

71land72revealed preferential interactions with07 (PG)over 106 (PE).
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3.4.2 Antimicrobial hydrogel properties

It has been demonstrated in the preliminary studies that the molecular structure of
para-substtuted benzothiazole72 undergoes structural changes according to the solvent
environment in which72 is in, forming dimers iDMSQGds; 0.5 % HO (Chapter2.5.3.1),13¢
extended aggregates, spherical in shape BtOH:HO (1:19) (Chapter 2.5.1)'% and self
assembled nanofibers in an aqueous salt solut@hapter3.2.1). Furthermaee, 72 also exhibits
antimicrobial properties against both MRSA d@adoliin the solution state Chapter3.3.1). To
determine if72maintained theantimicrobial propertiesgainst Granpositive MRSA and Gram
negativeE.coliin a gelated statea series otliskdiffusion assays were performed. Disk diffusion
assays were prepared and analysed with the assistance of Dr George Williams and Jessica Boles.

The physicochemical properties of those hydrogels contain®ig the appropriate salt
solution were iniially investigated in order to establish which gelated material(s) were most
suitable for potential topical application. For an antimicrobial hydrogel to be considered for use
as a topical treatment, it must exhibit a pH within the rangelafwhen 1 g ofa hydrogel is
dissolved in 10 mL of watét? This is the acceptable pH range for skin, any deviance away from
these values can result in skin irritation or inflammatit the site of applicatiof:* As shown
in Tablel5, 72 in aqueous salt solutions NaCl, KCI, RbCl, NaOBz,;Nd&lPQ and NaS®
were all shown to have a pH which is within the acceptable pH rangg based on this theory

these hydrogels would make goadndidates for topical application.
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Tablel5- Summaryof average if = 3)pH values ohqueous solutiogat a concentration of 10 % wht 25 °C; average
(n=3) meltingooint obtained for 1 mL of a hydrogel containing(5 mg) and the appropriate salt solution (0.5@%;
MGC determined though inversion testing for samples contaifithgnd variousaqueoussalt solutions (0.505 M) at

25 °C.
pH Tm MGC

Salt (gel sol.) (C (mg/mL)
NaCl 6.23+0.02 | 51.23+0.10 1.5
KCI 6.16 £+ 0.02 | 54.75+ 0.09 2.5
RbCl 6.63+0.02 | 50.91+0.18 3.5
TBACI [a] [a] [c]
NaF 7.40+0.03 | 46.91+0.07 2.0
NaHC® | 10.03+0.01 | 45.39+0.12 4.0
NaOAc | 7.07+0.02 | 46.03+0.13 3.5
NaOBz 5.76 £ 003 52.35+0.09 15
NaNQ 6.74 £ 0.02 54.48 + 0.15 15
NaHPQ 4.75 +0.03 43.94 £ 0.10 15
NaHS® [a] [a] [c]
NaCQ 11.40£0.00 | 42.94+£0.13 3.0
NaHPQ | 8.34+0.00 [b] [b]
NaSQ 6.92 £ 0.05 43.22 £0.12 3.5

[a] Precipitateformation prevented neasurement[b] Partial gel formed at 5 mg/mlc] Precipitation at 5ng/mL,

no gel formation.

The melt temperature ) of the hydrogels containing 5 mg @2 in 1 mL of the

appropriate salt solutions were investigated to determine if they were robustgh to not be

adversely affected during either the administration process or during storage. The results from

these studies show that all of the hydrogels investigated exhibit&d @bove that of average

skin temperature{ 31-32 C)?**and that theT, was dependent on the salt solution contained

within the gelated material, ranging from43-55 C. The hydrogels containing divalent salts

Na&CQ or NaSQ were shown to have the lowest, values { 43 C)this is expected due to the

increased ionic strength of the salt solution in addition to high MGCs of 3.0 and 3.5 mg/mL

respectively.

The results from the physicochemical analysis of the hydrogels contaii(@hapter

3.3.2, Tablel3(storage and loss aduli)and Tablelb) identify 72in aqueous salt solution NaCl

to be the lead gelated material for topical antimicrobial development.
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This conclusion was made based on a number of factors which include: i}lilsolid
characteristics as determined throlagbservation of the storage and loss modulithg pH of
the NaCl ggP 6)falls within the normal skin pH rangjeniting the potential for any adverse skin
issues; iii) thd@m is > 50°C therefore,is likely to bemore robust at temperatures below iy iv)
exhibits a low MGC and v) in comparison with the other salt solutions téseeMaCl solution
is the least toxic.

In order to establish whether2 had maintained the antimicrobial activity observed in
the solution state as a gelated material,seies ofantimicrobialsurface gel diffusion assays
were performed againd¥iRSAandE. colbacteriausing the lead NaCl hydrogel. For this study a
° 50 mg aliquot of thehydrogel formed with72 (5 mg) in 1 mL aqueous NaCl (0.505vis
transferred to the grface of an agar plate inoculated wigiither Grampositive MRSA or Gram
negativeE.colibacteria. The agar plate was then incubate@d aemperature of37 < overnight
and the zone of bacterial growth inhibition was used determine antimicrobial hydrgel
activity.

The results from thesentimicrobial surface efficacy experimerg show that the
hydrogel formed wittv2 (5 mg) in 1 mL NaCl (0.505 M)fsas an antimicrobial material towards
both MRSA andE. coliwith zones of inhibitioraveraged f=3) as® 16 mm and® 15 mm in
diameter respectively, as illustrated Figure89. As anticipated thentimicrobial activity was
shown to bdocalised to the position where the gel was suppliethe surface othe agarplate,
this limiteddiffusionis due to72 being within the construct of the fibrous 3D network shown in
Chapter3.3.3 as opposed to being immobilised within the mesh of the fibres and therefore able

to diffuse out.
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a b

Figure89 ¢ Surface diskliffusion assays confirming érantimicrobial activity of th& &8 RN2 3Sf o6F pn Y3
surface)containing72 (5 mg/mL) in NaCl (0.505 Mgainst a) MRSA USA306) E. colDH5B

3.4.3 Coformulatedhydrogel properties

Hydrogels were first described as potential drug delivery vehicles in the 1950s by Lin and
Wichterle2%® Since this first description, a vast amount of hydrogels have been developed for
this purpose, utilising a variety of material systems and design principiessuppharaand ce
workerssuccessfully combined gelativith bacterial cellulose taevelop ahydrogel composite
materialwhich was considered a good candidatedang delivery systasdue to their extensive
swelling ratio o 400-600 %. The higher the swelling ratio, the gredtereasein distance
between crosdinked polymer chains, which allatvug molecules to be released aatisorbed
into the bloodstrean?*® In 2002 Xu and eworkers reported the first antibiotic hydrogelator
vancomycirpyrene. Herea pyrene substituent was attached to tbéerminal of the backbone
of clinicaly relevantvancomycin. Xu and eworkers suggested-~ & { linfetadtighJand
intermolecular hydrogen bonding ian agueous environmerprovided the driving forces to
form a gelated material oD 0.36 wt % However, efficacy studies agairstvanApositive
Enterococcus faecaligevealed high potency lels, hypothesised to be due to a high
concentration of aggregated polymers at the cell surface. These investigations are still

ongoing*’
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Hydrogelsuitability as drug delivery systenssattributed to their hydrophilic 3D fibrous

networks, intowhich large amounts of water or biologicaluids can beimbibed, therefore

resembling to a certain extenbiological tissug?*® As the mesh (gel pore) controls the steric

interactions between the fibrous network and the drugs, the size of the mesh will determine

how drugs diffuse through the hydrogel. If the mesh siz& is(wherermest raug ® 1) the drug

release process will be dominated by Fickian diffusion. However, when the mesh size is < 1 the

effect of steric hindrance on drug diffusion becomes prominefhis resultsin the

immobilisation of the drug molecules vdhi can only be released through controlled

degradation of deformation via atimulus (Figured0).2*® Consequently, many hydrogel drug

delivery \ehicles are synthessl to respond to a number of physiological stimuli present in the

body, such a®nic strengthtemperatureand pH.?>°
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Figure90 ¢ Cartom representation illustrating fast and slow diffusion of drug molecules and degradation and
deformation of mesh which facilitates immobilised drug release from a hydrogel fibrous network against®irhe.
red dashed lines represent the diffusion pathways of the drug molecules.
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In an attempt to improve the efficacy of these materials against Guasitive MRSA
and GramnegativeE.colj the SSAydrogel 72 in 1 mLof aqueous NaCl (0.505 M)) was-co
formulated in a 1:1 molar ratio with the sodium salt of commonly prescribed antibiotic ampicillin

(105 (Figure 9).

NH, 1

H
©/'\”/N S
§

o +

Figure91 ¢ Chemical structure of the sodium salt of comnty prescribed antibiotic ampicilliiQ5).

Interestingly, here it was observed that the addition of the sodium salt of ampicillin
(109 resulted in a decrease of MGC from 1.5 mg/mL to < 1.0 mg/mL, this was confirmed through
an inversion test, as illusited in Figure 92. It is hypothesised that the increase in salt

concentration stabilised the extended fibrous network resulting in a lower MGC.

Figure92 ¢ Inversion tests o2 (1 mg) in 1 mL of 4 (left); a)partial hydrogelof compound72 (1 mg) in 1 mL
aqueousNaCl (0.505 M)p) hydrogel of compound2 (1 mg) on a 1:1 molar ratio with ampicill{g05) in 1 mL of
aqueousNaCl(0.505 M)

The physicochemical properties of the ampicillin incorporated hydrogel weza

investigated to find out whether this hydrogel would be suitable for topical application.
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