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Abstract

SYMBIOTIC SUPRAMOLECULARASEOEIATION AND THE EFFRICASITIMICROBIAL ACTIVITY

by Stilyana NTyuleva

In this resarchthe selfassembly andelfassociation processexcurringbetween supramolecular
aggreyates and surfactant structuregere studied Threeamphiphilic molecules have begmesented in
thisthesis Twoof which are novel and one which has bgervioudy synthesised and characterisethe
characterisation, seldssociation,binding modesand antimicrobial activityof these amphiphiles have
been exploredand reported These amphiphilesontaining tetrabutylammonium (TBApuntercation and
anionichydrogen bond donofhydrogen boml acceptorunit have been observed ife solid,solutionand
gas stats usinga combination ofscientific techniquesObserving these molecules in different \zeht
systems (DMSO and EtOHOH1:19)and atvarious concentrationfas shown the ability of thanionic
monomer to seHassociatan solution, thugesulting in theformation ofdimeric(in DMSO#and extended
aggregate specigin EtOH/HO). A series of three mixture combinatisgontaining the compounds eve
also studied In addition, these mixtures of these amphiphilic salts showed their ability tessglwhich

resulted in the increase of tlireantimicrobial activity and decrease in critical micelle concentration.



Table of content

FO1Y26fSRISYSYGTAXXXXXXXXXXXXXXXXXXXX...5

FOONBDAF GAZYEAXXXXXXXXXXXXXXXXXXXXXXXXEXXXXXXXXXD

LAMK X X XXX XXX XXX XXXXXXXXXXXXXXXXXXXXX X

2. IntroductionX X X X X X X X X X X X X X X X X. XXX XXX QD .oovvviiiniininees n
2.1 Supramolecular chemistry and roavalent interactions................cccccvvvvvveeennnn.. 11
272K @10 1 1] 011> {01 1 - L1 0] o R 71
PG A o1 [o] o TR 23......
2.4 AMPAIPNITE....cooiiiiiie e e 27

3. Introduction to the amphiphilic COMPOUNS............ocoiiiiiiiiiiiii e 32.....

4. Result and discussignX X X X X X X X X X X X X X X X X X X. X. X X. X.X. X . X. 8%

4.1 Single crystakbay diffraCtion.........cccooeiiiiiiiiiii 37....
4.1.1 Result and diSCUSSION..........ceeiiiiiiiieeiiiiiee et sremmmmmeee e s 37
4.2 Xray pOWderdiffraCtion...........ccuueiiiiiiiie e 4l...
4.2.1 RESUIt @Nd iSCUSSION. ....ccuvriiieiiiiiiiee ittt et s e+t e e e eennesd 42
A B ESM S .. ettt aeaeaaeeeeeaerenea s 43
4.3.1 ReSUlt and diSCUSSION..........ceiiiiitiireecmmrr et e e neee ! A4
4.4 SOIULION PRASE.......ccieeeeiee et a e e e e e e e e e e ee e e e 49
4.4.1 Dynamidight scattering StUAIES........cccooieieiiiiieceeeerre e e e e 50
4.4.1.1 Result and diSCUSSION.........coiuiiiiiiiiiiiieere et 52
4.4.2H NMR SHUGIES. ... oo sveevieste et sieesteeieesvesteeseesaesneesreessesseessesnsesseensessesssond 62...
4.4.2.1 ReSult and diSCUSSION. ..........cummmeeeeriiieeee ettt e et e e e meead 64
4.4.3"H NMR 8S0CIation StUIES.......covviieeeieiiieie ettt 73....
4.4.3.1ReSUlt aN@HISCUSSION........ciiiiiiiiiie ittt 73.
4.44 Zeta potential measurements amensiometry studies............cccoveeeeiieenniiiiices 80
4.4.4.1 ReSUlt and diSCRIBN. .........eviiiiiiiiee ettt eeean 80



4.4.5 UWisandfluorometry StUdI€S..........cccuvviiiiiiiiriie e e e 85....

4.4.5.1 Restlland diSCUSSION........cccvviiririiiiieieiier e sree e 85...
4.4.6 Fluoresencmicroscopy andransmission StUdIES..........cccovuvivreririiiierenniiinea 89...
4.4.61 ReSult and diSCUSSION.......coouurriieiiiiiiiee ettt ns 90....
5. Amphiphiles agiovel antiDiotiCS..........c..uvviiiiiiii e %
ST R [ (oo [0 ox 1T ] o T PP PP PP 96
5.2 MIGO STUTIES. ...eeei ettt e 99.
5.2.1 Result and diSCUSSION........cccrriiiiiiieiiee i see e 101
B. CONCIUSION. ...ttt mne e e e eemn e e e e e e nens 109
T FULUNE WOTK. .ottt eeenmme et e et e s et e e e e e 111
8. Experimental teChNIQUES. ..........ooiiiiiiiiie e 112.....
LS TS 1 =] P 118
10. RETEIMECES. .. ..eeieiii ittt e e s e e e s ne e e s nenemnes 120
2N o] o= o o [ 125.....

Publications:

fifowards the Prediction of Global Solution State Properties for Hydrogen Bonded, Self-
Associating Amphiphilesoi Lisa J.White, Stilyana N.Tyuleva, Ben Wilson, Helena J.Shepherd,

Kendrick.K.L.Ng, Simon J.Holder, Ewan R.Clark and Jennifer R.Hiscock. Chem.Eur.J. 2018, vol
24 (30), pp.7761-7773.



Acknowledgements

| would like to express my gratitude my supervisor Dr Jennifer R. Hiscock who gave a
lot of guidance, support and encouraged me to not give up despite the difficulties. She made me
realise that there is so much more that a person can do@amshed me in developing my skills
and knowledge fuitter. | would also like to thank my second supervisor Dr. Dan Mulvihill for his
support and help throughout the yeaMy academic journey has been an inspiring one which

taught me a lot more@about myselfand gave me a lot of confidence

| wouldlike toalsothank the Hiscock group and all of my friends for their advice, amazing

friendship and memories which will stay with me when we part ways.
| would also like to thank the NHS fbe funding for this project.

| wish to hankDr. HelenaShepherdDr. KevinHowland,Dr. Paul Saines, Nyashden,
Taa Eastwoodand Dr. Dan Mulvihfbr their help in interpreting the single crystaKRD, ESHS

data, Microscopy data and plate reading data.

Last but not least | auld like to thank my amazing family which have been experiencing
everything with me throughout my academic journey. They have been my emotional support

and havedone nothing but have my backritught-out everything that happened this year.



AT

AIEM

ATP

ADP

B.pumilus

brt

CMC

GG

CAC

CWA

CFP

CUR

1SC

cfu/mL

DCM

DMSO

DLS

DNA

DOSY

D0

DMSGds

o ¥

Abbreviations

Ademjiidnymine
Aggregation induced enhanced emission
Adenosine triphosphate
Adenosine diphosphate
Bacillus pumilus
Broad triplet
Criticalmicelleconcentration
Cytoshuanine
Critical aggregation concentration
Chemical warfare agent
Cyan fluorescent protein
Curcumin
Carbon (NMR)
Colonyforming unit per millilitre (measuring viable cells)
Dichloromethane
Dimethyl sulfoxide
Doublet (NMR characterisation)
Dyname light scattering
Deoxyribonucleic acid
Diffusionordered spectroscopy
Heavy water
Deuterated DMSO

Hydrodynamic diamter

ly3aidNRY



DAPI

EtOH

E.coli

ESIMS

FTIR

Gram-ve

Gram+ve

Hz

HBD

HBA

1H

hrs

HepG2

IUPAC

kv

mg

m.p

n -Diamino-2-phenylindole (dye)
Ethanol

Escherichia coli

Electron spray ionizatienrmassspectrometry
Fourier transform infraed spectroscopy
Grams
Gram negative
Gram positive
Hertz

Hydrogenbond doror

Hydrogen bond acceptor

Proton (NMR)

Hours

Liver hepatocellular carcinoma (cells)
International Uniorof Pure and Applied Chemistry
Coupling constant (NME&haracterisation

Kilovolt

Association constant

Kelvin

Lambda

Milligrams

Melting point



m/z Mass to charge rationfassspectrometry)

m Multiplet (NMR characterisation)

mV Millivolt

mA Milliampere

>g Microgram

mM Millimolar

MCF7 Human breast adenocarcinoma cell line
MPEG Polyethyleneglycol mmomethyl ether
NMR Nuclearmagneticresonancespectroscopy
nm Nanometre

ppm Parts pemillion

pH Acidity

pka Acid dissociation constant

q Quartet (NMR characterisation)

RNA Ribonucleic acid

RUB Rubusosidéditerpene glycosidenatural sweetening agent)
RES Resveratrol

TBA Tetrabutylammonium

TMA Tetramethylammonium

TEA Tetraethylanmonium

TPA Tetrapropylammonium

TFA Trifluoroacetic acid



TLC

UW-Vis

XRD

EtOH

Thin layerrobtography
Triplet (NMR characterisation)
Ultraviolevisiblespectroscopy
X-ray powder diffraction
Micro-litres
Ethanol

Degree

t



1. Aims

N
I
O H o H 6 18a HO7<
]
3
0
IOl e 0
N“ N7 s-0 IS o
H H 5 tBA NN
, O TBA
4

Figure 1 Compoundd- 4 synthesised and explored

1.1 The aim of this project is to synthesise a series of amphiphilgaré~1) characterise and
explore their seHassociation properties using various techniques in the gas, solid and liquid
phases Some of the techniques which were used to observe the &bion of large aggregate
complexes, selectivity and selfsociatiorproperties were as follows: DL@jantitative *H NMR
experimentsPOSY (NMR experimentjra¢ powder diffraction and single crystatay diffraction
These molecules were thevisualisel and their global properties were observed using microscopy
and suface tension measurements (determining the CMC values). These amphiphiles were also
tested against clinically relevant bacte@am +ve Methicillin-resistant Saphylococcus aureus
(MRSA BA300 and Gram -ve Escherichia colE.col) in order to explore tkir antimicrobial
activity, thus determining whetr they can be used as potential novel antibioti€®e non
covalent interactions will be looked athsn consideringthe properties of the developed
amphiphiles more specifically hydrogen bond interacticas theyare key interactions that drive

the selfassemblyand molecular complex formation processes
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1.2 The series of synthesised amphiphiles have low molecular weights and contain a urea
functional group which is covalently linked byspacer and @ anion substituentas well as
HBD/HBA mieties! This has proven to be of great significance when looking aassé#mbly and

hydrogen bonding interactions.

1.3 Some of the amphiphiles synthesised by the Hiscock grbear similarity with the main
structures shown in Figure 1. Along with thtiey have also been tested and shown to have
antimicrobial activity againghe same types of bacteria used in this research Sxaireusnd¢

ve E.coli Preliminary data of a similar series of compounds developed by the Hiscock group and
co-workers have shown that some of the amphiphiles associate and can disrupt the bacterial
plasma membranes, and once inside the bacterial @edl thought todisturb its metabolism.
Resistance studies have shottrat by affecting important components of the bacterial cell wall,
this could prevent the bacteria from developing resistance. Thiseathows how important and

effective these amphiphiles are for clinical testagynovel antibiotics

2.Introduction

2.1 Supramolecular chemistry and nagovalent interactions

Supramolecular chemistiyas first introduced to the world of science in6®by Jean Marie

[ SKYy 6K2 | f a2heRiSr¥ heyoSRthe Amiblecdlgdn 1887 along with Charles
Pederson and Donald Cram, he won thebdloPrize which showed their contribution and
reseach carried out in this scientific fiefkdSupramolecular chemistry, known also as the
GOKSYA &l NB22F f & cuse®ofi Boinplex molecular structures which can be
formed as a result of two or more components and that ageng held together by ncoovalent

intermolecular nteractions®
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Being able to understand the nature of these interactions aaientists exploring the molecular
composition of complex building ks and the way they associate. This can bring scientists one
step closer to then being able to control and further use these complex structurgsemical

and biological applications

Gilbert N. Lewis, an American cherfjsioposedin 1913 the theory ofa @ £ SyidrSdiicing
the Lewis structures, aldmown as Lewis diagram or dot structures, in which dots are used to
show the lone pair of electrons, as well as the bonding ocaubietween theatoms of the

molecule (Figure )2

Figure 2 Example of covalent bondiraf a single water D molecule®

There are two types of covalent bondgolar and norpolar. Nonpolar covalent bonds do not
have any electron transfer, whereas patemdsare formed by the transferring of electrofisNon
covalent bonds, compared to covaleate an area of study which is continuously researclaed
hasprovided scientist with a satisfactory understanding and definitive results on how complex
structures using nostovalent interactions worRThere is no sharing of electroirsanon-covalent

interaction, compared to a covalent one.
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They are formed as a result of the electromagnetic interactions that occurtaltiee electron
distribution processhetween twodifferentmolecules, or within only ondividualmolecule.This
can lead to selassembly, thus resulting in extendedwstture formation such as dimers, trimers
or polymersThere are several different types of nanvalent interactions such asl der Waals
interactions, which are known to be one of the weakest fowalent interactions with bond
energies weaker than BImol! depending on the distance between the moleculest This type

of interaction is based on electrostatic interactions which are created due to thendsseof a
neighboring nucleus which causes the polarisation of the electron cfduddividual bonds are
pretty weak, however having more than one interaction can easily reswtraimgermolecular
interactions'®'2 The second type are ieion interactions which is one of the three am
electrostatic interactions. In terms of bond strength, they are very similar to covalent bonds. Their
bond energy vaes between 100 and 35@Imol™.** An example of an icion interaction would
be sodium chloridewhere we have a cation (Naand a Chnion group, thus showing the way an
ion-ion interaction can be fully maximiséBigure &)*° Then there & ion-dipole interactions
which are formed using a polar molecule, which has a partial charge and #hAesnexample of
such interactions is the bonding of an ion*Mdth water (a polar molecule)** The bond strength
of these interactions ranges between 50 and 2RD mof (Figure B)!! Another type of
electrostatic interaction is dipotdipole interactions, which are the weakest interactions with
bond strength rangingdtween 5 and 50 kJ mal The interactions form when dipoles that carry
a partid charge are alignedesulting in a stronger attraction between the molecul@sgure
30)1° ¢ KSY (GKSNB AYNBNIOlAz2yar 6KAOK NB AydS
St SOUNER ychalch A BDER ™~ (1 KS LI2 adoldiof®d BeighDdGiinglBr&iatic
systemst! Theyare split into two main types and are distinguished based on the thayaromatic
systems interact, with the first one being face to fdd&igure 3 1) (corner of one system to the
centre of the other)and the second one being edge to facérigure 3E2) (perpendicular

orientation of an H atom &M onre system to the centre of anothety.
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Other interactions include anionicinteractions® which involve inteactions occurring between

an anion (C|F) and electron poor aronti systems and catioh A y S, NdcdDring betyieen

a cation (F&, Na) and an electron rich aromatic complEx8&Last but not least there are hydrogen
bond interactiongFigure ®), which are continuouslgxplored in different scientific fields, as they
play an important role in the dynamics, structural and functional properties of various biological

and inorganic complex systerts.

b
A H b H &
SN
H H
B
R i R
3 5
& N——H----0 3+ /—:—\.
R R i i
D P H

Figure 3 lllustrating the different types of nomovalent interactionsion-ion (A), iondipole (B), dipole
dipole (C)hydrogen bonding (D),- face to face.1) and -~ edge to faceE2).°

Hydrogen bond iteractions are described by IUPA@sk group® as interactions which occur
between one or more atoms, from the same or different pmllar structures, which show
evidence of hydrogen bond formatidf.Hydrogen bonds have different structural properties
which are mfluenced by the nature of the functional groups (hydrogen bond acceptor and

hydrogen bond donor) which are part d¢fd binding mode.
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HBAare units with electrorwithdrawing properties (anions), which interact with a positively
charged hydrogen atom, wereasHBDare units with a positively charged hydrogen attached to
an electron withdrawing atom (@r N)!° One of the most commonly observed HBA groups
observed for neutral molecules are the oxygéme nitrogen or fluorine atom$! A standard
example is that of hydrogen bonding observed in water molecules, where the partially positive
charge of the hydrogen in a single molecule is attracted to the electronegative charge of the

oxygen atonof aneighbouring molecule (Figurg.%

H8 H5+
5-
acceptor QOwH O/
/8 8t
H
o* donor

Figure 4 Hydrogen bonding observed in water molecutés

The hydrogen bondtsength is influenced by the nature of the HBD and the structural
geometry of the interaction$’ The average strength of the hydrogen bond interaction is known
to range between 2170 kJ mot,?* with strong covadnt interactions being 6420 kJ mot,
moderate strength of 160 kJ mot being mainly electrostatics amngleak electrostatic having
bond strength ok 12 kJ mol.}! The bond angle of thee hydrogen bonds range betee90my n c =
with the optimal hydrogen bond angle of 186y nc  f S RAYy 3 (2 GGKSn & GNRNY
moderate, 9OMp nc 0SAYy 3 46SI1 FYR Iy | @SNI @Sn2dh @dANR

to weak)!!
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The two types of hydrogen bond geometries are primary, which show the direct interactions
occurring between the HBAnd HBD moieties (linear, bent, donating bifurcated, accepting
bifurcated, trifurcated and threeentre bifuccated) (Figure5) and secodary, showing the

interactions @ttraction or repulsion) occurring betweehe neighbouring greps (Figure 6°

H
a — e AN
H N
b A .
D—H f. D A
A o
A HL
c. D—H. € D——H:---A A
\\A \A

Figure 5 Different types of hytbgen bond geometries; linear)(@gent b), donating bifurcated {¢caccepting
bifurcated (d), trifurcated (8, threecentre bifurcated(f).°

Lol .
e o 1. - 1L
v L7 r' b 67

(o7]

oY) Ol_
—— P T — O ——
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> T—O——
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—>
|
e

|

>
vy,

Figure 6 Secmdary hydrogen bond interactions; attrash occurring lketween neighbouring molecules YA
and repulsion occurring between hydrogen bond donor and acceptor (B)itS

In terms of strength, strong hydrogen bond interactions are known to be similar to cavale

interactions, whilst weak hydrogen bda resemble the weaker van der Waals interacti¢ins.
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However, the directionality properties of theydrogen bonds favouring linear or close to linear
geometries?* aid in distinguishing between these inéetions, also showed by studies carried out

by Gautam R. DesirafdThe hydrogen bond directionality is affected by the charge transfer from
the HBA to the HBD, as well as the polarity of the HBD of a molecular complex, which was also
reported in studies carried out by Dr.Tham Steiner, who observed that as the polacdfythe
molecular species he studied decreased, the directionality of the hydrogen bond incréased.
Intermolecular hydrogen bonding plays an important role in the molecular complexation, self
association and seHssembly processes occurring between complex molecular spédibere

are many theoretical and experimental studies carried out that show how significant these
interactions can be when used in controlling and predicting these events, as well as used to design

novel supramolecular complexes.

2.2 Compl& formation

Complex formation using netovalent interactions goes backttoe mid-1960early 197Qwhere
supramolecular chemistry had already reached a series of breaking discoveries with the
development of macrocyclic ligands for metal cations by thelgrdd 2 ¥ . d2ari@3Kahd W 3 S
Pedersen(Figure 7.281! Three of these systems used the Schiff base reactiomyhich an

aldehyde with an animés usedn order to producean imine!!
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Figure 7 Four major systems of macrocyclic ligangsNJ YS G+t OF GA2yayY [/ dz2NIA& Mm@
1964 (7) and Pedersen 1967.{8

Whilst a large majority of innovation in this field has been recent, the root of the existence of
intermolecular forces were first proposed in 1873 by the thematphysicist Johannes Van der
Waals?*® Following this was another success by Nolaglreate Herman EmRisher who several
years laterA Y i N2 RdzOS R (i K & prindipk Onhile tlogkiRg at Snzyérsubstrate
interactions® This principleis also known as the hoguest exam@ where intermolecular
interactions hold together two or more molecular species thus forming more complex molecular

structures® In an examplepccurring in biological systeme enzyme would play the role of the

host (larger molecule), whilst the substrate would be the guest (smaller molééule).

18



This example along with othesuch as recepteligand® dendrimers in drugdelivery provide

the fundamental principles of selective interactigfighe way the hostinds selectively to the
guest, as well amolecular recognitio?f used in what we know today as hegtiest clemistry.
Along with that hosiguest chemistry has provided the ability to further understand how d¥ugs
should bedesigned, the way complex structures adapt to certain environments and ways in order
to mimic biological sstems®’ A few years latein 192Q Wendell Latimer and Worth Rodebush
were ale to explore and understand more about roavalent bonds and later presented the
O2y OSLIi 27F a&KeéRNE 3ISHThisntdptwiser usediag/a siedpibgistdde 2 NJ
understanding the way a lot of complex biological proesssorked3® An example of such a
process is the wagyhe DNA doublehelix forms, as a result of two independentstis?®® The
double-helixis a ladder which is being held asthbilised by noftovalent hydrogen bonds which

occur between the nucleotides and the four maaucleobases (Figure.8

O
A )\ N _H
o N O o7 NN
A N B
H\“/N\ Noy N0
|
N & N~
N
N / N—
A 7
AT C-G

Figure 8 Hydrogen bonding between the four main nucleoba$es

19



The examples describing the hagiest interactions, enzymsubstrate and doubléelix
formation show selectivity. In the hosgfuest interactionsthe hostselectively chooses to bind to
aspecific guest? similar to the enzyme binding to one specific substrdfehe sme can be seen

in the doublehelix formation as wellwhere a1 adenine nucleobase witinly choose tgair up
with athymine nucleobasécytosine nucleobaseill only pair upwith a guanine nuclebase)?* As

a result of this,chemiss began to realise that these nesovalent interactios can be further
appliedto systems insynthetic cheristry. This was established in 1960 when chemist Charles
J.Pedersen made a breakthrough discovery by synthesising the crown etla¢es.Donald J. @m

and JeanMarie Lehn carried on the research by using the fundamentals which Pedersen had
provided. Thus a new gup of compoundsvasdeveloped showing selectity which could allow

for them to be used as building blocks for the design of more compgiegies? The group
included the crown ethef§ by Pedersen, the cryptatéby Lehn and thepherand”’ by Cram

(Figure 9.

Figure9: Difference in the binding constanhewn between 1&rown-6 ether (9,*° spherand (0)* and
cryptate structure (13.1*

20



As a resultsupramolecular chersiry became one of the most challenging and sophisticatedsfield
of research which has continued developing and growing to this day. Some of the main concepts
which are ontinuously being explored inthis field are selassembly by nowovalent
interactiors® molecular recognitiorf? molecular building blocks which are mechanically
engaged?® molecular machinet and imprinting®? The process of seifssembly using nen
covalent interactions is one of the most complicated and broad concepts which theserha lot

of attention from many researchers in recent years. It is one of the main processesimn
determining the way comlex structures are constructetiow they function in differensolvent
environments These include cell membrangsphospholipids* micelles®® and vesicles® For
example the biological cell membrane is made of a lipid layer (from phosmi®)ligind proteins
with different functionalities, such as integral and periphéf@nother example is the lipid bilayer
which is produced as a result of the safsembly of amphiphiles in a water environmé&hEor
years the scientific community has studied these supramolecular principles in order to use them
for the design of new amphiphilic moleculesn exampleof this is by Yuping Huang and-co
workers, who by ynthesising hydrophilic polyethylene glycol monomethyl ether (MPEG)
substitutions and hydrophobic octangwere able to obtaira novel biopolymeric amphiphile. The
results from the experiments carried had shothat the new chitosarbased amphiphile had gal
solubility innon-polar solvents such as ethanol, Ck#id aqueous solution¥.Along with they
reported the ability of the amphiphildo seltassemble in an exact same waythé different
concentrations they were obserdethus forming the samselfassemited structures sphericdly
shaped with a hydrodynamic diameter of 24nn. Along with that thecritical aggregation
concentration CAQ was also determined to be 0.00668g/mL and the amphiphile also was
reported to havea very small cytotoxicity againstepG2 cell§cancer cellat concentrations
ranging between 0.2g/mL and 0.1 mg/mL® All of the dataobtained had indicated that the
amphiphile could be potentially used in different bigloal applicationssuch as drug/gene

delivenf? or encapsulating the agent féood applicatiorf*
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Another study carried out by Young Park anewaokers, in which hydrogen bond interactions
were used in the productionf a series suprametular gelwith chirality transcription and strong
fluorescent properties(Figure 1952 From the results obtained from the expewnts it was
determined that there was a chaagn the absorption wavelength of the gels before and after the
gelation process as the solution had a weak fluorescence with an emission of30hereas
after it was gelatedhe aggregate exhibited more intenseemission of 5141m .2 It was also
determinedthat the intensity after gelatino was upto 240 timeshigher. This wageportedto be

as a result of the hydrogen boridteractionswhich led to a change in the structure formation,
resulting ina complexassemblyhavinga Jtype aggregationa dye with a longer absorption
wavelength)and planar structuré? In conclusion, the gels were determined to has¢EM
properties, as a result of which they were found to have stronger fluorescence duenggth
assembly processéslt was also reported that the sedfssembly processes occurring could be
observed during the timin which they wee taking place by fluorescendarn on, as a result of

the AIEME?

FsC
CN
PP — P o
O
F.C S CFy
s o -0
OH
0 Y D
NC
CFa

12

Figure 10 Complex formation of therganogel(using a noffluorescent and achiral mmmer and chiral L
tartaric acid)using hydrogen bonding2).6?
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2.3 Anions

Anions are atoms that carry a negative gp@whichplay an important role im lot ofbiological
andchemical processe They are the ones that carry the genetic information in our bodiies,
DNA, cefactors and enzyme® For example, the presence of phosphate anions in the body
stimulates the production of energy, with thieorganicphosphate being in the form of ATP and
ADP?3 CI can be found in the extracellular fluid compartment and plays an important role in
maintaining the osmoaility and electrbemical function across the bodies bilayé¥ Other
anions such as nitrates, sulphates, phosphates are found to affect different processes irfhature.
For examplephosphate and nitrat@anions are present in different water sources, affecting their
environment and living conditiaThe intermolecular interactions between the anionic species
play an important role in complex formation. Examples include anionic receptors, anions used
as ®nsors, anions used as transpens in various biological systems,céf When exploringhe
formation of an anionic receptor(hostguest chemistry)there are different anionic
characteristics and properties which must be considered. The radius between an anion and a
cation are very different, as anions amown to haveamuch larger radius compared to a cation,
thus resulingin them having a lower charge-radius ratio (e.g KK I @ A y 3, comgaped to )
CtK I @A y 3 % @idng with Jhat they also show sensitivity towards pH, meanivay they
could become protonated at a lower pH environment, which would result in the loss of their
negative chargé® Thee are different types of anida specieslependirg on their geometrical
shapec spherical (Cl I), linear (OH Q\), trigonal planar (N§), tetrahedral (S&, MnQy),
octahedral [Fe(CNJ*) and complex shapes such as DNA (double helix) oPRMAmMportant
factor which has anféect over the strength of the binding and the selectivity of theeractions

between the anionic species is the solvent environentént.

23



Receptors whichhave a charge catind solvated anions strongly throughnon-covalent
interactions in polar solvenf€ The type of interactionsccurringbetween the anionic species
aids in categorising the different types of anionic species which can be desiGinednost
popular HBD functional units used fhe structural formation are urea$! thioureas’ and
amides®3%” A |ot ofstudiesof anion recognition between anionic speciés a study carried out
by Shang and cavorkershave been reported in the anionic recognition functions of a sarfes
hydrazone derivave receptors (anthracene basedrigure 1158 The anions used in the study
were ClLF,Br,AcO,H,PQ and I. A series of experiments were carried out in the solution phase,
including fluorescence anitH NMR titration stutks® From the resultsit was determined that
the receptor 13 had dower binding ability, as a result of weak interactions witbme of the
anions compared to receptor 14 and 15 which were establishedhdwe a significantly high
binding capbility for acetate (AcQ® This was determined to occass a result of the increase
in the intensity of the absorption valugsom 450 nm (decrease) to 610 nm (increase) for
receptor 14 and from 430 nm (decrease) to 550 nm (increase) foptec&5,with the addition

of the anion (increase in concentian).®® The final binding trend observed for both 14 and 15
was detemined to be the following:",ICl, Br< HPQ < F< AcO, which was established to be
as a result of th@H of the anion, as well as the interactions between the host and gfi#dtng
with that, it was reported that hydrogen bond interactions play an important role in the binding
between receptorl4 and F whereafter the NH has been deprotonadl the addition of Heads

to the formation of hydrogen bonds with the closest CH in Schiff Basewas also reported
that due to the presence of the N@roup and the hydrogen bond interaochs 14 and 15 were
established to have colour chging properties when interacting withi &nhd AcQ therefore

showing theimpotential abilityto act as colorimetric sensofs.
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13. R1 =R2=H
14. R1 = NO2 R2= H

15. R1 = R2 = N02

Figure 11Structures of the anthracene based receptors (hydrazone deriv@tife

An example ofnion interactions in biological applications can be observed in a study carried
out by Gale and cavorkers repat the design of a group of thiourea and urea based anion
compounds which have a hight transmembrane transpattvity (Figure 125° The molecules

are fluorinatedand nonfluoinated A series of experinmés were carried out in DMS@ +0.5%

HO which showed the ability of the compounds to bind to anions, thus obtaining the following
trend NQ < HCQ < Clk bPQr < SQ?, also some of thenwere determined to deprotonate
(PG and HCQ@).%° Alsq the binding constants for the urea compoundsne determined to

be higheranging between 15882M (mainly observed for the TBA binding with Ka*~ud),
compared to that of the thioureasanging between 12256 M?!, apart from one compond
(Figure 1z thiourea based compoun2b) which could not be fitted to the 1:1 binding modéh
series ofsolid state, transport and structure activity relationship studies were also carried out

for all of the compounds.
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From the final results, it was concluded that this new series of compounds can be used in
transporting chloride through the lipid layer, as a result of@eseof chloride processes including
chloride/nitrate, bicarbonate and sphate® It was also established that the fluorinated
compounds have a higher transport adimtransport clog oP= 8), due to the increase in their
lipophilicity which isncreasedby the higher amount of fluorin€. Along with that one of the
receptors (containing a urea functional group) was determined to be able to transport chloride
at areally low ratio of 1:25000. It was concluded that the fluorinated receptors had an activity
agairst humancancer cells, which was suggested to be as a result of the changes of the pH of

the cells, whiclwastriggered bythe ability of the transporters to carry iorfS.

/ \ X
N‘} HN
@) NH
HN HN\R
NH X
HN

\
R

/
R

16.X=0,R =Ph 21.X=8,R=Ph
17.X = 0, R = p-CgH4F 22.X =S, R =p-CgH4F
18.X = 0, R = C¢Fs 23.X=8,R =CgF5
19. X = O, R = p-CgH4(CF3) 24.X =S, R = p-CgH4(CF3)
20.X=0,R= 25.X=S,R=
e e
CF, CF;

Figure 12 Structures of the ure#16-20) and thiourea(21 - 25) based compound®
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2.4 Amphiphile

Anamphiphile is a molecule whidtasboth hydrophobignhon-polar) and hydrophiligpolar) units.

It has been determineddm the studiesreported in theliterature that solvent environments play
an important role in the noftovalent interactions occurring in solution. The nature of the solvent
(polar/non-polar) and conifions (temperature, solubility) affects the stabilityinteractions and
strength of amphiphilic molecules which results in the formation of various structural species with
a distinctive shape, functionalities and chemical propertieshsas micelles, nanotubes, vesicles,
aggregate assemblies and othétdMicelles are aggregates formed by amphiphilic moleciries
polar solvent environments such as watéithere are different types aftructureswhich can be
formed ¢ direct andreversemicelles,as well as thdipid bilayer(biomolecular sheets)Direct
micellesare formedin a way which causes their hydrophilic de@omponent tainteractwith the
aqueaus environmentwhile the hydrophobic unit interacts witolvent qon-polar) or air(Figure
13).t The reverse micelles are formed in ageseway with thehead group facing the innevater
phase, whereas the taibdiatesaway, thusinteracting with the solvent environment (Figure 14).
The lipid bilayer is an important paof the structure of the cell membranevhich is formed for
the assembly of lipid motailes (norpolar solvents)?® The bilayer is made of phospholipidsiatn
contain hydrophobic tails and a hydrophilic polar h€kiyjure 15)The tails are fatty acids which
are different in length (containing between 144 carbonatoms)’® The saturation of those
tailsis an important characteristiwhich affects the fluidity of the membrari@Theformation of

the micelles depends on the interactions (repelling and attractive) occurring between the
hydrophobic and the hydrophilic groups of the amphiphilic molecule and the solvent
environment/* Micelles are formed at concentrations above and below @®C of the

surfactants. A low CMC value indicates stable micelles.
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Figure 13Direct micelle structurg!
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Figure 14Reverse micelle structuré
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Figure 15Structureof the lipid bilayer'*
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Micelles have different shapes but the most commonly encountered are spherical, bilayer and
cylindrical’® Their shape and size depend on the structure of the amphiphilic molecule, as well as
the environmental conditions of the solvent such as temperatuogcentration, pH, solubility!
Micellar systemsplay an important role in pharmaceuticals due to their ability to increase the
solubility and stability of substancesand compoundsthat are poorly soluble in water
environments This occurs as a result of the nature of the micellesnore specifically the fact

that they have a hydrophobic centerhich results in the decrease of the concentration of the
water from the surface of thenicelle towards the coré® Along with that micelles alsolqy an
important role in drug delivery/target systems or used as model systems in biological membranes.
An example is a study carried out by Feng andnkers, in which they reported the ability to
enhance the solubility of drugs used in cancer treatmeRt#Ba diterpene glycoside was used in
order to increase the drug solubilit¢.The sudies carried out showed that that RUB could form
micelles through selissemblyThe size of thenicelleswas reported to be horizontal 25m and
vertical 1.2nm (ellipsoidal form), whereas the CMC was determined to be ¥8(blank RUB
micelles irdeionised HO)./® The insoluble drugs used in the experiments WwRESNnd CURAfter
loading both anticancer drugs (RES and CUR) WitlB, thus forming CUR/RUB + RES micaties
increase in the solubility of CUY60 fold)andRES (3 fold) was observed. This, therefore, resulted

in establishinghe ability of RUB in being an effective carrier of insoluble drugs. Along withtthat, i
wasreportedthat after loading theRESand CURonto RURCUR/RUB + REBg micelles formed

were moretoxic and effectiveagainst MCH cells, compared to the micelles formedibglividual
combinations obnly RES- RUB as well aRUB+ CURIt was concludd that RUBbased micelles

can be used in increasing the effectiveness of insoluble drugs and enhancing their effect against
cancer cell$® Depending orthe nature of the headgroup, theamphiphilic molecules can lan

be salts zwitterionic (ionic) or non-ionic.”” Anionic surfactantsre one of the most encountered

amphiphiles with theirhydrophilichead goups being negatively chargéligurel6).
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Examples inclde carboxylic acid salts, alkylbenzene pduanates, phosphoric acid esters,
subhonic acids (subhonates carboylates, phosphateand suphate functional groups)® The
different types of counter cations observed in anionic surfactants sa@ium, potassium or
guaternary ammonium iong® Cationic surfactais have positively chargedhydrophilic head
groupsand the most common examples are those of amine salts and ammoniur(Figosel 6).”°
Norrionic surfactants are neutral and the most commonly encountered ones are ethoxylates
(Figure 16).2° Lastly, there are zwitterionic surfactants which have positively and negatively

charged group$Figure16).8°

26 NG

CH,
27 /\/\/\/\;L/\/OH

CHj

28 /\/\/\/\O/\O/\/O H

CHj; o
/
29 /\/\/\/\/\/\/\N_CHz——C/
K No-
CHj;

Figure 16 Different types of surfactantginionic (26, cationic (Z), nonionic (29 and zwitterioniq29).””
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Amphiphilic moleculegontaining a hydrophilic ahhydrophobiccomponentrepresent building
blocks which can be used in order to create more complex structural spesiesyesult othe
different interactions such as hydrogen bonding or hagtest interactions which could occur in a
solution® This has been highlighted and reported in studies carried out by Faustino and co
workers®2 in which they explore the properties of a series of anionic urea based amphiphiles in
the solution stateMonomeric and dimerispecies ofanion urea amphiphéisderived from amino
acids containing sulphur were synthesiZ&tjure 1782 The results from the analysis showed that
the dimeric urea surfactants had a lower CVHRging betveen 0.78¢ 0.82 x 18 mol dnt,
compared to the monomericysteine counterparspeciegranging between 3.37 8.42x 1¢ mol

dm®) whichwere determined to be more efficient in lowering the surface tension, as a refult
the individual sulfhydryl group more specifically copound 30which had the lowest surface
tension of 23.10mN/m™. Hydrogen bonding was observed for the dimeric spgaiie tothe
presence of the urea unfé The studies also showed that the hydrophobic ratgions were
resulting inthe formation of micelles, rather than the hydrogen bonding which was established to
play the main role in the absorption proce3$ie amphiphiles were also tested against bacteria,
however, none of them showed any antimicrobiattivity which was suggested to be as a result
of the short alkyl chaindNo ariimicrobial activity was also observed for the éitic species which
was suggested be as a resaftthem having @ anionicpolar group dso because the arginine

diglycerides g known to be cationié?
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31. R = CH,SH 32. R = CH,CH,SCH, 33.R = CH,SO3Na

Figure 17 Dimeric (3) and monomeric(31,32,33 urea species obtained fro amino acids containing

sulphur®?

3. Introduction o the amphiphilic compounds

Studies carried out by Hiscock andworkers® report the different binding modes and self
association processes of a nearies ofamphiphiles designedby the model shown in Figure 18

using a urea HBD/HBA group, glibnateand carboxylate anionic unit with a TBA counter cation

and a hydrophobic component (aromatic benzer®)is new structural model of the compound

was uniquein their studies Thenew moleculeswere¥ 2 dzy R (2 RS o F 8Hzk (§ NB 4 8
various binding modesghey could attain simultaeously, however notirhited to a ureaurea
complexwhich could be botrsynstacking andanti-stacking®® (Figure 19 and the second one

being a wea-anion dimer binding and ea-anion tape binding (Figure 19
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From the finalresults obtained from all experiments, it was established that the binding modes
were affected by the molecular structure of the amphiphile and the solvent systemsiahith

had been observetf The study by Hisc&and ceworkers* was lder expandedo a bigger group

of novel amphiphilesvhichwere designed with the same geraé structure shown in Figure 18

The HBD/HBA groups used for these new amghiplvere expanded andhcludedfunctional
groups such as thiouréd,amide® or ured’ (X) an anionic component from the prausly
mentioned sybhonate, carboxiate etc. (hydrophilic group) ¥nd acounter cation TBA, TMA
TEATPA etc.) (4 The seHassociatiomprocesse®f these were studied in all three stategjas,

solid and solutionBy presenting a series of aniomgjaest speci€$ and altging the cationic units

they were able tocontrol the selfassembly processe binding modes and structural species
occurring in dferent solvent environmentdt was established that the sedissociation processes
which occur as a result of hydrogen bantkractions can be adapted due to the accumulation of
different HBD and HBunits.Along with that it was determined that the coordination properties

of the hydrogen bond, including angle and length were affected, as a result of the modified acidity
of the HBD (thiourea/urea spihonate).®® Dimeric and large aggregate speéfewere also
reportedly observed in different solvent systems, thus showing the ability of these molecules to

selfassemble in solution, as a result of hydrogen bonditeractions.

| Hydrophobic unit | HBD/HBA | Hydrophillic HBA unit

Figure 18 The structural components required tild an amphiphilic moleule.®
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Dimer

Tape
Urea-anion binding modes\ /

Anti-stacking b// ‘\\‘ Urea-urea binding modes

l | | I Syn-stacking I

Figure 19Binding mode®f anionic molecules, as a result of hydrogen borfihg

The compounds presented in this thesis were synthegqiBagire 2) and were designed based on

the amphiphilic model reported in the Hiscock studiegure 13.
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FHgure 2Q Synthesis scheme faompoundsl ¢ 4; A =1, B =2, C =3, D =4.

Compoundsl and2 contain an anionic syghonategroup,while compound3 and4 have an anionic
carboxylate group(Figure 20). The aromatic substituent of the amphiphiles2 and 4 is

hydrophobic in nature, whilst their anionic sulteent is hydrophilic (Figure 21
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Hydrophobic group O Hydrophilic group

(L2 e
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Figure 21 Showing both the hydrophilic and hydrophobic components of compolindith TBA =
Tetrabutylammonium

Compounds2, 3 and 4 are anthracene based, while compountlis anthragunone based. An
attempt to synthesise a carboxylate anthraquinone based compauasicarried out. Although

the compound was synthesised it could not be purified due to its unstable and reactive hature
thus resulting in the inability to dhin the desired final product at a purity level required for
further investigation.Compound?2 (Fgure 20) has been synthesised and characterised before in
line with previously published methodsCompound1 (0.41 g, 0.68mM, Yield: 23%) was
synthesised by similar methods to those of compo@n@€ompound (0.55 g, 1.5™M, Yield: 61
%)was synthesised by a retgon of 2aminoantharcene, triphosgene and testityl-aminoacetate.
After that3was deprotected using TFA and TBA hydroxide was added in order to obtain compound
4(0.78 g, 1.46nM, Yield:56%) CompoundL, 4 and a series of mixture combinations (compdun

1 and 2, compoundl and 4, compound2 and 4) were fully characterised and their physical
properties were observed and recordeflll of the data obtained from each experiment will be
discussed, interpreted and compared in order to establish the posgibfitheing able to predict

the ways these amphiphiles s@l§sociateas well provide evidence for the antimicrobial mode of

action.
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4. Result and discussion

4.1 Singlecrystal x-ray diffraction:

Single crystat-ray diffraction was desdoped by Max vo Laue in 1912, when he established that
crystalline like substances can be used as thlieeensional diffraction gratings fok-ray
wavelengths® It is a nondestructive techique and it can be used in order to obtainthree
dimensional structure of a cryst&lexplore their structureproperty relationship$® and observe
both the covalent and nowgovalent interactions occurring in the solid std#%°When looking at
the hydrogen bondingfor this series of compounds, the urea substituents and the anionic groups
would play an important role when exping processes such aémerisation®® stability ° and
seledivity.®® The crystaktructures for compoundl and a mixture of compound1 and 2 were
obtained from concentrated solutions DMSGQGds. A dimer of compound was observed along
with the structure obtained for the mix dfand2. Attempts to obtain a crystal structure f@and

4 individually, as well as for mix @fand4, 2 and 4 were carried out using mixture ofdifferent
solvent systems however, they were unsuccessfulCompounds3 and 4 were onlyisolated as
amorphoussolidafter evaporation ofhe solvent The experimentas caried out byDr. Jennir
Hiscockwhile thedatawas processely both Dr.JennifeHiscockand Dr.Helen&hepherd (Senior

Lecturers in Chemistry School of Physical Sciences, Ursitgrof Kent, Canterbury, Kent).

4.1.1 Resultand discussion:

A singlecrystal x-ray structure was obtained for compourdin a solution of DMS@s. The
structure shown in Figure 2Zhows asymmetricalureasuphonate dimer species which was
formed by the anionic monomer and is being held together by only four intermolebytangen

bonds.
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The urea NHact asthe HBDunits in this structurewhilstthe suphonateoxygen atoms from each
individual monomeric specieact asthe HBAunits. Disorderwithin the TBAcounter cations has
meant that the carbons of three of thegtit butyl arms have been modelésbtopically without

the presence of the associated hydrogen atoms. This provides the most accurate model based on

the limitations placed on these data by the single crystal samples obtained.

Figure 22 Single crystat-ray structure of compound; showng a dimer species formed through the urea
subhonatesubstituent; White = Hydrogen, Blue = Nitrogen, Grey = carbon, Yellowhu§ued = Oxygen.

; TheTBA counter cation has been omitted for clarfBCDC 1866278;4Hsa NsO12S (M =1173.33): triclinic,

space group PL, a= 11.9182(9) > = 12.8979(8) *=23.0180(13) = h I y A dpoMépma OXE Oic
Tp dHYy y036A7.8(F)3 =2, T= 293(1K, Cuk' I'  mM ®p n my= 1.147g/cHPRI0reflections
measured (7.168 XX H O K MO0 0 ®H Nl B T0256,HRgx=00.0316) AvtjiotizHeredused in all
calculations. The finah® I & n®mn dpp 04wasH.4600 @lidata). I YR & w

Table 1 Hydrogen bond distances and angles observed for hydrogen bondeplewx formation, calculated

from single crystak-ray structure of compound.

Hydrogen Hydrogen
Hyd Hyd Hyd
Compound yerogen yerogen yerogen bond length bond angle
bond donor atom bond acceptor ,
05 0www! DOl www! |
1 N1 H1 o7 2.957(10) 171.3(3)
1 N2 H2 09 2.862(7) 167.0(3)
1 N3 H3 02 2.893(8) 165.1(3)
1 N4 H4 03 2.868(9) 174.5(2)
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The hydrogen bond lengths from donor to acceptor of compolistiown inTable lrange from

2.957¢ 2.868) and hydrogen bond angles ranging from 174 1374.5.

Figure23: A single crystadray structure ofa solution containing compour2 showing the formation of an
unsymmetricaldimeric speciesreported by Hiscock and emorkers? Compound2 has undegone partial
oxidationinto the anthraquinone.

A crystal structureobtained from a solution of2 only, has been reported byHiscock and co
workers? However, the structure in Figure 28as obtained due to an oxidation process that
occurred during the crystallisation time. It is known that anthracgvieen exposedo air *for a
period oftime, can oxidis€® and form anthraquinoné? The results shown by the Hiscock group
showed this to be the case in thiisstance as part of the anthracenlead oxidised at some point
into the anthraquinoneand the structure shown in Figure 2®&as observed. It showed the
formation of a dimer speiesbeing held together by four intermolecular hydrogen bonds via the
sulfphonatec urea substituent£.A similar crystal structurasing 1:1 mix ofompoundl and2in
DMS@ds has been obtained in #se studies (Figure 24After makinga 55.56mM solution, after

30 minat room temperature, &rystal formation was observe@nly asingle crystal was used in

this study, the rest of the bulk sample was usedmx-ray powder diffraction study.
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The crystal obtained was determined to be very disordered and awedaan unsymmetrical dimer
for compoundl and2 (mix) which had 85%cgupancy, as well as a symmetric dimer of compound
1 which had 15% occupancyhe dimer forl and 2 was held together by four hydrogen bonds,
similar to the hydrogen bonding mode prevay seen in compountl This structure observed for
the mix1 and 2 in this sample was found to be similar to the unsymmetrical dimer reported by

Hiscock and cavorkers?

Figure 24A single crystat-ray structure of compound and2 (mix 1:1) and a dimer formation of compound

1; White = Hydrogen, Blue = Nitrogen, Grey = carbon, YellowphiB8uRed = Oxygen; The TBA counter
cation has been omittedor clarity. CCDC 186627 &seHi05.0dN2013.3:5 (M =1395.66): triclinic, space

group P-1, a= 11.4872(10) = 12.4679(2) >=256.0105(13) = h T p Pho 6 hd O E
T mnp &843Ak4) YZ=2, T=HI00(1K, Cuk I' M dp n My 1.248/crs®, 229860
reflections measured (7.38% H ¢ X MO0 0 @M PHW=Z0.0¥84, Be.F 0.GBOBRWHIdES & w
were used in all calculations. The finabR- & n ®n dy m  0Jdwash.2846 (dlllddta). I Yy R

Table 2:Hydrogen bond distances and angles observed for hydrogen bonded complex torntaticulated
from single crystak-ray structure of compound and2 (mix 1:1).

Hyd bond| Hyd bond
Hydrogen bond Hydrogen bond Y rogfen on ydrogen bon
Compound Hydrogen atom lengtho 5 ww angle
donor acceptor L.

0) 0 DOl www! {
land?2 NOOG HOO0G 0004 2.863(4) 165.51)
land2 N9 H9 0003 2.873(4) 162.8(1)
land?2 N10 H10 000D 3.003(4) 163.6(2)
land2 N11 H11 O1AA 2.868(9) 173.0(3)
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The hydrogen bond lengths from donor to acceptor of compoiliadd2 shown inTable 2range

from 2.863¢ 2.868) and hydrogen bondngles ranging from 165.6 173.c From the data
presented the presece of dimer formationwasestablishedor compoundl, as well as mix ot

and 2. The dimer specieswere determined to bemore stabilisedas a result of theurea NH
hydrogen bond donatig groups and the sphonateoxygen atoms being HBAn the mix
containing thel and2 dimer specieshe selectivitywasrecognsedto playan important roleg the
compounds are selectively picking each other out and the complexng bbeld together ands
being stabilised due to the electron poor (anthraquinone) and electron rich (anthracene)

components fom each individal monomeric species.

4.2 X-ray powder diffraction:

Xray powder diffraction is a noedestructive analytical technique used in chetexising
crystalline solid material®¥. The data obtained is from a powder form of the main material, rather
thanan individual crystal structur&.Theresultsarereceivedas a sequence of Gaussian functions,
allowing a comparison between the main powder pattern, from a main structure, taed
experimenta) as well asninimising the differences and errors between both patterffisThe
powder patterns obtained are like a fingerprint and can be used to determine the presence of
different crystal phasedn cases where a mixtudd crystal phasefs being analyse the final data
can also providenformation about the proportion of different materials/compounds presetit.
For this experimentthe remaining bulk of the samplgontaining compund 1 and 2 mix (Figure
25) from which one crystal was used in the single crystaly diffraction studiesvas observed
This was carried out in order wifferentiate the presence and the proportion feach crystal
phase in the sample bulkhe experirant and data processingere carried outand written with

the help ofDr. Paul Saines (School of Physical sciences, University of Kent, Canterbury, Kent).
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4.2.1 Result and discussion

—— Sample

35
—— Glass sample holder

— Structure 1
—— Structure 2
—— Structure 3
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Figure 25 Showing comparison data between tRkeay powder diffradion pattern (in blue), the glass plate
sample holder (orange) and the patteroisserved for structure {compoundl ¢ grey, CCDC 1866274, Figure
22), structure 2 ¢ompound?2 ¢ red, CCDC 1866275, Figu#®? and structure 3compoundl and 2 mix ¢
pink, CCDC 156275&igure24).

From Figure 28he diffraction patternof the symmetrical dimecan be seelffcompoundl ¢ grey,
CCDC 1866274, Fig@a®, the hydrated asymmetrical dimer (compouBid red, CCDC 1866275, Figure
23)? and anhydrous asymmetricaimer (mix ofl and 2 ¢ pink, CCDC 156275&igure24). The
diffraction nature of the main sampleesults in a diffraction pattern with a sliglsignalratio,
similar to the diffraction pattern observedom the glass holder (Figure 2range) By comparing
the result from the graphit was estalished thatthe main samplediffraction pattern (in blue)
shares similarities witanhydrous asymmetrical dimémix of1 and2 ¢ in pink) with the majority
of the peaks being observed and the peakt8pti being consistent, thsresulting in it being the

leadingphase in the solid state.
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Differencesobserved betweetthe symmetrical dime¢compoundl - grey)and the experimentally
observeddiffraction pattern (in bluesuggesthat the phase is nopresent.On the other hand,
when looking athe hydrated asymmetrical dimercompound2- red)some similaritiegan be seen
when comparing it to the calculated diffraction pattern (blue), suggesting that a small amount of
this phase is presenieverthelesswhen the quality of the data and the similaritiestbé powder
diffraction patterns of botlrsymmetrical dimecompoundl) andhydrated asymmetrical dimer
(compound?2) are considered, this preveatl the ability to determine that thesample is entirely
anhydrous However if structurel (compoundl) wasto be presentit would most likely be only

a small part of the phaseélue to the fact that the diffraction peaks from this structure cannot be

observed.

From the data presenteil wasestablishedhe inability toidentify the sample as being entirely
anhydrous due to the lack of presence of structute(compoundl). This is not surprising given
the fact that the crystal, used in the single crystahy diffraction, was obtained from this sample.
Along with that the proportion of eachindividualcompound present in this phaseould not be

determined

4.3 ESIK MS

Electrospray ionisation maspectrometry is known to be one of the mosgmsificant analytical
techniquesused in various scientific fields chemistry, biology, physicdrom which both
guantitative (ex. concentration) and qualitative (sttue)'®information aboutanalyte molecules
can be obtained® Firstly the moleculebave to be converted into ionic speci®¥sin orderto
achieve this the sample is injected into the ionisaticsourceof the instrument in order taonise
the sample!®! The ions are sorted based on their mass to charge ratia)( which alsaised to

identify the mainmolecule as well as angther formed species®
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The technique can be used in order tmbserve norcovdent interactions such as hydrogen
bonding in big and small moleculgs well ascomplex biological structuré$® ESI¢ MS is
considered a very significant technique when it comes to obsehyidgbgen bonding interactions
in the gas phasé&?

Compounddl-4 were analysed using thischnique in order to determine if there is any evidence

of selfassociation processes occurring oispible dime formation.

4.3.1 Result and discussion

The results which were obtained from the B8 studies, aexpected showanionic monomer
speciegM] for amphiphilesl, 2and 4, whilst compound3 requiredionisationas thecompound
was not an anionic speciethus beingable to have an anionic monomgvi-HJ state shown in

Table 3.

Table 3:An overview otheoretical and actual data collected using higisolution mass spectrometry (ESI
negative) for individuatompoundsl-4.

Compound Theoretical in/z) Actual (m/z)
M]” [M-HT M]” [M-HT
1 359.0343 N/A 359.0339 N/A
2 329.0602 N/A 329.0685 N/A
3 N/A 349.1557 N/A 349.1628
4 293.0932 N/A 293.0932 N/A

Along with that the presenceof dimer species [2M+Hpas establishetbr amphiphilesl, 2 and4

shown inTable4.
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Table 4:An overview of theoreticadnd actualdata collected using higlesolution mass spectrometr{g Sl
negative) for individual compounds4.

[a] lon not observed.

Compound Theoretical in/z) Actual (m/z)

[2M+H]  [2M-H] [2M+Naj [2M+K] [2M+H] [2M-H] [2M+Na] [2M+K]

! 719.0759 N/A  741.0578 [ 719.0765 N/A  741.0586  [a]
2 [a] N/A  681.1096  [a] [a] N/A  681.1249  [a]
3 N/A [a] N/A N/A N/A [a] N/A N/A
4

587.1937 N/A 609.1756 [a] 587.1877 N/A 609.1683 [a]

There were no dimer speciesgaent for compound, due to the facthe compound doesot

have an aion substituent to allow dimeration to occur. With some of the compound samples

more than one dimec species was observedaking compound. (Figure 2§ as an example
showing m/z pak which corresponds to the anionic monomer {si¢tual value from the mass

spec to be 359.033@ed). Asymmetricaldimer speciess observed2M-+HT] which is x(359.0343)

+ 1.0073 = 719.0759 (theoretical value), whiie actual from the mass spec is¥Q765(blue)

(Figure ®). Another symmetricaldimer species is present for compourid[2M+Na} which is
2Xx(359.0343) + 22.9892 = 741.0578 (theoretical) and the actual value from the mass spec is

741.0586(yellow)(Figure27).
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Figure 26 Electrespray mass spectrometry spectra of compounshowing both the monomeric (red) and
dimer species (blue)
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Figure Z: Electrospray mass spectrometry spectra of compofistiowing both the second dimer species
(yellow).
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Mixtures of 1:1of 1, 2 and 4 were also observedThe onecontainingl and 2 identified the
presence of anionic monomgM,] for 1 at 359.0469 (Figure 2Band a monomefMy] for 2 at
329.0696 (Figure 38Along with thatthe preserte ofseveral unsymmetrical dimer speciess
determined. One of them i§Ma+My+H} which is (359.0343 + 329.0602 + 1.0073) = 689.1018
(theoretical) and actual frormass spec at 689.1358 (Figurg.Z®cond one igvia+My+Na] which
is (359.0343 + 329.0602 + 22.9892) = 711.0837 (theoretical) and actual s HdO1(can be seen
inappendix FigureS31 and S32The symmetrical dimer species observedifarere [Ma+Ma+Na]
at 741.0737 (Figure9) and [Mp+MptNa] at 719.1045. As fol, the presence of a single
symmetrical dimemwas observedeing [2M+N4g at 681.1333 (Figur@9). This shows thathese
amphiphiles can fornrmomogeneouslimers,as well as heterogeneous dimegsTable 5 Similar
results were observed for the remaining mixlodnd4, 2 and 4. All remainingeSIMS-ve spectra

and table resultganbe found in the appendig Hgures S27% S39 and table S1.

Table 5: An overview of species observed by high resolution mass spectrometry for mixtures contiaining
and2in al:1 ratio. Miand Msrepresent the anionic component of that amphiphilic saltsitained within
the mixtures analysed.

1 (Ma) +2 (Mb)

Molecular complex

Theoreticalm/z) Actual(m/z)
[Ma] 359.0343 359.0469
[Mb] 329.0602 329.0696
[Ma+Mo+H] 689.1018 689.1358
[Mat+Mo+Na} 711.0837 711.1001
[Ma+My+K] [a] [a]
[Ma-MactH] 719.059 719.1045
[Mat+Mat+Na} 741.0578 741.0737
[Mat+Mat+K] [a] [a]
[Mp+Mp+HT [a] [a]
[Mp+Mp+Na] 681.1096 681.1333
[Mp+Mp+K] [a] [a]
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Figure 28 Electrospray mass spectrometry spectra of mix of compolirehd 2 showing the anionic
monomer species oflL (purple), anionic monomer species @f(grey) and theunsymmetricaldimer
[Mat+My+H] of 1 and 2 (pink).
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Figure 29 Electrospray mass spectrometry spectra of mix of compoliadd 2 showing thesymmetrical
dimers[Ma+Mat+Na]for 1 (turquoise)and [Mp+Mp+Nalfor 2 (brown).
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This study confirmed thpresence oflimer species in the gas phase, as a result of theaquaalent
interactions occurring between the molecules. Unsymmetrical and symmetrical dimer formations
were observed. Neverthelesthe gability of these structuresannot be determinedn the gas

phas, which is why these ampghiles were also explored in the solution phase.

4.4 Solutionphase

In the gas and solid phasatermolecular binding modes and dimeaizon specieccur inthe
absence of solverdolute interactions. Thahowever, is not the case in the solution phase, where
solventsolute interactions play an important role in the saffsociaibn processes, resulting in
aggregate and micelle formatici® Inverse or reverse aggregates or micelles are also known to
form depending on the polarity of the solvetf Example of solventhat contain hydrogen bond
acceptor donor grougre DMSO and watgf’ where the interactions occur between the gons

of the water and the oxygen atom of the DM$®lt is suggested that the selssembly
interactions of these amphiphiles, as well as the nature of aggregates being foomeld be
greatly affected by the solvent solutioirswhich they are observedas a result of their structural
properties (HBA/HBD moieties and electron rich/electron poor componelmtg)rder to explore
this hypothesiscompoundsl, 2, 4 and mixtures ofl. and2, 1 and4, 2 and4 were looked at intie
following solvent solutionszhosenas a result of solubilitand comparabilityc DMSOand EtOH:
HO (1: 19)A series of experiments were carried out for each solvent system in order to explore
the formation of complex aggregate mictures, as well as the dimsaiton processes and

structural stability in thesolutionstate.
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4.4.1 Dynamiclight scattering (DLS) studies

Dynamic lighscattering is a well known ngdestructiveindirecttechnique used ithemical and
biological testilg for determining the stat®f motion of particle, as well asheir size'® As light
beam hits the solution being measured, the Brownian motidrthose aggregates in solution
causes a change in the intensity of light detectBgt measuringhte particle motionthe sizeof the

particlescan be calculated using the Stekginstein equatiorfEquation 1)}1°

Equation 1:Stokes-Einstein equation that can be used to determine the hydrodynamic diamgfer.

d(H)=-2L

where:
the d (H)¢ Hydrodynamic diameter
D¢ Translational diffusion coefficient
k. 2t 4T YFyyQa Ozyaidl yi
T¢ Temperature

' ¢ Viscosity

The light being scattereduring this experiment iaffected by the size of the particlés.Smaller
particles are kown to scatter light very weaklyresulting in a signathat by number is
proportionally weaker thatarger particles!! Smaller particles travel faster in solution, compared
to bigger ones which are slowdtikeany other technique certain limitains of this technique

exist,which need tdbe consideredvheninterpretingthe final results
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Some of these foDLS are as follow$ydrodynamicinstabilities due to gradientghe limited
particle size depets on the viscosity and densitgue to the broad distribution a long period of
time in order to nake the measurements is needeaieasuringthe hydrodynamicradiusof a
particle rather than theareadiameter!'? Thenumber of particlegannot be calculatedcompared
to the signal intensityThe measrement of the diametenf the particleis mad by assuming that

it has a spherical structur@igure 391

| Dh | Dh Dh

Figure 30Showing the hydrodynamitiameter(Dn) which is measted by DLS providing the diameter of the
sphere diffusing the same way as tharficle !4

In this studythe averge intensity particle size distributidar each of the amphiphiles and
mixturesis presented. rtensity was usedas there was not sufficient information to calculate
number distribution. The selassociation processes of compourid®, 4 and nixtures d 1 and
2,1and4, 2 and4 were observed itboth DMSCand EtOH: HO (1: 19) solutionComparable data
for compound?2 has been reported by Hiscock andworkers? All samples underwent a serial
dilution processstarting from the most concentrated sampléhe compounds were observed at
concentrations of 55.5nM and 5.56mM in DMSO and at concentrations of 5.8 and 0.56
mM in EtOH: kD (1: 19), as a result of ttemlubility issuesvhichwere encountereddue o the
polarity of water.All samplesn DMSQvereK S | i S R(5 tefeats) in order to make suteey
had reached thermodynamic stability. After thaach sample vas cooled down to 26 (10

repeats.
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4.4.1.1 Result and discussion

The data obtained from the analysis wiadially presented as @rrelation curve graphsvhich
helped inobsewring and establishinthe validity of the dataThe appearance of the correlation
curve aids in determining the stability the compound and the processes occurring in solution. A
smooth reproducible correlation curve, showing the size distribution for all runs measured
indicatesthe reliability of the dataCorrelation graphs for compounds 2, 4 and mixturesl and

2, 1and4, 2 and4 were all presenteghowing the difference in thstability, which in most s
wasinfluenced by the concentratioof the sampleand compound present. Figure$¢34 illustrate

an example of the DLS correlation grapficompoundl, showing also théwo-stageannealing

process carried out at each concentration
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Figure 3. Corrdation function data for 5 DLS runs heated up tac46f compoundl (55.56mM) in a DMSO
solution.
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Figure 2: Correlation function data for 1DLS runs cooled down to 25/f compoundl (55.56mM) in a
DMSO solution.
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Figure 3: Correlation @inction data for 5 DLS runs heated up tocA®f compoundl (5.56mM) in a DMSO

solution.
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Figue 34: Correlation function data for 10 Dlt@ns cooled down to 28 /of compoundl (5.56mM) in a
DMSO solution.

From theresults shown in Figure3i-34, it can be determinedhat the data forcompoundl isnot
reliable despite the annealing process. THisyefore, shows that there idittle evidence oktable
aggregate structures forminigr that compound As aresult, the calculatedpeak maxima values
cannot beused.Similar results were observed for cpound 2 and mix ofl and 2 (1:1) at both
55.56mM and 5.56nM concentrationsThe correlation graphs obmpound4 (Figure 8) and the
mixtures containing that compountl and 4 (Figure 8), 2 and 4 (Fgure 37) showedsmoother
reproduciblecorrelation curve, meaning thathe data is more reliabléhan that of1,2, 1 and 2.
This also suggestise presence obigger aggregat selfassociated structure©n the other hand
the results from thealibration gaphs for mixtues ofl and4 (Figure 8), 2 and4 (Figue 37) show
that the data is not as reliable as the one émmpound4 on its own (Figure 8). This,however,
would bedue to the fact that one of thenixtures contains compound., while the other mix
contains2, both of which showed that thethe data for them is not reliable wheabserved

individually ortogether.
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Compound4, mix ofl and4, 2 and4 also shows reliable datt higher concentration (55.56M),
compared to when they are observedatowerconcentration (5.56nM) which can be observed
from the correlaton function graphs in Figure8840. All additional graphs can be found in

appendix FigureS61¢ S74.
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Figure &: Correlation function data for 10 DLS runs cooled down te 25 compound4 (55.56mM) in a
DMSO solution.
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Figure &: Correlation function data for 10 DLS runs of compouhdad4 in a 1:1 miXtotal concentration
55.56mM) cooled down to 2% bfin a DMSO solution.
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Figure B: Correlation function data for 10 DLS runs cooled down t@ 28f compound4 (5.56mM) in a
DMSO solution.
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5.56mM) cooled down to 2% bfin a DMSO solution.
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The DLS data for theverage intensitysize distribution for compound, mix ofl and4, 2 and4
showed particles with a hydrodynamic diameteanging between 40@ 500 nm, with the peak
maxima forcompound4 being 436nm (Figure 4), mix ofl and 4 being 496nm (Figure 2), mix
of 2 and 4 being 404nm (Figure &) at the higher concentratioshowing a reliable set of data
From theresultsin Table 6the average polydispeity index which is used in measuring the
distribution ofthe selfassociated structurgin solutioncan be observetb be 27% for compound
4, 26% for mix ol and4, 27% for mix o2 and4. From the resultshe difference in the size and
the erroroccurring at5.56 mM can be observedwhichshows thatas the concentration of the
sample decreases the hydrogen bondtwork of the structures destabilise, thus results in
increasing their size significantlhis shows that the data obtained at 558/ is unreliableThe
res of the size distributiongraphsfor the DLS studies DMSCQOcan be found in the appendix

Figures S4Q; S60.

Table 6:Showing the average intensity particle size distribution values for compatiadd mixturesl and

4,2 and4 calculated using 10 DLS simDMSQat concentratiors of 55.56amM and 5.56mM I i wTFhe ¢ /
sampless SNB A YA GAL f f dandkhdn cookeddodrltb 28 2Samples were prepared in series,
with an aliquot of the most concentrated solution undergoing serial dilution

* - data obtained determined to be unreliable

DMSO

Amphiphile Concentration mMM) Peak maxima (nm) Polydispersity (%)

55.56 noc 6% HA( HT O) n

4

5.56* MCYyy OBR)* MmN oM OF o

55.56 4% oO0p)HMC HC Ok M
land4

5.56* MCTY OB)* MmN Hp OK H

55.56 nnan Ok HA 27605 2n @7
2and4

5.56* MnTM OB* MH 00 OK c
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Particle size (nm)

Figure 4.: Particle size distributiofior 10 DLS runs cooled down to 250f compound4 (55.56mM) in a
DMSO solution.
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Figure42: Partick size distibution for 10 DLS runs of compounti@nd4 in a 1:1 mixtotal concentration
55.56mM) cooled down to 2% bfin a DMSO solutian
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Figure43: Particle size distribution forQLDLS runs of compoun@sand4 in a 1:1 mixtotal concentration
55.56mM) cooled down to 2% bf in a DMSO solutian

Moving into the EtOH: HO (1:19) solvent environment. The hydrodynamic diamedérthe
aggregates for all amphiphiles and mixl@ind4, 2 and4 observed in Tablé rangesbetween100

¢ 350 nm, apart from miland2 at 5.56mM which could not be analysed due to solubiliyrier.

From the data presented in Table Zcomparison can be made between the concentrations and

the particle sizeThe size of the aggregates can be obsentdgbth concentration of 56 mM and
0.56mM for compoundsl (142and124nm, with a polydispersity being 218%), 2 (209 and 198
nm, with plydispersity being 226%)and mix1 and4 (288and275nm, with polydispersity being
24-25%) does not change intensively, which would indé&cthat the structures remain stabl&@he
opposite, however, can be seen occurring for compouhd217 nm and 324nm, with
polydispersity being 227%) andnix 1:1 containing2 and4 (155 and 193 niwith polydispersity
being 22279 where the average sizef the structuresncreasesas the cowentration decreases

to 0.56mM. This would indicate an alteration in the size of the species being formed.
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This is hypothesised to be due to reduced aggregate stability with regards to the concentration
(Table7), as the structures become more diffuse and dynamic in nafthiess &ck of stability could

be attributed due to the mixture of only anthracene + anthracene based amphiphiles which would
explain the results obtained for mix containing compouhand 4. This can be compared to the
mixture containing compoundL and 4, where he mixture is composed of electron poor
(anthragquinone) and electron rich (anthracene) based amphiphiles. This suggests that an increase
in the stability of the selaissociated structies can be obtained as a result of the pairing of electron
rich and eletron poor systems. This is not possible when there is only anthracene + anthracene
pairing. When looking at the stable structure formation for individual compoundsre
specifically ompound2 and 4, a significant difference can be seen, showing thatghkhonate
binding mode for compound, when observed individually is more stable, compared to compound

4 where less stable structure formation is observed. The sanestablishedwhen they are
observed in a mixture together, which would suggest that ti@n reason for stable structure
formation would be the presence of both an electron rich and electron poor system combined
with the presence of the sulfonate moietifhese resultsvere compared tocomplementary
microscopy studie this solvent environmet in order to directly visualise the aggregates being
formed. The particle size distribution and correlation function grafdighe compounds in EtOH:

HO (1:19) can be observed ing appendix Figures S¢598.
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Table7: Summary of werage intensity particle size distribution dareEtOH: HO (1:19) ®lutions of1, 2, 4

and associated 1:tixture. Error = standard error of the mean.

Compound Concentration (mnM) Peak maxna (nm) Polydispersity (%)
L 5.56 M n H1.48)p HT O0p N &
0.56 MHO OB MC My OB MO
5 5.56 HNM O0p HC HH O0p Nno
0.56 Mgy op oc¢ MC OB HOD
4 5.56 HMT OF HC HoO OFR 5N O
0.56 oHN OF MN HT OF 5O
147 5.56 [a] [a]
0.56 HHN OpRp TC HC OF MO
5.56 HYy OF nc HN O0F N O
1+4 , @
0.56 HTpP O6F TC Hp Oob @
5.56 Mpp 0B HC HH O0F N
2+4
0.56 MgpPo OF HC HT OF 5N O

4.4.2 'H NMR studies

A series of'H NMR studies were carried out iorder to explore the moleculabinding
characteristics of our novel moleculd30SY*° quantitative'H NMRstudies(DCM spiking and 5%
EtOH: BO)}!® dilution studied!” and ftration studies. Theresults obtained from the DLS
experiment in DMSO play an important role alongdide data obtained from the NMR studiies

observing the structures being formed in the solution state
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From the DLS studigi$ wasestablished thathere was littleevidencefor the formation of stable
large aggregatstructures forl, 2 and mix ofl and2 in DMSQas thedata wasestablishedo be
unreliable On the other hand, the DLS results for compodnanix of1 and 4, mix of 2 and 4
showed the formation of these sedfssociated large aggregate structures in DMSO with a
hydrodynamic diameteranging between 400 500 nm. TheDOSYstudy was carried ouat a
comparable concentration to the DLS studies (55184) in order to determine the size of the
structures being formed in solutiodn important factor which must be taken into account is that
the size of these structures, similar to the DLS, cpuoténtially be bigger and may not be able to
be observed fully by NM&pectrum*®Which is why a series gfiantitative'H NMR studie€DCM
doping studies)were carried out almgside the DOS¥xperimentsin order to deermine the
amount of compound present in the solution weh can be observed by the NM#pectrum
Compoundsl, 2 and mix ofl and 2 (55.56 mM of 1 and 55.56mM of 2) were observed at a
concentration of 111.12nM (0.500 mL) in a DMS solution. Due to salbility problems
compound4, mix ofl and4 (27.78mM of 1 and 27.78mM of 4), mix of2 and4 (27.78mM of 2

and 27.78mM of 4), wereall observed at a concentration of 55.56M (0.500mL) in DMS&s.
Each of the samples was doped with of PCM.The compounds were weighted out in the NMR
tubes in order to ensurthe accuracy of the experimeni second study similar to the DCM doping
one was carried oufor all amphiphiles and mixturas 5% EtOH: I at a concentration of 5.56
mM (1, 2 and4) and 1:1 for allmix (2.78 mM of one compoundand 2.78mM of the other). Each
oftKS &I YLX S& ¢ a offEtOM.]TBeRsolvérit systemruped wap comparable to the
one used in the microscopy and DLS studiesause KD cannot be used in NMBRudies, DO was
used instead. Along with that a series of dilution and titration studies were carried out in order to

expore the molecular seléssociation interactions of the individual amphiphiles.
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4.4.2.1 Result and discussion

From the data for cmpound 1 ¢ DMC spiking in DMS@ (Figure44) by comparing the peak
integrations of the sydhonateurea CHand the aromatic CH witthat of the DCM signal (Figure
44) it was established that there was no loss of compound from the soluenause the NMR
spectrumis able to observe the entire compodnit is suggested thathere are no extended
aggregate structures being formed, thtkee entire compound remains in the solvent stat€his
was also confirmed by the DLS data (at a comparable concentratis®.s mM, where it was
established that largaggregate structures cannot be observ&imilar results were observed for
both compound2 and mix ofl and 2, which showed no apparent loss of compound, confirming
that extended aggregates are not presefite graphs can béound in the appendi¥igues S99

and S100.
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Fgure 4. A*H NMR spectrum of compourid(33.50 mg, 0.055M) in a solution of DMS@s (0.495 mL)
FYR RAOKf 2 NP2 Y SiiM) ith & detay (d=160 $). No apparent loss of compoustiserved.

64



On the otherhand, this was not the case for compourdand the mixtures ofl. and4, 2 and 4,
analysed using the same conditions, where an apparent loss of compound was obseawed.
compound4 there was a 15% sample reduction at a concetitia of 55.56mM, calculated upon
integration comparison (Figure5% The loss of compound indicates the formation of large
aggregate structuredt also suggested thahey cannot be fully detectecnd observedy the
NMRspectrum due to the fact that tlese structuresare formedtumble too slowly because of
their size so they appear saolidhile the remaining compound remains in the solution sté&ier
compound4 it was determined that only 15% ofthe amphiphileis part of these extended
aggregate selhssembly species, while the remaining 85% of the compound remains in the
solution state and is visible by the NMRectrum The same results were established for both
mixtures containing compound. With a 569%total lossof compound(of equal ratio in the
sdution), calculated upon integration comparison obsenfed 1 and 4 (Figure 4) and 50%
compound loss calculatedr 2 with 4 (Figure47). This suggested the formation of extendsalid-
state aggregate structures, consisting of both compounds in equalusnisp being formedthus
not visible by the NMRspectrum The remaining equal amount of compound, for both mix

remains in the solution sta and can bebserved by the NMBpectrum

) MJUM I8 _JU -

k)
Chemical Shift (ppm)

Figure 4: A*™H NMR spectrum of compourti(14.98 mg, 0.028 M) in a slution of DMS@ds (0.495 mL)
FYR RAOKTf 2 NP Y SriM atyith a defay (#=t60s). he expeyiment was carried out at a lower
concentration due to solubility problems. A 15% reduction of compound was observed upon integration
comparison.
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Figure46: A 'H NMRspectrumof compoundl (8.40 mg, 0.014nM) and4 (7.54 mg, 0.014nM) (both

together 15.94 mg, 0.0281M ) in a solution of DMS@0 n ®ncpp Y[ 0 YR RA OKniMg NB Y S
solution with an extended delay {¢ 60 s). The experimewas carried out at a lower concentration due to
solubility. A 56%eduction of compound was observed upon comparative integration.
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Figure 4: A'H NMRspectrumof compound2 (7.95 mg, 0.014nM) and4 (7.40 mg, 0.014nM) (both
together 15.35 mg, 0.0281M) in a solution of DMS@ 06 n ®npp Y[ 0 I YR RA OKniM) NB Y S I
solution with an extended delay {¢ 60 s). The experiment was carried out at a lower concentration due to

solubility. A 50% reduction of compound observed upon comparativegjiaten.
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From the result®btained from the EtOH: SO solvent environment, pon peak integration of the
EtOH signal and the main molecule was established that there was an apparent loss of
compound at a total concentration of 5.56M observed for # individual amphiphiles anaixture
combinations. For individual compountis2 and 4, a 34%, 77% and 92% loss of compound was
observed upon integration eoparison respectively (Figur&4 50). This shows that in the cases
for compound2 and4 more thanhalf of theamphiphile is used in the formation of these extended
molecular species, with only 23% and 8% of the amphiphile being visible via thepédirum

As for the mixtures at 5.561M and 1:1(equal ratio in the solutionthe following loss of sanig
was obsered ¢ for 1 and2 a 95%, forl and4 a 65%, fo2 and4 a 94% respectively (Figuré §

53). An apparent compound reductiooan be seeror the mixtures. This suggests that greater

quantities of these molecules are incorporated into the extethaeolecular suctures, due to

symbiotic processes occurring between the individual amphiphilic salts in the mixtures, thus the

remaining 5%, 35% and 6% compound remains in the solution state and can be seen by the NMR

technique.
Y.\ | sl U‘U
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Figure48: A'H NMR spetrum of compoundL (1.65mg, 0.0027mM0 Ay | az2f dziiAzy 27

mM) and RO (0.475 mL). A 34% reduction of compound was observed upon integration comparison.
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Figure49: A'H NMR spectrum of compourl(1.57 mg, 0.002mM) in a solutiyy 2 F SO Kl y2f 6 H
mM) and RO (0.475 mL). A 77% reduction of compound was observed upon integration comparison.
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Figure50: A'H NMR spectrum of compourdl(1.51 mg, 0.0028WM)inad 2 f dziA 2y 2F SUKI y 3
mM) and RO (0.475 mL). A 92 reduction of compound was observed upon integration comparison.
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Figure51: A'H NMR spectrum of compourid and 2(mix) with compoundL (0.89 mg, 0.0015M) and
compound?2 (0.78 mg, 0.0014nM) (both together 1.68 mg, 0.0028M) in solution of eth y2f o0 Hp «f :
mM) and RO (0.475 mL). 85% reduction of compound was observed upon integration comparison
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Figure52: A'H NMR spectrum of compourtd and 4(mix) with compoundL (0.84 mg, 0.0014nM) and
compound4 (0.74 mg, 0.001MM) (both togeher 1.58 mg, 0.0028MM0 Ay | a2t dziAz2y 27F ¢
mM) and RO (0.475 mL). A 68% reduction of compound wlaserved upon integration comparison.
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Figure53: A'H NMR spectrum of compouriand 4(mix) with compound (0.75 mg, 0.00131M) and
compound4 (0.72 mg, 0.001&1M) (both together 1.47 mg, 0.0026M0 Ay | &2t dziA2y 2F ¢
mM) and DO (0.475 mL)A 94% reduction of compound was observed upon integration comparison.

The'H DOS¥tudies werecarried out in order taexpore the sizeof the structures being formed
mainly for compoundsl, 2 and mix 1:1 ofl and 2. This experiment wasiot concludedfor
compound4, mix of1 and 4, 2 and 4, dueto the inability to observehe entire mass ofthe
compound by NMRpectrum alsoconfirming that the aggregate species being formed are too big
and cannot be measured via thisidy. This was supported by results obtained in the quantitative
H NMR studiesThe *H DOSY experimentsirried out forl,2 and mix ofl and 2, show that the
TBA cation does not move at the same speed as thehsmate-urea anion meaning that they
both have different diffusion constant§his proves that these two species do not coordinate
strongly ina DMSGsolution? The diffusion constant calculated in the experiment was used to
determine the hydrodynamic diameter of the anion structure by the Stdkiestein equation
(Equation 1¢ DLS stdies)?!!® The hydrodynamic diameter calculated for the phbnate-urea

anionof compoundl was determined to be 1.39 nat a concentration of 55.561M (Figure 3).
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The hydralynamicdiameterof compound2 was1.26 nm, whereas for the mix @f(1.41 nm) and

2 (1.31 nm) at the same concentratipsuggestingthat the anionic substituent of these
amphiphiles exist in théorm of monomers or dimersn the solutions Thisconfirmsthat there are

no large aggregate structures being formiedthe solution state which was alsaletermined by

the quantitative'H NMR DCM dopinystudies and the DLS studies carried fartthis group of
amphiphilesl, 2, mix ofl and2. To summarise, quantitate *H NMR studies were performed in
order to confirm that all of the compound dissolved into the solution was visible using this
technique as large aggregates may tumble too slowly within the solution to be observed by this
method. After confirming thathie compound is fully visible in DM$pvia the quantitative NMR
experiments the size of the structures was then determined through th&¥Y€&tudies in DMSO

ds. However, this is not the case for EtOHOH{1:19) as the total concentration of compound was
not fully visible in that solvent environmerdye tothe size of those aggreges produdsging too

large to be observed using thiechnique. As a result, the DLS studies were also carried out in order
to determine the size of those larger nanostructupggsent in solution. The different solutions
were used in order to stabilise the different nanostructures. The different-az=lbcated
structures are supported by different solventsin DMSGQds there are dimers and monomers,
which were observed by NMRectrum and their size was determined using the DOSY technique,
whilst in EtOH: kD (1:19)the bigger selassociated structures werobserved by the DLS studies
and visualised via Fluorescence microscopy. This is why the size for the structures cariried ou
DMSQds (for the*H NMR studies and DOSY studies) are so different from those observed in EtOH:
HO (1:19) solution in the DLStudies. This is due to the fact that the different structures are
studied in two different solvent environment$heremaining DOSY graphs cédme found in the

appendix FigureS101 and S102.
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Peak name F2 [ppm] lo ermor D [m2/s] emor
1 9.677 6.03e+06 9183 1.58e-10 5.268e-13
2 8.262 2.12e+07 9186 1.58e-10 15601e-13
3 7.913 1.25e+07 9241 1.61e-10 2.619e-13
4 7.891 1.32e+07 9185 1.58e-10 2.404e-13
[ 7774 1.90e+07 9175 1.57e-10 1.660e-13
G 7.633 9.51e+06 9172 1.57e-10 3.320e-13
7 7611 8.33e+06 9174 1.57e-10 3.796e-13
8 7.432 7.86e+06 9172 1.57e-10 4.019e-13
) 4.032 2.47e+07 9149 1.56e-10 1.266e-13
10 4.017 2.49e+07 9153 1.56e-10 1.256e-13
11 3160 3. 11e+07 9829 1.99e-10 1.362e-13
12 1.563 3.37e+07 9822 1.99e-10 1.254e-13
13 1.313 6.38e+07 9793 1.97e-10 6.547e-14
14 0.927 2.74e+08 9775 1.96e-10 1.515e-14

Figure54 ¢ Showing'H DOSY of compourid16.76 mg0.028mM) at a concentration of 55.5@1M (stock)
in DMSGds (0.500mL) conducted at 298K and a table representing the véluethe diffusion constant for
each peak used for calculating the hydrodynamic diameter (1.39 nm) of the sphonatec anion (green).
This does not include the TBA counter cation peaks (RBeBks 110 correspond to the anionic component
of 1 while peaks 1114 correspond to the cationic component hf
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4.4.3 ' HNMRassociation studies

A series of dilutiorand titration studieswere carried out in order to explore th&trength of the
molecular seHassociation interactionsf this new series of anfphiles. The dilution studies were
conducted for amphiphiles 1 and 4. Titration studies however, were only carried out for
compoundl and 2, with compoundl being the host an® being the guest for thdirst set of
experiments andheir positions were sitched around for the second sewith 2 being the host

and 1 the gues. Results for compound for the dilutions studiesiave been previously reported

by Hiscock and evorkers® showing that as the concentration increases, a change in the chemical
shiftis observed, thus making the hydrogen bonds stronger which results in the formation of dimer
species: Thesamples underwent serial dilutions starting from tiest concentratecsample For

the dilution studiescompoundl was studied at a concentration @fL1.12mM, while compound

4 was studied at 55.561M due to solubility barrier. The solvent uséat this study was DMS@s

+ 0.5 % HO solution.This solvent system allowetie binding mechanism of the HBD urea NH
groupsto be studied The titration studés were carried out at a concentration of 1111 (for

both ses of experimentsjn DMSQGds + 0.5 % H,O solution The sample preparation method can

be found inthe experimentatechniques (section 8).

4.4.3.1 Result and discussion

The results of the diition studies carried out for compourid(Figure 5) and compoundt (Figure
56), showed thatas the concentration increaseslawnfield changeén the chemical shift for both
ureaNH group (from both compounds¥ apparentsuggestinghe formation ofsef-associative

hydrogerbonded complexes
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The increase in concentration would alsgply more stable hydrogen bonisteractionsbetween

the structuresbeing formed The resultsfor compoundl, demonstrate thatthe NH (orange)
closest to the syhonateurea shows a bigger change in chemical shift, compared to the NH
closest to the aromaticing system (blue) (Figures). As for compound!, agreaterchange in the
chemical shift for resonances corresponding to both urea NH grcampbe seeifFigure 5). One

of the NHs (orange) for compourt could not be fitted to a binding isotherm due to peak

overlapping, which prevented us from obtaining a full set of points.
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0 0,02 0,04 0,06 0,08 0,1 0,12
Concentration (M)

Figure %: Graph showing théH NMR dowsfield change in chemical shift of urea NH resooes with
increasing concentration of compouridin DMSOds/ 0.5% HO mixture (298 K). Peak overlapping during
the experiment prevented the fitting of Nf¢range)to a birding isotherm.
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Figure ®: Graph illustrating théH NMR dowrfield chang in chemical shift of urea NH resonances with
increasing concentration of compourddn DMSCGde/ 0.5% HO mixture (298 K).

In order to determine the binding strength of sel§sembly systemdurther analysis is usually
carried out by obtaining measuments which are affected by both temperature and
concentration!!#120 Meijer and ceworkers are known to have explored both methods with the
intention of determining ad presenting quantitative information about both cooperatiaad
isodesmié?! selfassembly system$? Basa& on the aggregate formation mechanism there are
two main systemsmulticomponent (heterogeneou$¥and single component (Imoogeneous}?

For this study the single component (homogeneous) aggregate formatidhbe studied The
following can be cesideed when looking at the general linear aggregation systegual K model
where the initial association constant]is the same as the as the rest of the association constants
and the CoEK model, where the initial agation constant (K is different from the subsequent

F33a20AFGA2Y O2yB{Fgyfd®. 610X 1nT 1 pXPlLAOD
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p > 1: N@ative cooperativity

Figure 5: Showing the oneeomponent general linear aggregation system @qual K/dimerisation model
(2), the CoEK model (3) , apavhich is theinduced difference in free energy (%#}:28

Both the equal K/dimerisabn model and the CoEK model were usedit the data provided by

the *H NMRdilution study. The data for compountiwas plotted using Bindfit v0.%2° software
developedby Meijer, which was usefbr determining the binding constantsf our amphiphiles.
Results for compound 2 have been previously reported by Hiscock andvookers? The data for

both the equal K/dimerisabn model and the CoEK model for gomaund 1 can be found in Figure

58. The calculate@qual K/dimerisation model was determined to BgnI ™ ¢ ®,ythe Caelé
model was calculated to B&imI'  H M ®. TheeqaalKimodel showed a lower errorpf M ® ¢ M M 22
compared to that of the CoeK model gf ™M @4 thus gonfirming the presence of complex
dimeric species in the solutiostate supported by the databtained from the'H NMRDOSY
experiment, as well as theesults obtained from thénigh-resolution massgectrometry and the

single crystal xay studies.
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From both modelsthe dimerisation/equal K model was determined to give the bestfdit the

data presented for compountl. Comparing theequal K model for compountl (KimI'  Mc ®y n a
K 1.6117%to the already reported value of compouBdKsm= 1.5 M'p  #9dyHiscock and €o
workerg a significantdifference between both valuesan be seenA high Kmwould indicatea

more stable hydrogen bondingetwork, which can baeen for compond 1. However despitethe
complexesformed being somewhat weagkthe oneshy 1 were determined to be morditting
compared to those foP. Thiscould be due to the electron poor nature of the anthraquinotieus

having strongerelectron withdrawing propertiescompared to the anthracenewhich would
increase the amount of setfssociation proesses occurring in the solutideading to more stable

and strongeicomplex formation.

1. Equal Kdimerization model
K.=33.68 MM 0 ®H H O M2 Kim[ Mc®yn aéuy B MDPCMM

http://app.supramolecular.org/bindfit/view/744e6¢c7-6407-49f5-9bc7#b4046934f1b6

2. CoEKnodel
Kel'' mMHOARB330% 14 FKiml HMPnp aéuy p MOTacdcpHr 5 Mp ©

http://app.supramolecular.org/bindfit/view/04f112aPbd0-4280-a7d5446f68d4a57

Figure B: Selfassociation constant calculatisnf compound lusing thechange in chemical shift of a single
urea NH(blue ¢ shown in Figur&5)

Although the same dilution experiment was performed with compodifgigure B), the data was
not fitted to the selfassociation binding model due to the fact thhts model can only calculate
a selfassociation process involving one componsgifassociation systemsather than complex

ones.
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This is not the case with compoai4, asit wasshown from previous studies the formation of large
aggregate structures which are not visible by Nspectrum This is also why thigwgphiphile was

not used for anyitration studies.

A series otH NMR titrationstudies however were carried out with both comound1 and?2. For

the first study compoundlL was the host and being the guest(Figure ®). For the second
experiment they were switched around 2 beingthe host andl the guest(Figure60). The guest
was added to the hst through a series of additismf 2 x10>L,5x8>[ = n E wmnaFrom[ I p
the data observed for compound (host) (Figure ®) and compound? (host) (Figure60) a
downfield change in the chemical shift of the uss&l, corresponding to theost compound can

be observed upon addg the geest to each hostThe change in the chemical shift indicates the
formation of heterogeneous (multicomponent) species in each of the solutidissmentioned
before this model can only assume the formation aeaelfassociation process. In thiase for
compoundl and 2, the presence of one component (homogeneous) and a multicomponent
(heterogeneous) setissociation processas determinec confirming the presence of monomeric
and dimeric complex formation. Ag@sult,the dimerisaton constantwwas not calculatethecause

there was morghan oneinteraction procesccurring in each solution.
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Figure ®: A graph showing the downfieltH NMR change in chemical shift for the NHs of compdL(mgdst)
with increasing the concentratioof compound? (guest) in a DMS@s/0.5% HO solution (29&).
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Figure60: A graph showing the downfielti NMR change in chemical shift for the NHs of compd@Jindst)
with increasing the concentration of compoufdguest) in a DMS@s/0.5%H:0 solution (298 K).
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4.4 .4 Zetgpotential measurements andensiometrystudies

TheCMGisthe concentration at above which adding extmaphiphilig results in the formation of
bigger micelle structure¥® Micelles ,however, can be present before the CMC value is
determined. The CMC is calculated by measuring the surface tension of the molecular sélution.
An important factor which must be considered when carrying out the studies iaggesgate
stability. This catve affected by thesolvent systems in which &y are being observed arttle
aggregate formationAs a result, a series of zeta potential measurements were castiedoth

the surface tension and zeta potential measurements were carried out in the sdusmssystem

in order for the results to be eoparableg¢ EtOH: HO (1: 19)Results olcompound2 for both
studieshave been previously reported by Hiscock andvookers? The samplesn both studies
underwent a serial dilution process startifgpm the most concentrated sampleFor the
tensiometry sudies the CMC was calculated using the methods reported by Costas and co

workers!?®

4.4.4.1 Result and discussion

A series of comparative zeta potential studies were carried out in order to study and determine
the stabilityof aggregates formed by these amphiphil€somprevious research carried out and
results reported irthe literature, it is known that a measurement which is more negative tfgh

mV or more positive than +30 mV is considered stafE° A lower zeta potentialhowever,

meansa lower aggregate stability and a tenderfoy the particles to flocculate (Eure 61).1%°

LYOALASYG adlroAftAde o6 mn Y+ (2 5 c

M2RSNIGS aidloArAtAGe 65 on Y+ G2 p nn
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Figure @: Showing the stability of colloidal species depending on their zeta potential ¥&lue

Fromthe results reported infable8, the variation in the zeta potential measurements for each
individual conpounds and mixturesan be seenAt a higher concentration compourdd mix ofl
and4, mix of2 and4 are a little morestable with thevalues ranging between57 mVto - 65 mV,
while at a lower concentratioa destabilisation of the formed aggregate species can be observed,
with values ranging between38 mV to- 48 m\. On the othethand,compoundl, mix ofl and2

are more stable at dower concentration with values 6f78 mVand- 83 mVrespectively Values

for mix1 and2 at a concentration of 5.56M could not be obtained due to a solubility barrier.
Compound? is stable at both tested concentrationBhezeta potentialgraphs for all compounds

can be found in the appendix Figer8103; S114.

Table8: Zeta potentialmeasurementgor compoundsl, 2, 4 and mixtures of compountiand2, 1 and4, 2
and 4 calculated using 10 zeta potential rumsEtOH: HO (1: 19) at concentrations 656 mM and 0.56
mM at 25¢ /Samples were prepared in series, withadiguot of the most concentrated solution undergoing
serial dilution.Compound2 was analysed despite values for it being reported by Hiscock amadcers?

[a] Compound solubility ggvented experiment.

EtOH: KO 1:19
Amphiphile

Zetapotential (mV)

556mM  0.56mM
1 -64 -78
2 -88 -78
4 -57 -38
1+2 [a] -83
1+4 -65 -48
2+4 -60 -41
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From the datait can be seen that the amphiphile molecules which, contain phsulateion (1,2,

mix of1 and2) are shown to form more stable aggregate structures compared to compéuhd

and 4, 2 and 4, which contain a carboxylate ion. It is suggested that thisccta as a result of
changing the geometry parameters of the anionic substituent or its hydrophilicity which could lead
to changes in the strength and stability of the sedociation binding modeThe surface tension
was measured using the pendant drogthod. Three set of measurements were taken from an
individual droplet at each concentratiomhesurface tensiorwasplotted on a graph against the
concentrationallowing to calculate the CMCluas for compoundsl, 4, mix ofland2, 1 and4, 2

and4 (Table9).

The results from th&€MCshow the following trend (lowest to highest): mix band 2 < mix of2
and 4 <4 < mix ofl and4 < 1. The CMC was the point at which no further decrease ifasar
tension was observedThe CMC values can be affected by temperature and the compound
structure (hydrophobic and hydrophilic group). In this case mix of compduaidd 2 has the
lowest CMC valuef 1.09mM (Figure &). Compared to that individually, ogpoundl (Figure &)
(anthraquinone)has the highest CMC value of 8 M, while compoun® (anthracene)has a
reported CMC value of 2.58M by Hiscock and eworkers? Compound4 also has a low CMC
vaue of 2.5 mM. This explains why m&kand 4 has he scond lowest CMC value (2.27M),
considering the low CMC for both compounds individuatigl the fact that they havanthracene
basedstructures Thisalso explaiswhy mix 1 and4 hasthe second highest CMC (5.4#M), which
can be mainly because of compa 1, being anthraquinondasedhaving such a high CMC value.
The results obtained shothiat by changing the molecular species the CMC value cambidied,
asshown in mixi and 2 where the CMC value for each individual compodn@.17mM) and?2

(2.52mM) is lower to that of 1.09nM for the mix solution containing 1:1 of each.
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Thisalso suggestthat having an electron richafthraceng and electron poor (anthraquinone)
systems can result in a decreasef the CMC value. Furthermore,the surface tasion
measurements for this series of compounds create the following trend (lowest to higBestit
4<1and4<1and2<4<1which carbe seen in Tabl8. The rest of the tensiometry graphs can
be observed in the appendix Figur8415¢ S117

Takinginto account the solvent system in which the study was carriedo&tOH: HO (1: 19),
the surface tension of water is known to be 72.75 mNaha temperature of 21.% A3 Any
addition of surfactants to the solution will lead to a decreas the surface tensiordue to the
disruption of the hydrogen bond networfR This can be seen in the results for compounil

and2, 1 and4, 2 and4 whose surface tension mearements range between 463mN n1* (Table

9).
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Figure &: Calculation of CMCL(09 mM) for compoundsl and 2 (1:1 mix) in an EtOHH0 (1:19) mixire
using surface tension measurements.
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Figure &: Calculation of CMG(17 mM) for compoundl in an EtOH: HO (1:19) mixture using surface
tension measurements.

Table9: CMCand surface tension measurements faympoundsl, 2, 4 and mixturesof compoundl and
2,1and4, 2 and4 in EtOH: HO (1: 19) Compound? was analysedlespite values for it being reported by
Hiscock and cevorkers?

a¢ previously published values by Hiscock andvookers?

Amphiphile CMC (M) Surfaceension (MN nT?)
1 8.17 52.75
2 a a
4 2.57 52.65
1+2 1.09 52.49
1+4 5.12 51.60
2+4 2.17 45.74
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4.4 5Fluorometrystudies and UWis spectroscopy

Ultra-violet visible spectroscopy and fluorometry are two techniquésclr were used in order to
aidthe fluorescence microscopy and transmission studies, by gaining more information about the
species being monitoredhe studies allowed the determination of theost suitable filters to be
used for the microscopy studies. Ela of the individual compounds$, 4 and mixtures, were
analysed using UVisspectroscopy in order to determine their absorption wavelersg&ollowing

the information from the UWis, fluoresence studies were carried out for each individual
amphiphile anl mixtures in order to determine their excitation and emission wavelengths. Both
studies were carried out in a solution of EtOHOH1 19). Data for compoungfor each of these

studies have been previously reported by Hiscock ardadkers?

4.4.5.1 Resultand discussion

The data obtained from the UVis spectroscopy studies showed that the absorption wavelengths
of compoundsl,4 and mixtures ofl and2, 1 and4, 2 and4 rangebetween 260¢ 280nm (Table

10).

Table 10 Showing the UWis absorbancepropertiesof compoundsl, 4 and mixtures1 and2, 1 and 4, 2
and4in a solution oEtOH HO (1: 19).

Amphiphile Peak maxima (nm)
1 280
4 260
1+2 262
1+4 262
2+4 260
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These results were then used in the fluorometry studies in ordguide the determination othe
excitation and emission wavelengths of each individuahpound and the mixtures (Table 111
The data shows that the values for the excitation wavelengthgedetween 27@ 422nm, while

the emission wavelengths range betweé438¢ 476 nm. Compound has a small Stoke shift of 54
nm (Figure 8). If the shift had been smaller than < 25 nm then this could result in measurement
errors or seHguenchingt**** Compared to that compound has a largegoke shift of 186 nm
(Figure 6). Fluoresent molecules that have a bigp&e shift are known to have lofluorescence

emission intensitywhich results in pogphotostability 3¢
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Figure @ Fluorescence spectra of compoufict aconcentration of ImM in EtOH: KO (1: 19) showing a
Stoke shift of 54 nm.
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Figure &: Huorescence spectra of compoudcdat a concentration of 0.inM in EtOH: O (1: 19) showing
a Stoke shift of 186 nm.

Bycomparing the ®ke shifts of the mixtures from Table 11 it can be seen that the mbaoid 2
has the smallestt8ke shift of 82 nm1: 1mix2 and4 has a shift of 98 nni,:1 mix ofl and4 has
the greatestSoke shift of 114 nmAs a result oits low shift, 1:1mix of1 and 2 (Figure 6) was
observed via the microscopy studi@$he greater the t8ke shift, the easier it would be toliain
the microscopy images, due to the fact that the background light cannot be imatediest of
the graphs for the MW-Vis and fluorometry studies can be found in the appendix F&ELE;

S124.
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Figure &: Fluorescence spectra of compouh@0.5mM) and2 (0.5mM) in EtOH: kO (1: 19).
showing a Stoke shift of 82 nm.

Table 11 Showing the fluorescence excitation and emission values of compdyridsnd mixturesl and
2,1and4, 2and4in a solution of EtOH: 2 (1: 19).

Amphiphile <& (nm) <Em (nm) k st
1 422 476 54

4 270 456 186
1+2 356 438 82
1+4 356 470 114
2+4 356 454 98
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4.4 .6Fluorescencenicroscopy andransmission studies

Fluorescence microscopg an importantscientific technique used forvisualising fluorscent
images This technique has developed greatly throughout the years and can bdarsgddying
intermolecular norcovalent interactions in both chemical and biological studies such as molecular
cell biology**” protein structure formatiof®® andfluorescent molecule$*® Compoundd,2, 4 and
mixturesl and2, 1 and4, 2 and 4 are fluorescent based amphiphiles which were confirmed by the
fluorometry studiesCompoundsl,2, 4 and mix ofl and 2 were visualised usinigoth fluorescent
and transmissiormicroscopy, whichdentified the structures formed usinghese amphiphiles,
provided the ability tadirectly visualise these structures in the solution stdtee resultobtained

are directly comparabl¢o the data from the DLS and NMR studies carried out in the solution
phase thus achievingoth quantitative and qualitative inbrmation about the molecules. The
solvent system used in this study was EtOHO H1: 19). All molecules were observed at
concentrations of InM and 0.56mM which are directly comparable to the DLS studies carried
out at the same concdration of 0.56mM. A limitation of this technique includasnconscious
bias, thuspresuming that everything being observed through the micopscis part of the bulk
sample.In order to avoid this, the transmitted images were overlaid with tt@nparable
fluorescence microspy imagein order to determine which structuresbserved contain those
fluorescent amphiphileg, 2, 4 and 1:1 mix ofl and2. Each sample was pipettdd0> Yon to an
agarose pad and a coverslip was added on top reducinmthement of structures formed in the
solution, as well as solvent evaporation. This was carried out by methods reported by &vin.
filters used in the study were chosen by considering the excitationeamdsion wavelengths of
the amphiphiles, thus the following filte were used: GFP (excitati@®80 nm and emissio9510
nm) and DAPI (excitation 350 nm and emissiog 450 nm). Some of the compounds could be
visualised using both filters, while otheyaly one.The data waiterpreted with the help of Tia

Eastwood DanMulvihill group, School of Biosciences, University of Kent) and Dr. Dan Mulvihil
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4.4.6.1Result and discussion

The microscopy images of compoudd(Figure &) show the formationof spherical shaped
structures withdiameters ranging between 80120nm observed from both concentratns

(ImM and 0.56nM) (Table 12 Theoverlaid image in Figure8@&onfirms that the structure is part

of the main sample.

Figure &: Left: a DAPIilfered fluorescence microscopy ima@f compoundL (1 mM) in an EtOH: ¥D (1:

19) solution. Right: an analogous transmitted light microscopy image. Evidence of aggregated spherical
structures is circled for clarity. Photobleaching during the imaging pooesulted in loss of fluorescence
emission intensity, as a result, somggregates could not be captured in the fluorescence microscopy image.
Only clearly visible spherical structures which appeared in both images were measured. Shape variation can
be due to individual aggregation and or moving structures.

Figure68: An overlaid image of those shown in Figargleft and right) image. Clear evidence of aggregated
spherical structures of compouridare circled for clarity.
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The same sphericalrsictures can be observed in compou¢Figure 8) with diametersetween
100¢ 130nm from both concentrations (Table L2An overlaid image for these stitures can be

seen in Figur&O.

Figure ®: Left: a CFP filtered fluorescence microscopy imagewipound2 (1 mM) in an EtOH: #D (1: 19)
solution. Right: an analogous transmitted light microscopy image. Evidence of aggregated spherical
structures are circled for clarity. Photobleaching duringithaging process resulted in loss of fluorescence
emission intensity. As a result, some aggregates could not be captured in the fluorescence microscopy
image. Only clearly visible spherical structures which appeared in both images were measured. Shape
variation can be due to individual aggregation and or mgwétructures.

Figure70: An overlaid image of those shown in Figaegleft and right) image. Clear evidence of aggregated
spherical structures of compourffiare circled for clarity.
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From the images obtained from compoudd(Figure 1), the formation of both spherical and
irregular shaped aggregatesin be observedThe diameters of the spherical structures ranged

between 90¢ 210 nm(Table 12. The overlal image can be seen in Figura 7

Figure71: Left: a DAPI filtered fluorescence micropgamage of compound (1 mM) in an EtOH: ¥D (1:

19) solution. Right: an analogous transmitted light microscopy image. Evidence of aggregated spherical
structures are circled for claritPhotobleaching during the imaging process resulted in loss ofefhoence
emission intensity, as a result, some aggregates could not be captured in the fluorescence microscopy image.
Only clearly visible spherical structures which appeared in both imagesmeasured. Shape variation can

be due to individual aggregatiacand or moving structures.

Figure 2: An overlaid image of those shown in Figuigléft and right) image. Clear evidence of aggregated
spherical structures of compourntiare circled fo clarity.
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The formation of these spherical aggregates frontleandividual compounadan be observed
Furthermore the presence of these rstctures (Figure 3) was also seein the mixture solution
containing both compound and 2 with varying diameters between 109170 nm from both
concentrations (Table 32The owrlaid image can be seen in Figuré. Tarrying out this study
enabled direct visualisation these structuresnfmd through aggregation processes at room
temperature in their native solvent environmeriirom the results (Table 1#he presence of both
spheical and irregular shaped aggregaiesntaining multiple spherical one®)r all molecules
were identified The spherical shaped structures were observed for all molecules at both
conentrations. The measurements of clearly visible individual sphefioai each compound
were measured and an avejga size was calculated (Table).J2ompoundl has structures with
diameters ranging from 8120nm, with an average size of 100 nm. In compoRtite diameters
vary between 10@ 130 nm, with an average diametef 117 nm. For compound, formations
with diameters between 10Q 210 nm and an average diameter of 1 were observed And
finally, with the mix of bothl and 2, structureswith diameters between 10@ 170 nm, with an
average of 133 nnwvere seenOnly clearly spherical particles were measured and were used to
calculate the average size in each individeainpound.By knowing the average size of these
structures,the results are comparetb the data obtained from the DLS studies carried out in the
samesolvent environment and concentration.dfn the results shown in Table 12 and Table 13
the similaritiesin terms of the sizes measurezhn be observed.df compoundl individual
particlesare seerwith a size of 12@m which is similar to the size séned in the DLS for 124m.

For compouna particles with a size of 13@m are observedwhich is slightlyower thanthe size
measured by the DLS of 1881. The results forampound4 established the presence sfructures
with size up to 21@m which ¢ laver compared to the ones measured via DLS withr884-inally,

for the mix ofl and2, sizes of 17@0m were established which is slightly low compared to the ones

determined by the DLS studies of 22%.
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Thereason why the sizes measure@ ¥he microsopy studies arso different compared to the
DLS is due to the hydrodynamic solvent sph&rgounding the aggregates, which is included by
the DLS instrumenwhen carrying out the measurementsull range ofragescan be found in the

appendix Figure SP5¢ S158.

Figure 73: Left: a DAPI filtered fluorescence microscopy image of compduadd 2 (1:1 mix) (total
concentration 0.56mM) in an EtOH: #D (1: 19) solution. Right: an analogdtensmitted light microscopy

image. Evidence of aggregated sphakritructures are circled for clarity. Photobleaching during the imaging
process resulted in loss of fluorescence emission intensity, as a result, some aggregates could not be
captured in tte fluorescence microscopy image. Only clearly visible sphericatstes which appeared in

both images were measured. Shape variation can be due to individual aggregation and or moving structures.

Figure74: An overlaid image of those shown in FigdB{left and right) image. Clear evidence of aggregated
spherical guctures of compound. and2 (1:1 mix) (total concentration 0.5@&M) are circled for clarity.
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Table 12 Individual and average sizedearly visible single spherical structures obserficgdcompoundsl,
2,4and mix ofL and2, 1 and4, 2 and4.

[a] compounds supplied in a 1:1 ratio. [b] Total molecular concentration.

Average size (nm)

Aggregate diameter (nm) and error %
Compound
1 mmP 0.56mMP
1 90, 110, 120 80 MAn 0p GOOPMH
2 130 100, 120 MMT O0F Yy dPym
5 90, 90, 9090, 100, 120 80, 80, 9, 90, 90, 210 MAH O6p M OH
1+2 100, 130 170 MOO OF HIDH

Table 13 Average size of clearly visible single spherical structures (microscopy) and average peak maxima
size of the structures analysed in the DLS studies.

Amphiphile Average size () Average sizénm)
and error %{microscopy) and error %at 0.56mM (DLS)
1 Mnn o6 GPMHY MHNOR M®Ppop
2 MMT O0p ydPymdbd mpy o065 0DYyH
4 MAH O6F MN®HY oOoHN OFRMNO®PHO
1+2 MOO Op HADHT|HHN Op TOYT
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5. Amphiphiles asnovel antibiotics

5.1 Introduction

The increase in bacteriggsistance over the years is one of the greatest problems to global health,
leading to countless research studies being carried out towards the development of novel
antimicrobial agent$*' Both Gram+veand Gramve bacteria have revealed signmultiresistant
patterns towards various antibiotics used in medical practice. As a result, antibiotics are shown to
have little effecton a disease or an infection, with worst cases leading to no effect #£akhere

are variols resistant bacteria which are categorized based on their structural morphology, shape,
cell wall, etc. Two of the most common bacteria ones encountered in clinical practice are Gram
+ve Methicillin-resistantSaphylococcus aureudMRSA US300*2 and Gram-ve Escherichia coli
(E.col).**The main diffeence between Gramve and Grarave bacteria is the cell wall structure,
which can have an ihfence over the activity of an antibiotiGram+vebacteria have a thicker
layered homogeneous cell walith values ranging between 1520 nm, with some being as thick

as 80 nm, whereas Grarae bacteria have a much thinner heterogeneous cell wall wilues
ranging between 7.5 12 nm (Figure 5).2**However along with thatGram-ve bacteria also have

an extra outer membrane with additional porins, making their membrane watldrdo be treated

by antimicrobial agents (Figuré)A4®

Gram negative bacterial cell wall Gram positive bacterial cell wall

Periplasmic space
- . Periplasmic space
Periplasmic space

Figure B: Cell wall structure of botkeram +ve am Gram -ve bacteria
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Bacterial cells can be grown in a laboratory environment under controlled conditionsagnioe

used in screening testing to determine whether they are susceptible towards novel compounds.
146 Depending on the conditions they can grow quickly, however that also depends on the bacteria
being observed?’ 148

When bacteria begin to grow they follow a particular growth patte/hich is depicted as a growth
curvel*” The gowth curve presents four different phases through which the bacterial growth over
time is observed; lag phase, exponential phase, stationary phase, and death gffaghe first
phase is the lag phase where bacteria must adjust to their new environmehe Hacteria are
grown in similar conditions then they will have a smaller lag ph&déthe cells a grown in a

less favorable environment, the time taken to adjust to that environment will increase, resulting
in an elongated lag phasé The next phase is the exponential phase, also known as the log phase
in which the amount of ezh individual cell double¥8 After that the cells go into stationary phase
(third phase)wheresome new cells will continue to grotwpwever, an equivalent amount of cells

will begin to die, resulting in a plateau of ligells1#648 This is due to the absence of essential
nutrients which are required for the bacteria to keep growifi he finafourth phase is the death
phase, wherghe number of viable cells begin to decrease sldwes not mean that all cells die at
the same time, some could die immediately while others may be resistant and carry on

growing*814° An example of a cell growtturve can be seeim Figure .
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3. Stationary phase

2.Exponential phase
4. Death phase

1. Lag phase

Bacterial cell number (log)

Time (hours)

Figure B: Bacterial growth curve showing the four growth stagelkg phase, exponential (log phase),
stationary and death phasé?®

The hydrophilic and hydrophobic units of the amphiphile play an important nothdir activity
towards bacteria. The mode of action depends on the functional group of the hydrophilic
component and theformation of micelles which can disrupt the cell wall. Anionic and cationic
surfactants are known to be more effective at solubilisend disrupting the cell membrane,
compared to norionic* This occurs as a result of theidity of the molecule, which in the case

for anionic compounds shows an increase in their activity agaiacteria, as theHdecreases™

The opposite is observed for cationic compounds, showing that an increase in the acidity leads to
a decrease in the activity against bacterial cellsimportant fact which musbe considered when
designing ne/ molecules is that anionic species are negatively charged, thus require a positively
charged cation which can BEBA, TMA, TPA and othén.recent years, the research and interest
toward anionic based amphiphileshich can be used in biologic processedhas increased
significantly A study carried out by Nabel and-amrkers has reported the activity of a series of

synthesized anionic gemini surfactants against GtaaGram-ve bacteria and fungt®!
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It was presented in the study that the gemsnirfactants were obtained by linking two monomeric
surfactants using a spacer. Along with that, it wasorggd that the anionic gemini surfactants
contained phosphates head groups and different hydrocarbon chain lengths (C8A, C12A, C16A and
C18A)°t It was determined that the CMC value of the surfactants decreases as the length of the
alkyl hydrocarbonleain increases (chain length C8A to C18Ayasestablishedo lead toa high
hydrophaobicity of the surfetants, as a resulh the increase of the methylene group€H-) in the
hydrophobic chaing®! The esults from thestudyalso showed that the interfacial tension values

of the surfactants had a range between 114 mN/m ! It wasdeterminedthat the decrease of

the interfacial tension was due to the increase of the alkyl hgdrbon chain length (with C8A
being 14 mN/m and C18A being 11 mNA)This wasdeterminedto have aneffect over the
inhibitory ability of the anionic surfactants. The surfactants were also tested against bacteria (both
Gram+veand Gramve), as well as fungi. tas reportedthat the synthesied surfactants had a

very good antimicrobial activitggainstboth Gram-ve and Gramtve bacteria, with examples of
inhibitory values againgEcoli which ranged from 1% 32 mm/mg, as welas againsB.pumilus

which ranged from 18 34 mm/mg*!It was concluded that the antimicrobial aatiof the anionic
surfactants is affected by the length of the alkyl hydrophobic chains, thus by increasing the length
of the chans, the surfactants had becommore effective and theirantimicrobial activity

increased!

5.2 MIGso studies

There are various screening methods used for observing the antibacterial activity of new
compounds. Two of the mostommonly used are the disk diffusidest'®? and broth dilution

test.1s3
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The both dilution test was chosen for these studiedich can be usetb calculate the minimal
inhibitory concentration (MIC) of the compound beiagalysed:>® MIC represents the minimal
concentration at which an antimicrobial agent inhibits the growthbatterial cell$®* Both the
cells and the potential antibiotic undergo a dilution process and are thipetted into a plastic
microdilution plate, each containing 96 wells which allows the analysis of several different
compounds athe corresponding concentrationSome of the advantages this screening method
include reproducibility, the ability to anale several different compounds at the same time,
microplate preparation, as well as being able to calculate the K>

For this studythe MIGsy value for each amphiphile and mixturegas established. The MIC
representsthe minimd concentration at which only 50% of the test population is inhibiédhe
series of MIg; studies were carried ouhiorder to observe the susceptibilitf this new series of
amphiphlestowards both+veMethicillin-resistant3aphylococcus aureUMRSA USA306’ and
cve Escherichia co{Ecol) bacteria in the logphase!*® A detailed explanation of thereparation
and calculating method for the Migan be found in thexperimental techniqueésection 8)The
ratio of amphighile solution to cell suspension cultutesed in the wells fog.aureusvas 1:2, while
the ratio forE.coliwas 1:6. Initial screening established that due to slow cell growth they cotild no
be run at lower volume than ™k [(+ @ x [of the compound, redting in a total volume of 200

K ), unlike theS.aureusvhich was ran at 9& [(+ 90k [of the compound, resulting in a total
volume of 180k ). The studies for compounds2,4, 1:1 mix of1 and 2, 1 and 4, 2 and 4 were
carried out in5% EtOH:$D (1: 19)The samplesinderwent a series of dilutions starting from the
most concentratedsample Growth curves were plotted usirgn average of the six comparative
absorbance reading$aken on two separable dayssingMicrosoft Excell assisted in carrying out
the studies;however, the main experimentaere conducted with the help dfiyasha AlleSchool

of Biosciences, University of Kent)
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5.2.1Resultand discussion

The MIG, was calculated for each of each of the individual compouhds 4 and the seies of
mixtures ofl and 2, 1 and4, 2 and4. The OmM value in the graphs corresponds to the control
sample ofEtOH: HO and the bacterial cells.

The average growth curve graphs showing the activity of each comphund4 against the
bacterial gravth (S.aureuys can be observed in Figureg-79. From those, the activity for each
compound at the corresponding concentratioan be seen Compound. (Figure 7) and2 (Figure
78), for example,both show an increase in activity against the bacterial scelt higher
concentrations, resulting in cell death. In between them, howegdras a bigger effect over cell
death at thosehigh concentrations compared th Also,on compoundl, slight aggregatiocan

be observedat 1.5000 mM which could be due to theells getting agitated or the compound
dropping out of solution. Compourdl shows some activity, however, does not entirely kill the
cells, as it can bseen from the graph in Figur®that they continue to grow after some time
(observed at the highest agentration of 10000mM and 0.87® mM). The lower concentrations
for all compoundsl, 2 and 4 compounds have no effect over the bacterial growth, as observed

from the graphs.
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Figure77: Average growth curves obtained for MRSA USA300 irpthsence ofcompoundl at eight
different concentrationsOptical density (OD) relates to the number of cells present.
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Figure 78: Average growth curves obtained for MRSA USA300 in the presenmengfound?2 at eight
different concentrationsOptical desity (OD) relates to the number of cells present.
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Figure 79: Average growth curves obtained for MRSA USA300 in the presenmanmgfound4 at eight
different concentrationsOptical density (OD) relates to the number of cells present.

The same canébobserved in all the 1:1 mixtur@scluding these compoundsl and?2, 1 and4, 2
and4 shown in Figure80 ¢ 82. The mixtures kill the bacteria &wer concentrations, compared
to the concentrationsobserved for the compounds when they are by themselves
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Figure80: Average growth curves obtained for MRSA USA300 in the presence of compdoandg (1:1
mixture) at eight different concentration®ptical density (OD) relates to the number of cells present.
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Figure81: Average growth curves obtaidefor MRSA USA300 in the presence of compounaisd 4 (1:1
mixture) at eight different concentration®ptical density (OD) relates to the number of cells present.
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Figure82: Average growth curves obtained for MRSA USA300 in the presence of compbandd (1:1
mixture) at eight different concentration®ptical density (OD) relates to the number of cells present.
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A summary of the calculated MiZesults from all individal amphiphiles and 1:1 mixtures can be
observed in Table 14 and a graphicgpresentation with a comparable concentration@B73

mM can be seen in Figu&S. By comparing the Mkgvalues for single compounds 2 and 4 it

can be establishethat compound2 has the lowest Mi§valueof 0.4638mM compared to that

of compound4 (0.6068mM) and compoundL (0.7146mM). A low MIG would mean a more
effective antimicrobial agent. This gives the following tréw4 > 1 indicating that2 (being an
anthracenebased and having a gilonate anion) has a higher antimicrobial activignd is
considered a more effective antimicrobial coarpd to 4 (anthracenebased and having a
carboylate anion)and 1 (being anthraquinone based and having glohateanion). This shows
that by swapping an electron poor system for an electron rich ba#y having a sphonateanion,

the activity of the ptential antibiotic towards the bacteria increasébe results for the mixtures

on the other hand, showed that by having both the anthraquinone (electron poor) and anthracene
(electron rich) based compmds (L and2) with suphonateanionsthere is an evenbiggerdecrease

in the MIGo (0.3352mM) when compared to the compounds algnmeaning that these self
association complexes have a higher antimicrobial activity when they are together compared to
whenthey are observed individually. Adding a mixtaefetwo anthracenebased amphiphiles to

the microbial culture also showed an increase in the antimicrobial activity. This is observed for 1:1
mix of compoun@® and4 which gave an Migvalue of 0.3169nM. This combination has the same
electron richsystem,however, it also has two different aniorssulphonate and carboxylate.
Compared to the final one withh and 4 with an MIGo value of 0.7505nM where no apparent
decrease of the Miigwas observed, makirigless effective compared tband2, 2 and4 asshown

in Table 14. The final results show the following trend (lowestdlith the highest antimicrobial
effect to highest MI¢;, lowest effect)2 and4 =1 and2<2<4<1<1and4. From this trendit

can be established that the mixtures which h@lve highest antimicrobial effect ar2and4, along

with 1 and 2.
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Theleast effect can be seen with mixb&and4. This also shows th#tese compounds work better
asantimicaobials when they are tagher, compared to when they are observed individually. Along
with that, the significancén the presence of both anthraquinone (electron poor) and anthracene
(electron rich) based systemss establishedn the case of 1:tix of1 and2. Thisalso suggsted

that the effect of these antimicrobial amphiphiles depends on the supramoleculaassdiiation
processes which occur on the surface of the bacterial cell wall. These processes create self
associated complex structures which disrupt tieludar menbrane, thus preventing the bacterial

cells from growing. From thig,is proposedhat presence of both electron poor and electron rich
systems, along with ionic interactions and hydrogen bonding is essential in order to stabilise the
structures being fomed, which then leads to an increase in their antimicrobial efficacy. The graphs

used in calculating the Migtan beobserved in the appendix Figw&159; S164.

0,800
0,700
0,600
0,500

0,400

OD (abs)

0,300
0,200

0,100

0,000
15 215 415 615 815 1015
Time (minutes)
0.0000 mM 1 2 4 ——1and?2 land4 ——2and4

Figure83: Growth curve for clinical isolates of MRSA in the presence andchaebs#1, 2, 4 and 1:1 mixtures
of those three amphiphiles at a total molar concentration = 0@B@#B/. Optical density (OD) relates to the
number of cells present.
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Table 14:MIGsovalues calculated for compounds2, 4 and their 1:1 mixtureagainst MRSA UAGR

Compound MIGso
mM >g/mL
1 0.7146 431.1539
2 0.4638 264.9921
4 0.6068 324.8200
land2 0.3352 397.2835
land4 0.7505 854.5568
2and4 0.3169 350.6974

A series of experiments were carried @gainstve Escherichia co(Ecoli).The resultshowever,
showed no antimicrobial activity against this type of bacteria for all amphiphjlés4 and 1:1
mixtures ofl and 2, 1 and 4, 2 and 4, thus the MIGcould not be calculated. An example of the
growth curve for compound againstE.colis show in Figure &. A limitation to this experimen
however, was the fact that each compound was repeated only once, whileMBISAeach
compound was repeated siknes in order to make sure the results were consistent and accurate.
Therefore this experimenheeds to be carried out several more times in ordemd/fexplore the
effect of this series of amphiphiles agai&tam-ve E. coli The rest of the growth curve graphs

can be found in the appendix Figuie$65¢ S169.
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Figure 84: Averagegrowth curves obtained foE.coliin the presence of compoundk at eight different
concentrationsOptical density (OD) relates to the number of cells present.
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6. Conclusion

In conclusiona new group of electrorich (anthracene) andlectron poor (anthraquinone) based
amphiphiles were synthesised and their satiociation properties werestudied These
compoundsvere observedndividuallyl and4, as well as part of a mixtudeand2, 1 and4, 2 and

4. Asmentionedbefore, results for2 for some of the studies have been m@ped by Hiscock and
co-workers. It has been determined that the sedssociation properties of this series of new
amphiphiles depend on the solvent systems in which they are observeglhas their physical
compments. Studies in the solid stat®y solid crystalx-ray diffraction showed the presence of
symmetrical dimer formation through the intermolecular binding of four hydrogen bonds
observed for compound and2 individually, as witas an unsymmetrical hydreg dimer formed

in a solution of 1:1 mix containing bottand2, due to the favourable presence of both an electron
rich and electron poor system. This also presumed to affect the selectivity and stability of these
dimer compéxes. These unsymmetrical angmmetrical dimeric species were also observed in
the gas phase using E3HS, with both being present in all the 1:1 mixtures while only symmetrical
were observed in the individual amphiphilés 2 and 4. The quantitative *H NMR studiesfor
compoundl, 2 and mix ofl and 2 showed that the entire compouncdhassis visible by NMR
spectrum *H NMR spectrunDOSY studies which confirmed the size of the structures formed not
being bigger than 1.4am. Followed by théH NMR dilution studies which showed therfwation

of stable hydrogen bonded systems due to the change in the chemical shift observed for
compoundl. For those solutions containing compouédncluding mix ofl and 4, 2 and 4, the
formation of extended large aggregate structures was determined supported through the
results obtained in the quantitativéH NMRspectrumstudies, which showed an apparent loss of

compound which could not be observed via the Nipectrum
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The DLS da showed structures witladiameter ranging between 400500nm in these instances
Results from the solution state obtained through DLS and quantitdti§MRspectrumstudies
(apparent loss of compound, which could not be seen by the NpRtrum) in anEtOH: HO
(1:19) solution showed the presence of extended-askociation spherical structures observed
for all amphiphiles and 1:1 mixtures. The fluorescence of the amphighigl and mix ofl and

2 allowed them to be directly obseed through fluorescence microscopy. The zeta potential
measurements showed #t the amphiphiles containing fHhonateion (1, 2, mix of1 and 2)
formed more stable structures compared to those containing a carboxylatetjdrapd 4, 2 and

4). Along withthat, the CMC and surface tension studies showed that the formed structares c
be stabilised through the presence of both electron poor and electron rich sygtemf1 and

2) which results in a decreaséthe CMC compared to when they are observed individually. The
same trend was observed in the antimicrobial studies caraedagainstGram+ve Methicillin-
resistant Saphylococcus aureu$MRSA USA300 From the calculated Migvalues it was
determined that thepresence of both electron poor and electron rich systems (mikafd 2) is
essential in order to achieve greatentimicrobial efficacy again&ram+ve MRSAthus proving
that they work better asantimicrobials when they are together, rather than erthey are used
individually.It was also determined that further studies need to be carried out in order to fully
expore the activity of these amphiphiles agail@tam-ve E.coli To conclude, through a series of
chemical techniques theelfassociation properties of this new group of amphiphilesre
explored along withtheir antimicrobial activity againgeram+ve MRSA USA300, which from the

results obtained show their potential of beimgvel antibiotics
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7. Future work

Initial studies carried out for this series of amphiphiles discussed was aimed at exploring their self
association properties and potentiahtimicrobial activity againsGram +ve S.aureus as well
preliminary studies carried out againstam-ve E.coli
Future work which can be carried out with these amphiphiles is the following:
9 Further testing these amphiphiles and mixtures agafBsitm-ve E.colj in order
to establish whether they have any potential antimicrobial activity agaimist
type ofbacteria
1 Further clinical testingf these amphiphileagainst pombe cells (imitating human
cellg in order to determinavhether they are deemed $aandcan be used against
human cells for further testing
9 Substitution of the urea functional group with a thiourea and exploring whether
this modification would have any effect over the safsociation properés and

stability of the amphiphiles
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8. Experimental techniques

General remarksPositive pressure of nitrogen and oven dried glassware were used for all
reactions. All solvents and starting materials were purchased from known chemical suppliers or
available stores and used withoutyafurther purification unless specifically stipuldteThe NMR
spectra were obtained using a Burker AV2 400 MHz or AVNEO 400 MHz spectrometer. The data
was processed using ACD Labs or Topspin software. NMR Chemical shift values are reported in
parts per milion (ppm) and calibrated to the center of the régal solvent peak sef.ensiometry
measurements were undertaken using tB@lin Scientific Theta Attension optical tensiometer

The data was processed using Biolin OneAttension softwakeamilton (309%yringe was used

for the measurementsThe meltingpoint for each compound was measured ustgart SMP10
melting point apparatus. Higtesolution mass spectrometry was performed using a Bruker
microTOFQ mass spectrometer anthe spectrawere recorded ¥ R LINP OS&da SR dza A
Compass Data Analysisfteaare. Infrared spectra were obtained using a ShimadzAffRity 1

model Infrared spectrometer. The dataas analyzed in wavenumbers (crt). Fluorescence
emission and excitation spectra were obtaineging Agilent Technology Cary Eclipse Fluorescence
Sectrophotometer and processed using Eclipse ADL (Advanced Retidsre. he results were
reported in nm.DLS and Zeta Potential studies were carried out using Anton Paar Litésa@r

and processedsing Kalliop8'ProfessionalCellular growth curve measurementgere obtained

using Thermo Scientific Multiscan Go 181318C plate reader and recorded using the Skanit
Software 4.0Bulk solidstate phase purity was examined usinga¥ powder diffradion carried

out on a PANalyticdEmpyrean diffractometer (40.RV, 30.0 mA) operating ih-2' reflection
geometry and equipped with monochromated Cu k<l M ®p nMlcé = -y R | - Q/

detector.
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HRMSApproximately 1mg of each compound omtaire of compounds was dissolvedl mL of
methanol. This solution was further diluted 2802 f R 6 ST2NB dzy RSNH2 Ay 3 |
sample was then injected directly into a flow of &M ammonium acetate in 95% water (flow

rate = 0.02 mL/min).

X-ray powder diffraction: The sample was hand grinded in an agate mofté&le sample was
then transferred onto a glass plate and was held there at room temperature. The data was

collected in intervals of 0.0tbver the course of 14hrs.

Singlecrystal x-ray studies: a suitable crgtal of each amphiphile was selected and mounted on

I wA3lF1dz hEF2NR S5ATFTFINI OQGA2Y {dzLISNYy 231 RATTNI
at 100 K or 293 K as necessary due to crystal instability at lower temperaturesuftsuwere

solved withthe ShelX*¥° or ShelXStructure solution programs via Direct Methods and refined

with ShelXt® on Least Squares minimisation. Ol¥R2vas used as an interface tall ShelX

programs (CCDC 18662¥866275).

DLS studiesill vials used for preparing the compound were claad dry. All solvents used were
filtered to remove any particulates that may interfere with the results obtained. Samples of
differing concentréions were obtained through serial dilution of a concentrated solution. All
samples underwent an annealingp®& 4> Ay @6KAOK GKS& gSNB KSI GS

22t G2 wHp x

~

® ! aSNASE 2F p NYArt@befdr&EadNBE NJ

o}
ASNASa 2F mn Nizya 6SNB NBO2NRSR 4 wHp x/

113



Zetapotential studies: All vials used for prepaninthe compound were clean dry. All solvents
used were filtered to remove any particulates that may interfere with the results obtained. All
samples underwent an annealing process in which the various solutions were htated
approximately 40c before beirg allowed to cool to room temperature f@minsand then a series

of 10 runs were carried owdt 25¢ for each sampleSamples of differing concentrations were

obtained through serial dilution of an initial stos&lution.

Tensiometry studiesAll the sasmples were prepared in BtOH: HO (1:19) solution. All samples
underwent an annealing process in which the various solutions were heated to approximately 40
c before being allowed to cool to room temperatuikll samples were prepared througiserial
dilution of the most concentrated saple. Three surface tension measurements were obtained for
each sample at a given concentration, using the pendanp dnethod. The average values were

then used to calculate thEMC

Fluorometry studiesAll samples wez prepared at the highest solubility concentration and
underwent a series of dilutions. Glass cuvettes were used for the analysis. The cuvettes were
washed with the solvent used whietas EtOHHO (1:19) All solutions underwent an anneagin

process and were allowed to rest for approximately 2 minutes before undergoing analysis.

UV-Vis studies:All samples were prepared at the highest solubility concentration and underwent

a series of dilutions. Glass cuvettes were used for the analygiulvettes wee washed with the
solvent used which was EtOH:H(1:19). A blank wasin first before analygg the prepared
samples. A spectrum was obtained with the absorption wavelengths for each solution. The values

were written down at an equilibriuntemperature 0f298.15K.
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Titrations (self-association studies)Clean and oven dried vials were used for preparing the
samples. The solvent used wdimethyl sulfoxideds (DMSOQO). A series of calculations were carried

out in order to esteem th@mount of hst and gues 0.01 x 1.5 [ [ g{mok(MVi) = host

(mg) and 0.15x 1.0 ML XX ®PE 3IkY2f o6a20 I 3IdzSad o6vy3aoo
DMSQds, from which 0.500nL was added to an NMR tube. The guest was weighted out on the

lid of the vial in which the haosvas dissolved and both were mixed together (solution used for the
additions)Two sets of experiments weren. In the first the host was compouridand the gust

was compound2. They were both switched the other way around for the second set of
experimerns. A Hamilton TLC syringe was used for the titrations. The set of spectra obtained was

that of the host followed byadditions of2 x 10> [solvent, 8 X 5 [4x 10> [and 5 x 50> |

Dilution studies:Clean and oven dried vials were used for preparhegtamples. The highest
concentration which was used for compouhavas111.12mM for 0.500mL of solvent, whereas

for compoundd4 was 55.56nM. The solvent used was DMS@ A separate 7.:Lof DMSO: kD

was made used for the additisnThe diution process was as followednanitial proton spectrum

was obtainedf just the compoundThen a serie of 4 x 10G-L, in a new vial 506 [(solution) +

100> [(solvent) was adde(bixth dilution) followed by another series of 5 x 18(dilutions, the

last four serial dilutions were the same as the sixth dilution. A good shake of the NMR tube was

given dter eachaddtion, before running the sample.

Fluorescencemicroscopy andtransmission studiesAll samples were visualized using an
Olympus XI71 microscope with a PlanApo 100x OTHRFM49 NA lens attached to a PIF@gx
focus drive (Physik Instrumente, Karlsey Germany), which was placed onto a ASI motorised
stage (ASI, Eugene, OR). The dbje lens, the environmental chamber along with the sample

holder sustained the required temperature.
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The samples were illuminated using LED light sources (CairarBesdd, Faversham, UK) using
filters suitable for each sample (Chroma, BellowssFaAIT). Metamorph software (Molecular
Devices) software was used to control the settings andzartak images, visuabd using Zyla 5.5

0! YR2ND [/ ah{ Orho&hi¢lagpopnare saxmple vead pip&tteddonto the centre of

an agarose pad. Coversifas used to cover the pipetted sample and was secured in place. Each
of the agarose pads was labeled. Filters used in the studies: GFP excitation 480 nm and emission

510nm, DAPI excitation 368m and emission 46@m.

Selfassociation constant calculatim Selfassociation constants were determined using

Bindfit v0.5 fittp://app.supramolecular.org/bindfit). All the cta can be accessed online using the

hyperlinks provided.

MICO studies:

1 Preparation of luria broth media (LB)Yeast extract (5 g), tryptone (10 g) and sodium
chloride (10 g) were dissolved in mgliHO (1000 mL) then divided into 400 mL bottles
and autoclaved.

1 Preparation of luria broth (LB) Agar plateggar (6 g) was added to LB (400 mL) and
autoclaved. Once cool, the LB agar was poured into sterile petri dishes under sterile
conditions and allowetb set. LB plates were stored at4until use.

1 Preparation of bacterial platesSterile LB agar platesene streaked using the desired
bacteria (MRSA USA3QB8gn incubated in the 2% Incubator overnight.

1 Preparation of antimicrobial compounds for Migstudies:Stock solutions of
compoundsl, 2 and 4 were prepared in a 1:19 EtOH:mijli | i h YA E( dieBS (K
experiment. Eight concentrations of each compound/mixture were then prepared from

the stock solution in the same solvent mixture.
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1 Preparation of inoculumA starter culture wagproduced though the innoculation of LB

YSRAIF oO0p Y[0O 6AGK x n aAy3aatsS O2tz2yAisSa 27
incubated at 37c flovernight. The following day, a subculture was made using LB (5 mL)
YR GKS &dl NI S NJinduteted d8Y8 Lndilthe culture had Feactield Sny’
optical density of 0.4 at 600 nm. Cellular density was then adjusted using sterilg milli
lih G2 Sldzrt F 5 ®pglefE@mLNIhény R10 diliitlorywas chidRed 6 m n
outusingsterilemiitj |1 i h ®paStHgFACKHKI YR | R2dzAGSR &aoc
FAYIE RAfdziAzy o6mYmMnno 61 & OF NNASR 2dzi 2
before use (18cfu/mL).

Preparation of 96 welimicroplate:¢ KS MYmMnn &dzZALISYairzy e dn 1
desired wells under sterile conditions, then solutions contaidif®y 5 or 1:1 mixtures of
1,2and5 6 pn k[ 0 6SNB | RRSR (2 GKS o6 3rNMRSA(2 ¢
USA300whereas foE.coi140x [of cells in each of the wells + &0jof compound, making

the entire volume 20& [ The plates were sealed using Parafilm, then incubated at 87

in a microplate reader for 285 hours. An absorbance reading was taken atr@@Gvery

15 minutes. Each experiment was repeated three times on tikflerdnt days giving six
repetitions in total.

Calculation of MIGy: Growth curves were plotted using tlaverage of the six compative
absorbance readings in Microsoft Excel. ThesbAl@lue was determined by plotting the
average absorbance reading olitad at 900 minutes for each compourdncentration

in Origin. The resulting curve warmalized] and fitted using the Boltzmann fit, and the

equation from this fit was used to calculate the MHC
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9. Synthesis

TBA aminomethanesphonate: TBA hydoxide (1N) in methanol (1.71 mL) was added to

aminomethanesulfonic acid (0.19 g, 1.#iM) at room temperature and taken to dryness.

Assumed Yield 100 % (0.60 g, Inmd).

Compound 1A solution of 2aminoanthraquinone (0.67 g, 3.06M) and triphosgne (045 g,

1.50 mM) in ethyl acetate (30mL) was heated at reflux for four hoursTBA
aminomethaneswhonate(1.06 g, 3.0InM) in ethyl acetate (10 mL) was added to the reaction
mixture, which then heated at reflux overnight. The resultant mixture fileesed and the solid

isolated was dissolved in methanol (15 mL). Any remaining solid was removed by filtration and the
filtrate taken to dryness and the resultant solid-dessolved in chloroform (20 mL) and washed

with water (1 x 10 mL). The organicdayvas tten taken to dryness to give the final product as an
orange solid (0.41 g, 0.68M). Yield: 23%; mp: 145 /*H NMR (400 MHz, DMS@0 Y + Y pdc
(s,1H,NH), 8.25 (d, J = 2.1 Hz, 1H), TBB6 (m, 3H)7.76¢ 7.73 (m, 2H)7.59 (d, J = BHz, 1H),

7.51 (br t 1H, NH), 4.03 (d, J %1z, 2H)3.17¢ 3.13 (m, 8H)1.59¢ 1.51 (m, 8H), 1.3¢1.25 (m,

8H), 0.92 (t, I =FHz, 12H)*C{H} NMR (100 MHz, DMSIO Y + YMYy H®Yy 6/ Th0Z ™
(C=0), 147.0 (ArC), 134.6 (ArCH), 134.2 (ArCH),(23&)]. 133.3 (ArC), 133.3 (ArC), 128.3 (ArCH),
126.8 (ArCH), 126.7 (ArCH), 126.1 (ArC), 122.8 (ArCH), 114.3 (ArCH), 5855 ({CKCh), 23.5

(CH), 19.7 (CH, 139 (CE0 T L w 0 % 3260(NH stretctd), @670, 1209, 1177, 853; HRMS

for the suphonateurea ion (GHisN2OsS) (ESE m/z: act: 359.0339 [Mtal: 359.0343 [M]

Compound 2This compound was synthesised in line witkepously published methodsThe

proton spectrum matches previously reported ddtalH NMR (400 MHz, DMSf0 Y { Y chdm
(s,1H,NH), 8.40 (s,1H), 8.291H), 8.22 (s,1H), 7.9%.93(m,3H), 7.4% 7.37 (m,3H), 6.88 (t, J =

5.9 Hz, 1H), 4.00 (d, J = 5.9 Hz, 2H}% 8.3.10(m, 8H), 1.5% 1.49 (m, 8H), 1.3 1.23 (m, 8H),

0.92 (t, J = BHz, 12H).
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Compound 3A solution of 2aminoanthracene (0.50 g, 2.58M) andtriphosgene (0.38 g, 1.29

mM) in ethyl acetate (35 mL) was heated at reflux for 4 holestbutyl 2-aminoacetate (0.34 mL,
2.58mM) was then added to the reaction mixture. This mixer was then heatteeflux overnight.

The resultant mixture was thentgired ant the final product obtained as a grey solid (0.55 g, 1.57
mM). Yield: 61.0%; mp: > 260/*H NMR (400 MHz,DMS®R0 Y { Ydpodnd oasml = bl
(s, 1H), 8.22 (s,1H), 8.Q77.97 (m 3H), 7.4% 7.39 (m, 3H), 6.53 (t, J 934z, 1H), 3.83 (d, J 95.

Hz, 2H), 1.44 (s, 9HJC{H} NMR (100 MHz, DMSIRD Y { YmMTndn 6/ TTh0 X mMpp ¢
132.6 (ArC)132.2 (ArC), 130.4 (ArC), 129.2 (ArCH), 128.5 (ArZ843, (ArC), 128.0 (ArCH), 126.2
(ArCH), 126.0 (ArCH), 125.0 (AxCl24.6 (ArCH), 121.3 (ArCH), 111.5 (ArCH), 81.1(C) , 42,5 (CH
28.3 (Ch); IR (film): v (cn) = 3308 (NH stretch), 1653, 1244, 11889; HRMS {E,oN.Os) (ES):

m/z: act: 349.1629M]" cal: 349.1557 [M]

Compound 4Compound3 (0.90 g, 2.59nM) was dissolved in dichloromethane (50 mL) and
trifluoroacetic acid (8 mL) and stirred for 1 hour. The mixture was then washed withnsod
hydroxide (50 mL, 6 M) and the resultant green solid (@)48olated by filtration and dissolved i
methanol (20 mL). To this solution was added TBA hydroxide (1N) in methanol (2.32 mL). This
solution was passed through a biotage SCX(Il) columnrend@BA:carboxylate ratio equilibrated
through the further addition of TBA hydroxide (1N) in methanauténg in the isolation of the

pure product as a yellosgreen solid (0.78, 1.46mM). Yield: 56%; mp: > 2@07*H NMR (400

MHz, DMS@0 Y 1+ Y TbipyHY, 8.404s3 1H), 8.29 (s, 2H), 8.0M3 (m, 3H), 7.55 (d, J 9.

Hz, 1H), 7.4% 7.37 (m, 2H)6.98 (s, 1H, NH), 3.64 (d, J 4 ¥z, 2H), 3A¢ 3.11(m, 8H), 1.5%

1.50 (m, 8H), 1.38 1.24 (m, 8H), 0.92 (t, J = 7.2 Hz, 12fQ{H} NMR (100MHz, DMS@l):
LYMTH®C O/ h0OoX mMppdPy O/ h0Z Moy dy 0! ANLH),Z28B0 H P
(ArCH), 128.4 (ArC), 128.0 (ArCH), 126.2 (ArCH), 125.8 (ArCH), 124.7 (ArCH), 124.3 (ArCH), 121
(ArCH), 1.6 (ArCH), 58.0 (GH 44.2 (Ch), 23.5 (Ch), 19.7 (Ch), 14.0 (CEO TLw 6 FH% YO Y
3332.99 (NH stretch), 1684, 1225, 1163, ;88BMS for the carboxylat@grea ion (&H13N.Os) (ESI

): m/z: act: 293.0932 [M¢al: 293.0932 [M]
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Figure S17A*C NMR spectrum of compouricand 2 in DMSGdsat 298 K.
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Figure S18Azoomed in**C NMR spectrum of compourdcand2 in DMSGds at 298 K.
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Figure S20A zoomed iftH NMR spectrum of compouridand4 in DMSCQdsat 298 K.
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Figure S21A*C NMR spectrum of compouricand4 in DMSGdsat 298 K.
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Figure S25A13C NMR spectrum of compourthnd4 in DMSGdsat 298 K.
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Figure S27A high resolution mass spectru(ESkve) obtained forompound2 in methanol.

Analysis Info
Analysis Name
Method
Sample Mame
Comment

Acquisiion Date
DiDatalLisastella3-1_19_01_7345.d
small_direct_injection_neg.m Operator
stella 3-1 Instrument
MeOH

QO7/06120

Bruker

18 15:00:24

micrOTOF-0

Intens.
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341.2472

3429543 344.5833
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3509710
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bt

3459321

l;Lu Tl

357.1954

Figure S28A high resolution mass spectrufaSkve) obtained forcompound3 in methanol.

3592083
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Analysis Info Acquisition Date 07062018 14-26:49
Analysis Name DiDatallizalstella 3-3_16_01_7342.d
Method small_direct injection_neg.m Operator Bruker
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Figure SQ: A high resolution mass spectrum (E®#) obtained for compound in methanol.

Analysis Info
Analysis Name
Method
Sample Name
Comment

Acquisition Date 07062018 14:26:49
DiDatalLisalstella 3-3_16_01_7342.d
small_direct_injection_neg.m

stella 3-3

MeOH

Bruker
micrGTOF-Q

Operator
Instrument

Intens. |

SET1E77 <N5, 4. 1-5.8min #390-711)

609.1683

619.0253

584.9395 62108659

524.9914

6171644

Figure S0: A high resolution mass spectrum (E®#) obtained for compound in methanol.
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Analysis Info Acquisition Date 20M1£2017 21:08:56

Analysis Name DiDatallizatstellamiy_21_01_6758.d
Method small_direct injection_neg.m Operator Bruker
Sample Name stella mix [nstrument micrOTOF-0Q
Comment MeCH
Intens. M5, 5 2miin 2515
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[%]
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Figure S31A high resolution mass spectrum (E®%#) obtained for compoundsand?2 in methanol.

Analysis Info Acquisition Date 2011722017 21-08:56
Analysis Name DiDatavlisalstellamix_21_01_6758.d

Method small_direct injection_neg.m Operator Bruker
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Figure S32A high resolution mass spectrufagkve) obtained for compoundsand?2 in methanol.
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Analysis Info Acquisition Date 07/06/2018 151134
Analysis Name CriDatailisalstella 3-3 +1-4_20 01_7346.d
Method small_direct_injection_neg.m Operator Bruker
Sampla Name stella 3-3 + {-4 [nstrument micrOTOF-G
Comment MeCH
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30.
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Figure S33A high resolution mass spectrum (E®) obtained for compoundsand4 in methanol.
Analysis Info Acquisition Date 07/06/2018 1511234
Analysis Name DiDatatlisalstella 3-3+1-4 20 01_7346.d
Method small_direct_injection_neg.m Operator Bruker
Sample Name stella 3-3 + 1-4 [nstrument micrOTOF-Q
Comment MeCH
Inhe;lzi 5751459 VS, 5. 2min 2515
3_
21

=
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Figure S34A high resolution mass spectrum (E®%) obtained for compoundsand4 in methanol.
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Analysis Info Acquisifion Date 07/06/2018 15:11:34
Analysis Name DiDataLisastella 3-3 + 1-4_20_01_7346.d

Method small_direct_injection_neg.m Operator Bruker

Sample Name stella 3-3+1-4 Instrument micrOTOF-GQ
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Figure S35A high resolution mass spectrum (E®) obtained for compoundsand4 in methanol.

Analysis Info Acquisition Date 07062018 15:22-44
Analysis Name DiDatallizatstella 3-3 +1-5_21_01_7347.d
Method small_direct injection_neg.m Operator Bruker
Sample Name stella 3-3 + 1-5 [nsfrument micrOTOF-Q
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Figure SB8: A high resolution mass spectrum (E%) obtainedfor compounds? and4 in methanol.
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Analysis Info Acquisition Date 07/06/201815:22-44
Analysis Name CriDatalisalstella 3-3 +1-5 241_01_7347.d

Method small_direct_infection_neg.m Operator Bruker
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Figure S37A high resolution mass spectrugkyve) obtained for compound8and4 in methanol.

Analysis Info Acquisition Date O7I06f2018 15:22-44
Analysis Name DiDatallizalstella 3-3+1-5_21_01_7347.d

Method small_direct injection_neg.m Operator Bruker

Sample Name stella 3-3 + 1-5 [nstrument micrOTOF-Q
Comment MeOH
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Figure S38A high resolution mass spectrum (E®) obtained for compound2and4 in methanol.
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Analysis Info

Acquisiion Date

0762018 15:22:44

Analysis Name DiDatalLisalstella 3-3 + 1-5_21_01_7347.d
Method small_direct_injection_neg.m Operator Bruker
Sample Name stella3-3+1-5 Instrument micrGTOF-Q
Comment MeQOH
Imerg'zj 651,1400 “1V15, &.6min #55]
1.04
084
0.64
0.44
02
M A a MW AN A

6795

a81.0

ad1.5

£820

Figure S39A high resolution mass spectrum (E®%) obtained for compound8and4 in methand.

Table 3: An overview of species observed by high resolution-&Smass spectrometry for mixtures
containingl, 2and4in a 1:1 ratio. Ma and Mb represent the anionic component of that amphiphilic salts
contained within the mixtures analysed.

Molecularcomplex

1 (Ma) +4 (Mp)

2 (Ma) +4 (My)

Theoreticam/z) Actual(m/z) Theoreticalm/z) Actual(m/z)
[Ma] 359.0343 359.0537 329.0602 329.0815
[Mg] 293.0932 293.1094 293.0932 293.1108
[Mat+Mp+H] 653.1348 653.1676 623.1607 623.1981
[Mat+Mbp+Na] 6751167 675.1469 [a] [a]
[Mat+Mo+K] [a] [a] [a] [a]
[Mat+Mat+H} 719.0759 719.1113 659.1277 659.1632
[Mat+Ma+Na} 741.0578 741.0974 681.1096 681.1400
[Ma+Ma+K] [a] [a] [a] [a]
[Mp+Mp+HT [a] [a] 587.1937 587.2260
[Mp+Mp+Na] [a] [a] [a] [a]
[Mp+Mot+K] [a] [a] [a] [a]
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DLS data

Size distribution graphs (DMSOQO)

0,1 1 10 100 1000 10000

Particle size (nm)

Figure 80: The average intensity particle size distributfon5 DLS runsf compoundl (55.56mM) heated
up to 0 ¢ in a DMSO solution.
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Figure S41The average intensity particle size distition for L0DLS runsfcompoundl (55.56mM) cooled
down to B¢ in a DMSO solution.
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Figure S42The average intensity particle size distribution 5 DLS runef compoundl (5.56 mM) heated
up to 0 ¢ in a DMSO solution.
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Figure S43Theaverage intensity particle size distributiéor 10 DLS runsf compoundl (5.56mM) cooled
down to B¢ in a DMSO solution.
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Figure S44The average intensity particle size distributfon5 DLS runef compound2 (55.56 mM) heated
up to 0 ¢ in a DMSO solution.
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Figure S45The average intensity particle size distributfion10DLS runsfcompound2 (55.56mM) cooled
down to B¢ in a DMSO solution.
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Figure S46The average intensity particle size distribution 5 DLS runef compound 2 (5.56 mM) heated
up to 0 ¢ in a DMSO solution.
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Figure S47The average intensity particle size distributfon 10 DLS runsf compound2 (5.56mM) cooled
down to B¢ in a DMSO solution.
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Figure S48The average intensity particlezsidistributionfor 5 DLS runsf compound4 (55.56 mM) heated
up to 0 ¢ in a DMSO solution.
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Figure S49The average intensity particle size distributfon 5 DLS runef compound4 (5.56 mM) heated
up to 0 ¢ in a DMSO solution.
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Figure S50The average intensity particle size distribution 10 DLS runsf compound4 (5.56mM) cooled
down to B¢ in a DMSO solution.

L
0,1 1 10 100 1000 10000

Particle size (nm)

Figure1: The average intensity particle size distribution 5 DLS runs afompoundsl and2in a 1:1 mix
(total conentration 55.56mM) heated upto 40c bfin a DMSO solutian
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FigureSb2: The average intensity particle size distributfon 10 DLS runs ebmpoundsl and2in a 1:1 mix
(total concentration55.56mM) cooled down to 2% bfin a DMSO solutian
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FigureSs3: The average intensity particle size distributfon 5 DLS runef compoundsl and2in a 1:1
mix (total concentration 5.56nM) heated upto 40c¢ bfin a DMSO solutian
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Figureb4: The average intensity particle size distributfon10 DLS rungf compoundsl and2in a 1:1 mix
(total concentration 5.56nM) cooled down to 2% bfin a DMSO solutian
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FigureSb5: The average intensity particle size distributfon 5 DLS runef compoundsl and4in a 1:1
mix (total concentraton 55.56 mM) heated upto 40c bf in a DMSO solutian
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FigureH6: The average intensity particle size distribution 5 DLS runef compoundsl and4in a 1:1
mix (total concentration 5.56nM) heated upto 40 ¢ bfin a DMSO solutian
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Figureh7: The average intensity particle size distributfion10 DLS rungf compoundsl and4in a 1:1 mix
(total concentration 5.56nM) cooled down to 2% bfin a DMSO solutian
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Figureb8: The average intensity particle size distribution 5 DIS runsof compounds2 and4in a 1:1
mix (total concentration 5.56 mM) heated upto 40c bfin a DMSO solutian
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FigureH9: The average intensity particle size distributfon 5 DLS runef compounds2 and4in a 1:1
mix (total concentration 5.56nM) heated upto 40 ¢ bfin a DMSO solutian
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Figure60: The average intensity particle size distributfon10 DLS rungf compound2 and4in a 1:1 mix
(total concentration 5.56nM) cooled down to 2% bfin a DMSO solutian

Correlationfunction data (DMSO)
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Figure 1. Correlation functiondata for 5 DLS runs of compouritl(55.56mM) heated up to 4@ /in a
DMSO solution.
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Figure52: Correlation function data for 10 DLS runs of compog1{85.56mM) cooled down to 2% in a
DMSO solution
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Figures3: Correlation function data for 5 DLS runs of compoR18.56mM) heated up to 4@ in a DMSO
solution.
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Figure64: Correlation function data for 10 DLS runs of compod@r(8.56mM) cooled down to 2% /n a
DMSO solution
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Figure $65: Correlation function data for 5 DLS runs of compodn®5.56mM) heated up to 4@ /in a
DMSO solution.
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Figure 6. Correlation function data for 5 DLS runs of compodn®.56 mM) heated up to 4Q& /in a
DMSO solution.
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Figure57: Correlation function data for 5 DLS runs of compoufidnd?2in a 1:1 mixtotal concentration
55.56mM) heated upto 40¢ bfin a DMSO solutian
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Figure%68: Correlation function dat&or 10 DLS runsf compoundsl and2in a 1:1 mixtotal concentraton
55.56mM) cooled down to 2% bf in a DMSO solutian
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Figure%9: Correlation function data for 5 DLS runs of compouhdsad?2in a 1:1 miXtotal concentration
5.56mM) heated upto 40¢ bfin a DMSO solutian
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FigureSr0: Correlation function datafor 10 DLS runsf compoundsl and2in a 1:1 mixtotal concentration
5.56mM) cooled down to 2% bfin a DMSO solutian
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FigureS71: Correlation function data for 5 DLS runs of compouhdsd4in a 1:1 mixtotal concentration
55.56mM) heated upto 40¢ bfin a DMSO solutian
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FigureS72: Correlation function data for 5 DLS runs of compouhdsd4in a 1:1 mixtotal concentration
5.56mM) heated upto 40c bfin a DMSO solutian
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FigureS73: Correlation function data for BLS runs of compoun@sand4in a 1:1 mixtotal concentration
55.56mM) heated upto 40¢ bfin a DMSO solutian
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FigureSr74: Correlation function data for 5 DLS runs of compoudsad4in a 1:1 miXtotal concentration
5.56mM) heated upto 40c bfin a DMSO solutian

Particle size distribution (EtOH::B 1:19)
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FigureSr5: lllustrating the average intensity particle size distribution of compofirad 5.56mM in EtOH:
H20 (1: 19) which was calculated usingdl0S runs at a temperature 05 2C
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FigureSr6: Illustrating the average intensity particle size distribution of compofirad 0.56 mM in EtOH:
H0 (1: 19) which was calculated using 10 DLS runs at a temperature@f 25
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FigureSr7: lllustrating the average intensity pacte size distribution of compoun@at 5.56mM in EtOH:
H20 (1: 19) which was calculated using 10 DLS runs at a temperaturexaf 25
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FigureSr8: Illustrating the average intensity particle size distribution of compof@rad 0.56 mM in EtOH:
H20 (1: 19) which was calculated using 10 DLS runs at a temperaturexof 25
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FigureSr9: lllustrating the average intensity particle size distribution of compodrad 5.56mM in EtOH:
H20 (1: 19) which was calculated using 10 DLSatiagemperatureof 25x /
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FigureSB0: lllustrating the average intensity particle size distribution of compodrad 0.56 mM in EtOH:
H20 (1: 19) which was calculated using 10 DLS runs at a temperaturexaf 25
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FigureB31: lllustrating the average inteiity particle size distribution of compouridand2 (mix)at 5.56mM
in EtOH: kO (1: 19) which was calculated using 10 DLS runs at a temperaturexaf 25

166



.4
&
T T T e

0,1 1 10 100
Particle size (nm)

FigureSB2: lllustrating the average intensity particle size distribution of compoiadd2 (mix)at 0.56mM
in EtOH: ED (1: 19) which was calculated using 10 DLS runs at a temperaturexaf 25

1000 10000
Particle size (nm)

FigureB3: lllustrating the average intensity particle size distribution of compodrahd 4 (mix) at 5.56
mM in EtOH: ED (1: 19) which was @allated using 10 DLS runs at a temperature ok 25
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