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SYMBIOTIC SUPRAMOLECULAR CHEYTSIERYEVELOPMENT OF SMART SOAPS
By Lisalane White
Supramolecular chemistry is continually being explored, applied and expanded in many countries all over

the world. The complexitgf this area of science means that it is continually researched.

This study has demonstrated the importance of the-asbembly between surfactants structures
and supramolecular aggregation. Within this thesis the design, synthesis, characterizatitmeimg
properties of five amphiphilic molecules are discussed. These moleculesnvestigated in the gaseous
phase, solid and solution states by a variety of complementary analytical techniques with the results
demonstrating that the anionic monomeh&ve a propensity to sedssociate into a variety of aggregated

species.

A selection ofH andDOSWMR experiments were conducted in DM8&providing evidence
that these molecules tend to form dimeric rather than larger aggregated species. The presence of
hydrogen bonding was further confirmed BiA NMR seHassociation studies, showing a down field
change in chemical shift due to both the aré&lH. The data when fitted to dimerizatiigual K (EK)
binding model showed that the dimerization constant increases in line with the increase of aromatic
substituents.By direct observation ilvas established that the sulfonataion molecules seklisso@ated
through intermolecular hydrogen bonds to form aggregated species of either irregular or spherical shape
in solution. The size and type of these species was both concentration, and solute dependent. CMC values
and dimerization constants correlated welith the computationally derivednaxand in values, giving
preliminary evidence that seHssociation properties may be predicted by low level computational
modelling methodsThis innovative, cohesive branch of supramolecular chemistry will revolséidhe

study and scope of neoovalent interactions beyond the molecule.
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Abbreviations

A Angstrom

CDI M Z-@afbonyldiimidazole

CMC Critical Micelle Concentration

d Doublet (NMR)

DCM Dichloromethane

DLS Dynamic Light Scattering

DMSO Dimethylsulfoxide

DNA Deoxyribonucleic acid

FTIR Fourier transform infraed spectroscopy
HBA Hydrogen bond acceptor

HBD Hydrogen bond donator

hr Hour

ESIMS Electron sprayoinization MassSpectrometry
J Coupling constant (NMR)

Ka Association constant

LMWM Low molecular weight monomers

m Multiplet (NMR)

m.p Melting point

m/z Mass to charge ratio (Mass Spectroscopy)
NMR Nuclear magneticesonancespectroscopy
pka Acid dissociatiortonstant

ppm Parts peMillion

q Quartet (NMR)

t Triplet (NMR)

TBA Tetrabutylammonium

TEA Tetraethylammonium

TMA Tetramethylammonium

U\vis Ultravioletc visible spectroscopy

XRD X-Ray diffraction

pL Micro-litres



1. Introduction

First introduced by Jeamarie Lehn in 1969 is the ternsupramolecular chemistry
Supramolecular chemistis RS TAY SR | & OKSYA a i Ndad isthe Stédg of R
highly complexchemical systemshat result from the association of two or more chemical
entities that are held together byion-covalentintermolecular forces This field of chemistry
has accomplished a fully identifiable place in the way todays scientistk about material
chemistry where ntermolecular bonding is extremely important yastonishing subtlebut

influential.

Supramolecular chemistryssill in its infancythereforeis significantly under developed
compared to that of the covalent borfdwhich was discovered by Americahemist Gilbert
Lewis in 1913. \Were he proposed &8 K S 2 NBE T A YaemioikeSRist @RBictured diagram
that identified the existence divo different types of bond. Ae polar (formed by the transfer
of electrons) and the nopolar which did not involve electron transféithisfield of molecular
chemistry has developed substantially sint® birth in 1828. The defining point beingvhen,
whilst conducting an experiment with ammonium cyan&tgedrich Wohlecontributed to the
foundation of modern chemistrpy unexpectedly accomplishinthe first syrihesis of urea

crystals(Figure 1}

H i heat (I?

H.J H Al ee H. .C. _H
[\Ij [C:N—O] —> ‘|}| r}r
H H H
Ammonium cyanate urea

Figurel -CNRA SRNA OK 2| Kf SNDa o NBI | (i K@ @aarganicacdnpiukds mtbréa
crystals (organic compound).




This discovery planted seeds of doubt with regaré¢ + A Gl t AaYQa aOASYyUGAT
L2aaAroftS (2 LINRPRdzZOS 2NEI yA O ° Subdeduéntyf fod thig NB Y
point onwards a vast display of complex molecular structures, by a meticulous method of the

assembly and breaking of cdentbonds between a series of atomgre established.

Supramolecular Chemistry was borne almost fidecades later, wheninitially
postulated by Johannes Diderik vaerdVaals, were the existence A y 1 SN 2 f $Odzt I N.
Following thisEmil Fishecoined the lock and key concepetween enzymes and substratés,
which led to the notion for the recognition of the intermolecular interactions with proteliss
hypothesissubsequently led to a greater understand for the essential design afrugs®
resulting inthis fieldof chemistry beingategrised ashostguestchemistry.

Followingthis, n the early twentieth century Latimer and Rodebush began to explore
and progressively understand in more detail the remvalent bond, in the formof th# K @ RNR 3 Sy
02VR@yasSljdsSyiftesr RdzS (2 GKSAN KAIKEe asStSoi
these concepts becoming applicable to synthetic systems. This notion led to the development
of crown ethers in 1960 by Charles J. Pedef8dme yearf 1969 saw JeaMarie LehA! and
Donald J. Cratho dzA t R dzLl2y t SRSNE2Yy Qa TFdzyRIYSydlf R
sophisticated series of compounds which exhibit a more advanced selectivity when forming
complexes(Figure 2.2 This revolutionary work ensured recognition by taaarding of the

Nobel Prize inlemistry in 1987 Ultimately, laying the foundations for which can only be

described as one of the most dynamic and increasingly growing areas of chemical ré&earch




Fgure 2 - The series of complexes developed by Pederson (crown ether), Lehn (cryptate) and
(spherand respectively. Left to rigt

Molecular speciesan either assemble through preorganised synthasgisiallyresulting in the
binding ofcovalent bond¥® or selfassemble to form ordered aggregates through intermolecular

bonds (usually noicovalent) by the method of se#forting Figure 3°

PREORGANISATION SELF-ORGANISATION
/ WOH Pfoﬂmmy wmy dynamics
Design Design Selection
Molecular chemistry Supramqlecular Constltutlonal
chemistry dynamic chemistry

Figure 3 - Preorganisation and eff-organsation principles for molecularsupramolecularchemistry and
constitutional dynamic chemistif

This process ofedf-assemblyby non-covalentintermolecular bondingcomprises of diverse
levels of complexity: It can be as complex as the extraordinangtsire of the cell membran&
fashioned by a bilayer of phospholiptéiembedded with functional protein¥. Or, as simple as

the dimerization of two small building blocks determined by the formation of hydrogen bonds.

Today the modern scientist tontinually utilizing the supramolecular principle in the

exploration for novel amphiphile¥




An example of this is observed irstady by Wang and cevorkers,who by synthessing amide
and urea derivativediave discovered efficient orgargelators whib encompass a builh
functionality that could potentially be useful in sensing local environment chahged also in
a study ly Hiscock and cavorkerswhere a simple anthracenrleased binary organogel exhibited

capabilities of behaving as a responsiveenial towards the chemical warfare agent Sonfan

The field of supramolecular chemistnaifighly notable and broad multidisciplinary and
interdisciplinary field of science providing a vastly abundant ground for the originality of
scientists from all origins. Those of whittlude biological specificity wheliatermolecular
forces are an unerstandably ubiquitous feature in the structure of both protéfhand thus
Y2NB &A3IyATAOPYhindleculawhotgdHy@dgeh bdnds Midkeanine and stabilize
the shapes obiological moleculesas seen inWatsonCrick base pairingl953) where the
intermolecularhydrogen bond®f two complementary nucleotidesuch as adenine bound by
two hydrogen bonds with thymine, arglianine with cytosindound through three hydrogen

bonds (Figurd) this binding method keegthe strands of a DNA helixdether?®

A B
Thymine H Cytosine H
40-- “HN N L Q N %]
I NH---N>/_\3/NH /N HN Y
\ \=N HAN—Q )=
(@) Adenine © ‘H Guanine

Figure4 -WatsonCrick base pairing, A) thymine and adenine bonded by two hydrogen bonds, B) cytosir
guanine bonded three hydrogen bonds.

Hydrogenbonded seHassociated systentgave also beedeveloped as templates towards DNA
incorporated nanostructure formation, where the hydrogen bond donating and accepting
thymine substituents cerdinate with guest species such as a complimentary DNA base

adenine®®
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Additional areas where intermoleculaortes are researched ar®hysical chemistry which
explores the theoretical and experimental studies of interacti&ndrganic Chemistry where
synthetic procedures are studi&dand ceordination chemistry, which investigates metah
ligand complexe?s, this is just to name a few.

1.1 Non-covalent interaction s

Aspreviouslymentioned a norcovalent interaction differs from that of a covalent bond as it
does not comprise of the sharing of electrondoncovalent interactions arise due to
electrostatic inteactions between the electron distribution of monomer X and monomer Y
which ultimatelyenable the seHassociation process to occurhi¥ balance of attractive and
repulsive interactions (Figufs) essentially contribute to théormation of extended struatres,
adzOK | & I RA YIS ME meardddfih&ndslazula® int€ractions of all permanent

charges and multipoles.

> | \
@ - I -
= \ repulsion
c
m .
C\/
\
‘\ net interaction

0 T~ .= = = =

attraction

Figure5 - Schematicepresenting the interaction between two atoms, demonstrating tepulsion and attraction
interactions.
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These interactions can be as weak as van der Waals interactions, whighreerally less than
4 Kdnol* or the strength of a strong chemical bond i stabilization of 200 Kdol*.*°

There are several different intermolecular noavalentinteractions all of which have
intermediate bond strength¢between4 and200KJImol? that contributeto the stabilisation of
a selfassembled complexh€&seincludelon-dipoleinteractions, where an ion such asands
with polar moleules such as watetthe strength of these type ofinteraction ranges from
50-200KJmol? (Figure6A). 3! Dipole-Dipole interactions, which exhibit energies ranging from
5-50 KJ mol and are formed when there is an aligent of one dipole with anothe(Figure
6B)3? The hydrogenbond (Figure 6C), which has a interaction strengthrange of
4 - 165KJImol?,*3with <12 KJmoltbeing weak electrostatic, 120 KJmol! mainly electrostatic
and <60KJmol! strong mainly covalent interactiort8.The average bond lengths of these
hydrogen bonds range from 12to 4.0A. Both strength and length of the hydrogen bond are

heavily reliant on the functional groups involviedhe bonding mode

R |C|’ >
\5+ 5 X
A I
Ho _H 3 R R R
;,O/ R &+ &
H----0 b
H + H
\OE Na E-O R C /
/ \ \5+ 5 R N R
H E) H Bii 6=0 ’ \
AN 1 -.‘:: : R
HH RI s R
=8,
R

Figure6 - Intermolecular bond typexamples A) iowipole, Bi) dipolaipole, single poles on adjacent molecul
i) dipoledipole-opposing alignment of one dipole to the other, C) hydrogen bond

There are a variety of geometries that thednggen bond can adopt these arknear, bent,

bifurcated (donating and accepting), trifurcated, amdee-centre bifurcated, Figurg.®*
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H.
D—H------ A / )
D\ A
A H
,’A ﬁ”
B P /!
D H D ;
D——H------ A A
A H.
/l A / Al
c ! F "
/ A
D H\ D\
\\\\ H’\
A
A

Figure7 - Exampleof different types of hydrogen bridgenear (A), bent (B), donating bifurcated (C), trifurcat
(D), accepting bifurcated (E) and threentred bifurcated (Fp4

The main structural feature that differentiates between the hydrogen bond and other
intermolecular interactions such as the van der Waals forces is its preference for linearity.
Hydrogen bond directionalitis quite flexibleat both the donor and acceptaiteswith the
angular characteristicbeingdependenton donor polarityof a simple complexHowever, the
more molecular species involved in the safsembly process the more variables there are to
consider, such as the preference for a hydrogen borfdaim a six membered ringf. Dr Thomas
Steiner when studying the degree of directionality of the hydrogen bionthe solid state
observed the following trend where directionalityncreases with the decrease in
polarity;-CH <C=ChlkC GH<O-H.®®

Hydrogen bonithgmodesare stereotypically based dhe geometric propertieshat we
have previously discusse@neparticulararea where the hydrogen bond has been extensively
investigated & the binding modes betweeanionic molecules. These molecules have been
constructed with subunits of either ure® linked with an anionic sulfonate/phosphonate

hydrophilic substituent or thiourea3® *°
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Both of thesemoieties are frequently used in the synthesis of receptors duthéa hydrogen
bond donating and accepting abiliti#and as a result generate supramolecular structures
through selfassembly of their own components when there is both an attraction and an
equilibrium with each other.

Alarge quantity of hydrogen bomag data has been gathered over the yefimsn both
theoretical and experimental perspectivebhis data has included the analysis of the geometry
of the atoms involved! along with the type of atom itseff Nitrogen and oxygeatomsare the
most commonlyinvestigated hydrogen bond accepto’s study byGregoret and cavorkers
surveyed a set of protein structures for the purpose of evaluatiegprevalence and geometry
of sulfurcontaining hydrogen bondghey concludedhat due to the sifur atoms electraic
structurethis atom was als@wompatible with hydrogen bond formatioim proteins. However,
the strength of these bondss weaker (12.9KJmol?) than the oxygethydrogen bond
formation (13.38 KJ nid). This is due to the increased length of thalrogen bond involved
with the sulfur atomwith R(oxyger-H) having a bond letig of 2.18 A and the R(sulphtxH)
exhibiting a bond length of 1.653“AThis length increase is attributed to the size difference
between the sulfur atom and the oxygen atothe larger size results in a more diffuse electron
cloud*

Building upon Gregorets research, a study by Zhou. éesdrmined the importance of
the role that sulfur containing hydrogen bonds (SCHB) play in certain biological processes, such
as the stailization of protein structure and in the regulation of protein functions. Detailed
characteristics of the geometric formation were analysed, it was concluded that the sulfur atom
is a poor Fbond acceptor however sulphydryl group is a goodiénd dondor, and statistical
analysis showed the ratio probability of donor to acceptor is*5A theoretical comparison
study of hydrogen bond formation between the oxygen atom and the sulfur atom was compiled

by Wierzejewska and emorkers.

14



Their research fo@sed on areas concerning the geometry, binding energies and theahat
bond orbitals of complexedimethylsulfide with nitric acid (GHSHNQ and dimethylether with
nitric acid (Ck.O-HNQ. The results confirmed that the sulfur is close in hydrogen bond
acceptor strength to the oxygen, revealing a differing in binding energies of k3.980f
between the two atomsThe study concluded that both complexgH),O-HNQ and (CH).S

HNQare gable hydrogen bonding structures of perpendicular orientatibn

An amphiphilic molecule contairmoth hydrophobic and hydrophilic ogponents and
can beneutral, anionic, cationic oa zwitterioric (Figure 8) An anionic surfactantonsiss
generally of negatively charged headgroups and positively charged cocaitens (such as
sodium, potassium, mammonium ions). Carboxylatesulphonate, and phosphate are the

frequentlyused polar group$’

b /\/W\/\/\Sxx
o ©
|
H

Figure 8 Examples of noipnic, anionic, catioie and zwitterionc (acd respectively).

There are two forms of amphiphiléhe conventional and the supramphiphileas
seen in Figur®. The latter refers to the conventional amphiphile that is constructed on
basis of norcovalent interactions, for instance hydrogen bondidg, Z stacking andost
guest ineractions amongst others. Thamgaamphiphile can be fabricated in two difent

ways.

15



The first would be to create amphiphilicity through dynamic covalent bonding or through
covalent interactiong® The second is to modulate amphiphilicity by the modification
conventional covalent amphiphiles using the imeds of norcovaknt synthesisAside from
the conventonal singlechain heaeto-tail supraamphiphile there are threeadditional
variations. 1) The bolorm supraamphiphile, this variation possesses two hydrophilic he
groups linked through a hydrophobic skeleton, sedfassembly behaviour of bofarm is
moderately unalike that of the conventional aggregdte?) Polymeric supramphiphile,
prepared through the connection of two or more polymeric sections by-cmralent
interactions®® 3) Multichain headto-tail supraamphiphiles, there are numerous forms of th
type of aggregate, which are whewgdther just the hydrophobic or just the hydrophilic pe

has multiple tails, or when both the hydrophobic and hydrophilic components have mu

tails.®!
Amphiphilic Building Blocks
! . )
Amphiphiles Supra-amphiphiles
] . ' y
Noncovalent Interaction Variously Structured Stimuli-Responsive
Enhanced Amphiphiles Supra-amphiphiles Supra-amphiphiles
® -0 e 2
Stable Hierarchical Smart
Micelles Complex Structures Self-assemblies
.‘ ? /
N
“\\\\ P,
5 E
Ew
LN

Figure9 - Amphiphilic building blocks for sed§semblyp!

Anion recognition is an evexxpanding area of interest within the field of
supramolecular chemistry. This is attributed to the application ability of these systems in the

biologial, environmental andlinical areas?
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An amphiphilic molecule is one dfie most powerful building bldc components for self
assembly The seHassembly procegs of these anionic species are continually explorite
structure and properties are essential in enabling thesdf-assembled systems to form
Recognised componda of anionic surfactants incorporate a combinationhydrogenbond
donor and accepting groupss positively charged component for effective electrostatic
interactionssuch as the before mentioned counteation and a suitable framework onto what

these structural components can be assemtEidure10).>

R

R' d

| Hydrophobic group | HBA/HBD

Hydrophilic HBA group

Figure10- General anionic structureutlining the essential components required to form a dimeric speties

The amphiphileoutlined in Figure 1@as only one HBD gro@l = S or G)et two HBA groupéY

=SYKS O2YLISUAGAQPSYySaa 2F (KSaS (g2 adzoadAdadsSy
resulting in the pesibility of a variety of intenolecular binding modes. Urea (thioureaion

binding modes include dier and tape formations, whereasreaurea (thioureathiourea)

binding modes areanti-stacking andsynstacking (Figure 11).>* These binding modes are
dependent on the chemical composition of the molecule and the solvent in which thecales

are dissolvedThe solvent system plays an integral part in the-as#fociation process of these
WFNHzZA GNF GSRQ adaeadsSvyaszx FFFSOGAYy3dI GKS aidNBy3aGK
The solvent system can cause the amphiphilic moéectd selfassociate into an assortment of

structures such as micell, vesicles or planar bilayershabges in solvent conditions can

potentially cause the aggregates to transform from one structure to ancther.

17



Dimer
Tape

Urea-anion binding modes

3/ \.5

Anti-stacking Syn-stacking

Urea-urea binding modes

Figurell - Possible selassociated hydrogen bonded modes of anionic mole&ule

Due to the amphiphilic nature of these molecular specighey are able to fom micellar
structures,operational bydispersing the molecule in agueous environmemtih the resulting
hydrophilic head favourably interacting with the aqueous phase and the hydrophobic tail
residing in the nofpolarsolvent(or air). This then causes the amphiphiles to aggregate forming
differing molecularassemblies This is dependent on theo-ordinating and repelling forces
between thehydrophobic tails and the hydrophilic hearbgps of the component molecuknd

that of the surrounding medium.

In astudy by Wang et alentitled anphiphilic building blocks for sedfssembly from
amphiphiles to supramphiphiles strategies were introduced for the fabrication of robust
assemblies through the sedissembly of amphiphiledt was proposed that nature can be
mimicked, by the linking of functional moieties, via the mechanism ofaawaknt bonding, for
instance, stimuli-responsive groupsThis innovationmeans that a guest molecule can be
encapsulatedvithin the aggregateand whenactivated bya specific external stimulusecomes

weakened causing theano-structure to disassemble releasing the guest molecule.

18



This study concluded that supiamphiphiles were theperfect building blocks foresponsive
nanoscale carriers antthe structure of soft material®® It is predicted that these branches of
supraamphphile will ultimately bridgethe divide between supramolecular chemistry and
colloidal science. The ability to control the satisembly and disassembly of these building
blocks through cotnol of not only the propertiesbut of also the ordered arrangements lesad
to the enablement of tailor made structure and functiors

The formation of aniomeceptor complexes$ as well as the seHssociation of low
molecular weight monomer® through the formation of hydrogen bond#(particular those
with urea functionalitie}® is well established as is the salsembly of amphiphilic
compounds®® Recent studies by Hiscock andworkershave investigated the seifssociation
properties of aseries of ten novel W ¥ NXza amphiphil®$ales Bythe introduction of anionic
guest specie®’ or altering the substituents on the general structure or the counter cation they
were able to gain an understanding of how the chemical composition alters the hydrogen
bonding modes adoptely this class of amphiphildt was discovered that the hydrogen bond
length and anglalteredaccording to the modulation of the HBD acidity through the substitution
of substituents on the aromatic ringr exchanging between the urea oxygen/ thioure#pbur.
This directly affected the interior angle of the dimeric species forffed

Molecular seHassembly in surfactant solutibhis ubiquitous in biological systems,
underlying the formation of a wide variety @bomplex biological structuredhis is due to
amphiphilesbeing able toselfassemblao form spherical aggregatestructures which can be
manipulated to specific sigeand shapesThese carthen be applicable as templates for the
assembly of nanostructured aggregates which can then elmoimineralization processeBhis
mimicry is possiblas theseselfassembled systenexhibit bioinspired properties which display
those similar of an aay of materials found naturally.his isin addition to theirselfhealing

behaviourand ability tobe activated bya specific stimulus.
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This has led to an increased interest into the application of amphiphiles either cétionic
anionic, as antimicrobial agentSue todespite continuing efforts there remains a cumulative
occurrence of resistance amongst pathogenic bacteria to common antibiotics. Laverty discusses
the importanceof anionicantimicrobial peptides and how these are becomjung assignificant
asthose tha are cationic in naturé® A disadvantage of many anionic antimicrobial peptides
was the necessity to possess a cation that will behave as cofactor for biocidal activity. However,
surfactant associatedmphiphileshave a counter catiopresentwhich can ben the form of
tetrabutylammonium or similar, this then acts as a linkage betweenathienicantimicrobial

and the cell membrane of theanionic microbial. This enabldébe transport of the anionic

antimicrobial to intracellular targetahilst causing nalamage to the membrane structufé

20



1.2 Project aims

Triphosgene /TBA

1 aminomethanesulfonate 0 _
—
A
NHZ H H O/

TBA

aminomethanesulfonate O
pyridine NS
N~ NS,
H H O’ O
NCO

EtOH

Triphosgene /TBA S
4 S aminomethanesulfonate / NH
O " O
HsC N

HN
o)
g o
S
S CDI /TBA
5 y) aminomethanesulfonate 4
N . N
CHCly HN
HaN NH Q
O “-s=0
o_

Figurel2 - Synthesis scheme of compounds2, 4 and>5.

As we have discussed in detatiermolecular interactions such as the hydrogen bamd a key
driving force towards molecular sedbsembly.Low molecular weight raphiphilic molecules
that are formed containing functional groups such as urea or thigureaalently linked by a

spacer and an anionic substituent are of specific intedestto their hydrogen bond donating

and accepting abilitie¥

1 A collection otompounds synthesised by Hiscock andvookersthat have similarities

to the general structureRigurel0), have been proven to exhibositive antimicrobial

activity against.aureusand measurable activity againstcoli

21



22

Therefore, it is of uhost impatance that we cardirectly observe thecompounds
within this studyto gain a greater understanding as to their ssdSociation properties.
The aim of this project is to dewgl a series of intrinsicglfluorescent amphiphilic salts
(Figure 12and to observe theimolecularselfassociation propertieby a combination

of complimentary techniques in theolution, solid and gaseous statde techniques
used to explore the lger aggregatstructuresinclude:Single crystal XRD, DUSNMR

and DOSWMR. The global properties of these molecules will be explored using
microscopy observations and attained CMC data.

It is hypothesised that these low molecular weight monomers (IW)Welfassociate

through intemolecular interactions into larger aggregates



2. Investigation into the self -association properties of the
amphiphile

2.1 Introduction

H)J\H/\S/ _ TBA HJ\N/\S/ - TBA

5 (@) ‘ H nQ
1 2
(@]
N)LNASfO— TBA
H H o

Figurel3- Compoundsl - 5, a series of sulfonaterea based amphiphilic salts.

A series of analytical techniques will be used to explore the strueagtesity relationship
properties offive amphiphilic saltthat all contain the urea functionality, and a sulfonategp
(Figurel3). The technigues used to study this group of molesiare as followssingle crystal
Xeray diffraction tensiometry, DLScomputationaimodelling and electron spray ionizatiomass
spectrometry (ESIMS). Compoundsl, 2, 4and 5 are intrinsically fluorescensulfonateurea
based amphiphilic salts themfe using the following methoddtuorometry, ultraviolet visible
spectroscopy(U\vis) and transmission and fluorescence microscég@yablingvisualisation,
which regards to how these aggregates ssembleén specift solvent conditions Therefore,
allowing comparisoras to the effects othe addition of benzothiazole anithcreasing of the

quantity of aromatic substituents
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Due to the hydrophobic nature of theromatic substituentand the hydrophilic nature of the
anionic group, it is hypothesied that they will selassociatethrough the formation of
intermolecular bonds to form sphericaggregatedstructures Thesefor the firsttime can be
directly observediue to the intrinsically fluorescent properties of four of #secompounds. The
data gathered from all experimental methods will be analysed and comparisons made where
suitableto determine if it is possible to predithe selfassociation behaviour ithis classof
amphiphiles

2.2 Solid state z Single crystal X-ray diffraction

Single crystal Xay diffraction, firstdevelopedin 1912by Laue, Friedrich and Knippiffgis a
routinely usednon-destructive analytical technique in the field of supramolecular chemistry
Where the covalent or nowmovalentbonding modespresent within the solid state can be
identified. Through slow evaporationf a DMSOH,O solutioncontainingl, 2, 4, and5 single
crystals wereobtained. The single crystalrXy structure of3 has previously been reportduly
Hiscock et al.nitheirstudy Sy 6 A G f SR WCNHzAGNI 6SRQ KeéRNRISY
assembly a solid state studywhereit was determinedhat the bond lengths and angles were
influenced by the acidity of the hydrogen bond donating groups present within the monomeric
structure. In this studythe crystal structureobtained for3 exhibits atape formation through a
ureaanion binding modéFigure 14)Also observed wabe additional coordination of a water

molecule to the anionic sulfonate substituentytiugh additionahydrogen bondg?®
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Figurel4- Single crystal-Xay structure of compoun@, exhibiting hydrogen bonded tape formation through a
urea-anion binding modg°TBA counter cation has been omitted for clarity.

Crystallography databtainedand refined by Dr Jennifer Hiscock.
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2.2.1 Results and discussion

It is commonly known that anthracene oikiels®® to hydroxyanthracen€$ or anthraquinone

(Figurelbs).™
H OH,
-e
> [
H,O
anthracene
-2H | -e
O OH
L) <=
-
-2H
o 9-anthrone

anthraquinone

Figurel5 - Reaction mechanism for the oxidatiaf anthracene to hydroxyanthracesto anthraquinone’?

From crystals obtained after the twwoeek crystallization process was observed thathe
anthracene substituent of compountl is susceptible to this procegfigure 16)The single
crystal Xray stucture illustrated in Figure@lalso shows thenon-planar dimerization of the
moleculesviafour intermolecular bonds betweethe sulfonateurea substituents whichasan
interior hydrogen bond angle of ¥6this wascalculated from the intersectingiares of the urea
substituents(Figure 17)To ensure the purity of *H NMR studies were performeakriodically

whist studying the selassociation properties in both the solution and gas phase.

26



Figurel6 - Single crystal-Xay structure ofcompoundl, demonstratingdimerization through the ureanion
complexation TBA counter cation has been omitted for clarity.

Interior angle of self-association |

Figurel4 - Ball and stick representation of interior angle of sedfociation calculated from the intersecting plan
of the urea substituents

The crystal structure forampound?2 (Figure 8), also demonstrates the formation of a dimer
specieghrough the sulfote-urea substituent as we observed fat. However, for 2 the NH
HBD groups are shown to bond with one HBA sulfonate oxyfengeometry of this complex

is planarwith an inteiior hydrogen bond angle of 18Gdissimilar to that ofl.
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Figurel5 - Single Crystal-Kay structure of compoun@, demonstrating dimerization through the ureaion
complexation TBA counter cation has been omitted for clarity.

Compound4 binds through intemolecular interactions of thenea NH to the sulfonate anicin
moiety (Fgure 19). In this case thoughhe hydrogen bondlonating groups arselfassociating

with a different hydrogen bond accepting sulfonate oxygen, unlike those formed in compounds
1 and2. This bonding mechanism causes tholecular structure to twist, foning a norplanar

dimer with ahydrogen bond interior angle of 56

Figurel9- Single Crystal-iy structure of compound, demonstrating dimerization through the ureaion
complexation. TBA counter cation Hasen omitted for clarity.
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Thestructure for compounds demonstrates formation of @lanardimer species with a self
associating interior angle of 180 The dimerformed is stabilisedthrough intemolecular
interactions of one hydrogen bond doireg uea NH and the hydrogen bond accepting
sulfonate moiety of each molecule. Alsservedn Figure20, the second tea NHhas formed an

intramolecular hydrogen bond with the benzothiazole nitrogen.

Figure20- Single Crystal-y structure of compoun8, demonstrating dimerization through the ureanion
complexationand intramolecular bond formatiort.BA counter cation has been omitted for clarity.

The hydrogen bond distances and angleslfa?, 4 and 5, calculated from single crystairy
structurescan be seen in Table 1sAve can see the hydrogen bond length from donor to
acceptor(Dr A)range from 2.6 3.4A withhydrogen bond anglesgtween DHt A ranging from

123-178x
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Tablel - Hydrogen bond distances and angle&atated from single crystalbay structures.

Hydrogen Hydrogen Hydrogen
Hydrogen Hydrogen bond bond length  bond angle
Compound bond donor atom acceptor 05wuw! Ol woww!
)
1 N1 H1 (O]] 2.855 (14) 156.8 (8)
1 N2 H2 010 2.976 (17) 155.3 (9)
1 N3 H3 06 2.956 (13) 167.0 (7)
1 N4 H4 05 2.967 (14) 163.0 (7)
2 N2 H2 03 2.864 (3) 151.88 (13)
2 N1 Hla 03 2.858 (3) 155.21 (13)
2 05 H5b 01 2.821 (3) 170.08 (17)
2 05 H5c 02 2.813 (3) 160.56 (16)
4 N2 H2 02 2.865 (5) 170.9 (3)
4 N3 H3 04 2.896 (5) 127.8 (2)
4 05 - 04 2.826 (7) -
4 C6 H6 03 3.371 (6) 159.3 (3)
4 C16b H16b S1 3.794 (5) 157.7 (2)
4 C14 H14 01 3.375 (5) 162.2 (3)
5 N3 H3 04 2.853 (2) 140.47 (13)
5 N2 H2 N1 2.697 (3) 137.56 (12)
5 N2 H2 02 3.410 (2) 133.09 (12)
5 C12 H12 o1 2.836(3) 123.43 (14)
5 C2 H2a 03 3.383 (3) 178.10 (16)

The anionic substituentsand the hydrogen bond donatingea groups ar&key substituens in
selfassociation, aiding in the formation of stable intelecular bonded dimer species
Canmpoundsl, 2, and4 are all stabilised through the formation of four intermolecular
hydrogen bonds, with each of the NH groups acting as a hydrogen bond doh&pd4 and 5
are shown to adopthe dimer formation, withA y 4§ SNA 2 NJ | y3f Sa 2F wmp
respectively. Further stabilisation through interactions of the electron rich and electronrpoo
aromatic ring systemcausedhe aromatic moietieso form astackednon-planararrangement.
Therefore 1 has aninterior angle that isapproximatelyfour times smaller than that of. The
analogous structure obtained fa¥ illustrates the formation of a dimerised speciesthough
this compounddemonstrates thesame binding mechanism &sThe NH uea forms a hydrogen
bond with the opposite hydrogendmd accepting sulfonat@xygen atomresulting in the

geometry of this complex to be ngpanar.
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Theplanarstructure of2 demonstrateshydrogen bond formatio of both HBD NH with a single
sulfonate oxygen and an additional hydrogen bonebodinatingto awater molecule with both
the urea and sulfonate oxygen atoms.

We have demonstrated that a key factor in formgistable hydrogen bonded dimeeid
speciesfor the discussed compoundstise presenceof four hydrogen bonds, four hydrogen
02YR R2yl GAy3 b lydrogeNIBdndaécepting Sulforiate 2yroufisThe planar
structure of ompound5 however, forms an itramolecular bond between the nitrogesf the
benzothazole and the NH of one of thealt LQThis steric hindrance limithe numberof HBD
donating groupsvailable forintermolecularhydrogen bond formation. As a resuhis dimeric
complex is only stabilised through the formation of tweoeinholecular bonds. It is hypothesised

that this may be a limiting factor in the formation of larger sasembled aggregate structures.

2.2 Gas Phase: Mass spectrometry

Over the last decadESIMShasemerged as aignificant bieanalytical too) due to its ability to
provide qualitative informationtowards the detection ofinalytemolecules These molecules
must first beconvertedto ions” In negative ionisation mode a trace of ammonia solution is
added to aid deprotonation of the sample molecifdNon-covalentinteractions, such as the
hydrogen boul are routinely studied in the sofitland solution state$® However,it has also
been identified that theseon-covalent associationsontinue topersist inthe gas phaseES!

MS provides an innovative approach to studying these intermolecular interactfonghis
technique was utilised with compounds- 5 to determine if dimerization or selissociation is
limited to the solid and solution statder this class of amphiphiler whether these compounds

exhibit dimerc species in the gaseous phase.
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2.2.1 Results and discussion

As expected the data obtained from the B3 studyreveal that in the gas phasempounds
1 - 5 exist inthe monomeric statgM]" or the dimeric state [M+M} with correspondence

between the thewetical and actual m/z pealseen inTable 2

Table2 - High resolution mass spectrometry theoretical and experimentally derived valués;for

Compound m/z [M] m/z [M+M+1}
theoretical actual theoretical  actual
1 329.0602 329.0567 659.1204  659.1210
2 279.0445 278.9615 559.089 558.9373
3 229.0289 229.0292 459.0578  459.0649
4 376.0431 376.0390 753.0862  753.0864
5 362.0275 362.0261 Not observed

In addition to this we have also identified the presence of the mpraionated sulfonateurea
dimeric speciegM+M+H])for 1 - 4. Usingl as an example (Figurdve observe the m/z peak
corresponding to the anionic monomer ([MPr dimer ([M+M]¥ at 339.0567 and the
protonated dimeric speciegM+M+H]) which is 2(339.0567) + 1.0@6¥659.1210this is a good
indication that thedimerized species igresent (for this molecule) in the gaseous phaBkis
trend is also apparent for compoun@s- 4. These protonated dimeric species ([M+M+HJe
not determinedto be due to theconcentrationof the analyte present@ample preparation was
completed to ensur@ptimization resulting in a very low concentration of the analysathple
(1 mg in 1 mLdiluted further ly a factor of one hundredjiving the concentrations at

F 1.6x10°mol).
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Figure 21 - Electrospray mass spectrometry spectrum of compoudndshowing both the monomeric an
protonateddimeric species (A), monomeric species (B) @iodonateddimeric species (C).

The protonated dimerized species is not present in the spectr®,fthis is attributed to the

intramolecular bond formed within this compound as previously identified in the -stdigk

studies. If we compare theroposedselfassociation process betwednand5 (Figure 2), the

combination of the protonation of the sulfonatgroup and intramolecular bond inhibits the

ability for 5 to selfassociate. The protonated sulfonate renders this site unavailable for

hydrogen bonding, and the intnaolecular bond between the nitrogen of the benzothiazole and

the urea NH limits the avaibility of hydrogen bond formation with another monomer due to

steric hindrance.
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TheESIMSdata demonstrates thathe non-covalent bonds ofl - 4 do not dissociate undehis
soft ionization techniqugeso thereforeheir dimeric complexesxist in the gas phasélowever,
although present, the stability of theseénderic compounds is unknowecomparel to those in
the solvent stateAdditionally, the presence of these dimer species in the gas phase means that

in this studycoulombic repulsiomloes not prevent thanionic compoundsoming together.

O
o030
NJ'I\ A~ wt";’;’ﬁ‘"f\l N

N d 0 HO™ 3 H :
v hq & OH 0 H“N’” S
b &
1 "S. 5

( 0

NH

0
NH

Figure 22 Proposedorotonated dimeric species dfand protonated monomer db, as observed in the gas phas
All ESMS spectra that display the abundance percentage of different isotope$ fdy are
presented inappendixFigure S250254.

2.3 Solution state studies

The solid and gas states invekxploration into selassembledntermolecular binding methods

of the anionic component of the amphiphile.
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The solution state introduces solvesblute interactions, these interactiormsn exert influence
on themolecular bindag nodes that aid in the formation darger sefassembled systems such
as inverse micellesvhere surfactant monomersn a nonpolar sovent inverf® or micelles

(Figure23).

Hydrophilic head

a &
po =
9%5

_Hydrophobic tail

Surfactant monomers Micelle

Figure23 - Schematic of micelle formation from surfactant monomers.

It is known that solvents such aswkthylsulfoxide and water interact withther solutes as well

as witheach otherthrough hydrogen bondlormations between theoxygenatom of the DMSO,

and theprotons of the water molecule. The hydrogen bond donating or accepting moieties of
the solvent consequently compete with the HBA/HBD sites of the solute and as a result instruct
the type of selfassoated aggregates formed.

Compoundsl - 5 all contain hydropHic sulfonategroupsand HBD/HBA moietieso
therefore the seHassembly of these molecules may be heavily influencatidogolvent systems
which they are in. To test thisypothesisand the sef-association of these amphiphilic sa#ts
variety of salent systemsdhosen due to comparative solubiljtsre usedwithin the range of

methods applied ithis study.These areDMSODMSOH,01:1,1:4,3:7 and BO:EtOHL:19.
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2.3.1 Dynamic light scattering (DLS)

DLSis afrequently usedmethod to determine the sphere size distribution and the state of
motion of a particle, emulsion or molecule which have been dissolved or dispersed in a solvent
system The Brownian motion admall matterin solution causes light to be sttered atdifferent
intensities Changes in these intensities enattie particle sizef the analysed substance to be

determined using the StokeBinsteintranslational diffusiorconstant Equation 1°

Equationl - The $okesEinstein relation that links diffusion coefécit measured by DLS.

D, = Hydrodynamic diameter
RB T D, = translational diffusion constant
= - kp=Boltzmann's constant
h 31{]’]Dt T = thermodynamic temperature
1 = dynamic viscosity

It is commonly assumeithat thesesmallmolecules or particlescatterlight weakly. However,
there are circumstances when this scattered light is much stronger, such as in gel formations or
other fluid like system& Dynamic light scatteringlong with adher methodsis commonly used
to assisiin the exploration of molecular sefissembly providing quantitative data

Limitations of this method include the measurement of the hydrodynamic radius of a
particle as opposed to the projected area diametétis hydrodynamic sphere is formed of a
thin dipole layer of the solvent dwkring to the partle surface. With DLS ittisis sphere and
the coreinorganicparticlethat are analysed for the determination of particle size distribution
This measurement isalculatedbased on the assumptiotiat the particle is spherical (Figure
24). Howevet in practice the particles in solution are ngpherical, dynamic and solvated and
because of this the calculated measurements from the diffusional properties of the particle will
be indicative of the hydrodynamic spie. Furthermore,large particles present within the
solution will still be accounted during data analysis even if they are in small quarititiesr

volume or number distributions particle refractive indesdculationis required.
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However as he compounds being analysed are novel and a refractive iizdeat availableat

presentthe average intensity size distribution data will be used within this study.

Figure24 - Schematic demonstrating theytrodynamic radiugD,) measured using DLS gives the diameter ¢
sphere that diffues the same way as the particle.

The selfassociation properties of compounds3 - 4 and5 in the previouslymentioned solvent
systems were investigated using DLS size distribution stu@isnsure the molecules in
solution were inan equilibrium state having reached a thermodynamic minintbhensamples
were subjected to an annealing process. This processvieddleating the samples from 250

40 xthen cooling back to 2&

2.3.2 Results and discussion

The measured DLS data is presented as a correlation thaweontainsall the information with
regards to the diffusion of particles within the sample being measuréé. corelation curve
should be smootlwith concurrence of size distribution for all runs (nine in this instance) for all
samples measuredCorrelograms wer@btained for sampled - 5 at each pointduring the
annealingprocess the results confirm that achieving thermodynamic minimum results in
greater correlation of particle diffusionFigures 25 28 illustrates example DLS correlation
graphsof compoundLl at a concentration 065.6mM. These obtained graphs allow us to observe

the transition through the threestage annealing process.
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Comparisons of these graphs demonstrate that the initid x40 xC&erids af runs do not
correlate as well ashe correlation curve of compound after the annealingprocess This
confirmsthe need for these compounds teach a thermodynamic minimurto ensure the
aggregate size ptimized All additional correlograms are availableappendixFigures S31
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Figure25- Raw correlation data for 9 DLS runs at 25 °C before heating to 40 °C with comiandoncentration
of 55.6mM in DMSO.
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Figure26 - Raw correlation data for 9 DLS runs at 40 °C with compaaa concentration of 55.61M in DMSO.
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Figure27- Raw correlation data for 9 DLS runs at 25 °C after heating to 40 °C with contpauadoncentration
of 55.6mM in DMSO.

DLS studies dfand3-5in a DMSO solution demonstrate the presence of threfedint sized
structures (Table). Structure one with an approximate diameter of 8 nm, structure two

100- 600 nm and structure three 600 nm.
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Table3 - Average intensity particle size distributiofts 3 sig.fig.for compoundsl, 3, 4and5, calculatedrom 9 DLS
runs. Samples were prepared in series, with an aliquot of the most concentrated solution undergoing serial dilution
YR YSI &dz2NBR

I G

Hp

x/ FFUESNI KSIFGAyYy3

2

nn

X /

YR O22f A

1 2 3 4

Conc.
Solvent peak peak

(mM) | peak maxima peak maxima| peak maxima

maxima| maxima

111 459 1718 a' 955 | 3091 | 615 1.11 712 | 3580

55.6 825 58.8 a* 825 615 1.11 825 220
DMSO

5.56 531 106 a' 615 396 111 | 1106

0.56 531 a' 531 396 531 0.72

a" - DLS Size distribution in a solution of DMSO for comp@uuaild not be gathered due to the inherent absorbance
and fluorescent characteristics of this compound.

From these results, it can be observed that unlik& and 5, compound4 does not aggregate

into the largest of the species.oMever, it does show that the smallerggregatesof an

estimated1 nm are morepersistent within this complex, these smaller aggregates could be

artefacts attributed to small single molecujedservedn Figure 28
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Figure 28 - Average intensity particle size distribution, calculated from 9 DLS runs, of aggregates forn
dissolving compoundat a concentrationof11¥a Ay 5a{h om Y[ O F& po Hp >
i 2 H$malleradd migized aggregates present &tl nm and 600 nm respectively.

Compound demonstrates that these larger aggregateucturesare primarily present atigher
concentrations (Figure 32@nd arehypothesisedo be attributed to the aggregationf smaller
complexes. It is visible thatpon further dilution the occurrence of these larger structures
decreaseslt is observed thaas expected thathere is a general pattern occurring which
demonstrates alecrease in aggregatgze correspondingith adecrease irconcentration. An
overview of these resultgyiving a full range of aggregate sizes from comparison of peak widths
can be seen in graphical format in Fig®@ The full data sets are available in thppendix

Figures S118174.
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Figure 29 - Average intensity particle size distribution, calculated from 9 DLS runs, of aggregates forn
dissolving compoun8 at a concentrationof 11¥a Ay 5a{h 04 po Hup x/ X 0
xC.Mid-sized andarge aggregate present af 600 rm and >600 rm respectively.
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Figure30 - Comparison oDLSeak maximaf compoundsl, and3 - 5, showing the full range of aggregaseze
digtribution in DMSQvalues taken throughout the annealing process.
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In altering the solvent system of compountls 5 it was possible to see to what effetiie
solvents had on the formation tiie selfassociated specieklowever, increasing parity by the
addition of water decreased solubility, as a consequence this factor determined the
concentrations of the amphiphilic salts studied.comparison of those structes formed can
be seenn Table 41t is evident from these resulthat the addition of water in thdirst instance
to form a DMS(4:0 1:1 mixtureincreases the aggregatéze. At a concentration of 5.56M
the aggregate sizes change frdm00- 600 nm to 600 2300 nm upon first addition.Ufther
increasing the percentage of;® in these solvent systemmesultsin a general decrese in
aggregate structure size £©300- 1200 nm (DMSQ,0 3:7).To urther explore this studyand
increase molarity the DMSO solvent was replaced with ethaokss he series of amphiphilic
salts The observed aggregate sizwere at 5.56mM for 1 -5¥F. 200- 300 nm (EtOHH,O 1:19).
Figure 3lillustrates that thesize of the aggregates continugsdecrease to af 200 mm, this is
evident for all compound& - 5 (giving a full range of aggregate siZesn comparison of peak
widths).

Table4 - Average intensity particle size distribution of compoud$, calculated from 9 DLS runs in different solvent
conditions at concentrations of 5.58M and 0.56 mM. Samples were prepared in series, with an aliquot of the most
concentrated solution undergoing serial dilution and me&s&® | F G SNJ KSI (ay Ay 20 anup/ xF ¥R

1 2 3 4 5
Conc.
Solvent conditions peak peak
(mM) peakmaxima | peak maxima| peak maxima
maxima maxima
5. 56 531 | 106 a 615 396 | 1.11 | 1106
DMSO
0.56 531 a 531 396 531 | 0.72
5. 56 1990 615 1990 | 459 220 | 1281 | 2305 | 255
1:1
0.56 1106 955 531 955 712 | 2669
DMSO : kD 5.56 342 825 1106 459 | 78.8 | 1281
3:7
0.56 396 396 615 615 342
1:4 0.56 58.8 | 342 | 342 | 68| 712 91.3 | 615 825
5. 56 220 164 220 58.8 | 295 295
EtOH : KO 1:19
0.56 164 255 396 | 0.83 | 122 220
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Figure31- Full range ofntensity particle size distribution of compountls 5, calculated from 9 DLS runs in
different solvent conditios at a concentration of 5.56 mM.

The seHassociation of compoundsand3-5in a solution of DMSO demonstrated the existence
of three different sized structures. The smallest structtire 38 mrm in diameter is expected to
be that ofthe sulfonateurea monomeric or dimeric speciefhese structures areredominantly
present in all concentrations of compountiand remain stable throughout the annealing
process. The midizea ( NHzO dafzNeB0&mM fermedin 1 and3 - 5 are attributed to a larger
selfassociated specieand although there appears to be some structure disruption when
heated, it is apparent that these aggregated systemgeanrerate to form stable selissociated
structures. Mostly observedn compound5 are theoccurrence of the largest afggregates
identified at a size 800 nm, theseareshown todecrease when heated or dilutedhi$ supports
the theory that theyare formed from thecoalescence admadler structures. The concentration
dependence of these strtires correlate with the understanding thathe hydrogen bonded
network will be destabilised by decreasing concentratios is attributed tocompetitive association

with solvent molecules
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Upon heating of the compounds, the@g@lied energy in the systems causdisruption of the
weaknon-covalent bindingnechanismghat hold these supestructures togetherAs we have
discusseda limitation of size distributiondata obtained from DLS ibiased towards larger
structures, this is due to the dependence of the intensity to the sixth pafiéine diameter®?
The presence of thesmallerstructuresat an ¥ 1 nm in 4 and the norexistence of the largest of
aggregates leads us to believe thatl, 3 and5 few, yet large aggregatesbservedin solution
are maskngthe presence of the smaller assemblli® those we see id. This is proposed to
be specificallghe case wherthe difference in e of these aggregates can tpeeater than900
nm.

Excluding evidence of the monomeric or dimeric species in the BtBmixture,
compoundsl - 5 demonstrate the formation of only a single type of aggregated structure,
exhibiting the following trend3 (400 nm) >2 (260 nm) >5 (220 nm) >1 (160 nm) Dividingthis
amphiphilic family up into two sub groupsid by discussingpem independently it is observed
that the extent of seHassociation is related to molecular structureibSgroup onecontains
compoundsl, 2 and 3 which have decreasing aromatic ring system substituents of anthracene,
naphthalene and phenykspectivelylt is observed that the decrease in aggregate 8iz@ <1
is in correlation with the increase of aromaticity> 2 > 3. Sub group two containsompounds
4 and 5 both of whichhave benzothiazolesubstituents G@mparisons between these two
compounds show that the intramolecular hydrogen bonded compdufodms larger structures
in all solvent systemthan compound4.

Aswe have identified in Figure 3the initial increase in polarity from DMS© a 1:1
DMSOH0 solution appears to stabilise théormation of larger aggregatesWhere furthe
increase ofwater decreases theize of the aggregates observed. The substitution of DMSO to
ethanol enabled thesolute-solvent and solutesolute structure activity of thee compounds to

be studied further.
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The results demonstrate sedissociation between the molecules in solution decreases with
increased quantities of 4. This can be attributed to solus®lvent interactions where the
solvent binds with the solute mole@ylthus limiting the quantity of availableydrogen bond
acepting sites. Full data set ebuntrates and size distribution graplawailable inappendix

Figure S191S252.

2.4 Ultra -Violet visible spectroscopy and fluorometry studies

Techniques such UVisspectroscopy and fluorometry are routinely used as a preliminary study,
with the sole purpose of gaining information as to aid further analytical methods such as
fluorescence microscopyTo be able to identify whichlfiers are most appropriate for our
microscopystudies, theseanalytical methods wereised UV-Vis spectroscopy methods were
applied to enable the wavelengtit which the sample absorlte be attained This information

was then used as a guide for the fluorometry studies where the excitatiod emission
properties of the amphiphilic salts wetieen determined.All samples were prepared in solvent

systems analogous to those used throughout the solution state studies.

2.4.1 Results and discussions

The results from the UVis studies determinthat 1, 2, 4 and5 all absorb lightin the region of
294 nm- 356 nm(Table 9. This information was then used tdentify the wavelengthranges

that excitationfemissionpeaks would be present at for tikiorescent spectroscopy studies.

Table5 - Absorbance properties of compoundis2. 4 and5.

Abs Solvent
< oYy DMSO DMSOH,0O EtOHH.O
11 3.7 14 1:19
1 339 357 356 356 356
2 308 295 286 289 283
4 338 334 331 331 327
5 295 298 294 294 293
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Shown in ures 32 35arethe results obtained from th8uorometry studiesof compoundsl,
2,4and5in a DMSO solutigrthese data aralsodisplayed in tabulated format (Table.@he
table displayghe excitation and emission values, along with the calcdatekes shift These
results demonstrate that, 2, 4 and5 have an excitation value between 220 and 338 nm and an
emission valudetween 376 and 440 nnfcrom this table, we can see thhthas a large stokes
shift of > 158 nm(Figure 32)because of this we were unable to directly observe this compound
using any of the suitable filters for the microscopy studiaorescent molecular compounds
which have a large stokes shift exhibit relatividyw brightness Thesecompounds are also
prone to fast photobleaching due to poor photostabifityAt the other end of the scale, a small
stokes shific 25 nm results in sejluenching and measurement err&fFortunately although2
and5 (Figures 33 and 3%lave a relatively small stokes shift theg not fall into thiscategory
and as a result, using a suitable filtewe wereable todirectly visualise themn most solvent
systems However, it was not possible to directly obse@alue to incompatibility with the
available filters.Full data set for UWis and fluorometry studies are visibleappendixFigure

S186-225.
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Figure32 - Fluorescence spectra of compouhd0.003 mM) in a solution of DMSDisplaying a large stokes shi
of 164 nm.

48



300

250 Stokes shift 61.5 nm Excitation

200 ——Emission

150

Intensity

100

50

200 250 300 350 400 450 500
Wavelength (nm)

Figure33 - Fluorescence spectra of compoud0.003 mM) in aolution of DMSO. Displayingstokes shift of
61.5 nm.
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Figure34 - Fluorescence spectra of compoua(.003 mM) in a solution of DMSO. Displaying a stokes shift ¢
53.5nm.
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Figure35 - Fluorescence spectra of compouBfd0.003 mM) in a solution of DMSO. Displaying a stokes shi
149.5nm.

Table6 - Excitation and emission properties of compourg, 4 and5.

Solvent
Smax (NM) DMSO DMSOH,0 EtOH+;0
1:1 3.7 14 1:19
1 <ex 280.5 2758 2722 273.6 259.5
<om 4445 4405 4365 4321 437.4
n st 164.0 1647 1643 1585 177.9
2 <ex 3150 3365 294.1 295.5 223.5
<om 3765 3951 376.9 377.2 3800
n st 615  58.6 828 817 156.5
4 <ex 338.6 3345 3325 332.2 3310
<om 3921 3952 394  397.4 398.5
n st 535  60.7 615 652 67.5
5 <ex 280.4 280.3 283.3 2850 228.5
<em 429.9 4194 4189 417.1 415.2
n st 1495 1391 1356 1321 186.7

The excitation and emission values obtained enabled the napgtropriate fiters to aid
visualizationto be identified. iese were determined to be: DABhd GFP which are for
moleculeghat fluoresce within the excitatiofl 350nm and480 nmand emissior 450nm and

510 nmrangesrespectively.
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2.5 Microscopy

Fluorescent molecules are readily visualised using fluorescence optical imagery. This technique
allows for the details of cellular/molecular organization to be probed with a precision unlike
other methods, ultimately enabling confirmation as to whether thmolecules are self
assembling to form proposed structures. This method has emerged as an attractive modality to
study molecular interactions of fluorescent molecyfesell biolog§®®” and disease processés
Kaeser and Schenning utilised this techeidgo explore the transformatiorupon addition of a

dye, from cylindrical objects into spherieagregatedinits, through™ -~ interactions withinthe

conjugated systerf®

Compoundsl, 2, 4 and 5 were developed as intrinsically fluorescent amphiphiles to
enable the opportunity for direct observation tife aggregatestructuresin the solution state
Using transmission and fluorescent microscafipws for direct comparisoto other non-direct
techniques such as Dlad NMR thus providingoth qualitative and quantitative datd®ue to
the highly fluorescent nature of these compalsphotobleaching during the imaging process
occurred leading to a loss of fluorescent emission intensityerefore, in one or both images
some amphiphile aggregates could not be captutdsingboth microscopy techniques aidédal
capturing some images that were susceptible to tagsswell agnabling the highly concentiad
locations of the sulfonat@rea anion to beidentified. The ability to directly observe these
compounds is a huge breakthrough in gaining a greater understanding into thesseffiated
aggregated structure formation of this class of amphiphile in the solution sttere are
however limitationsof observation techniques such as microscofsy direct observations may
not be regresentative of the bulk sampkend therefore can bsusceptibleo sample biasThis
methodalsoonly allows for theetrieval of qualitative rather that quantitative datand should

therefore combined with othercomparative studies such as NMR and DLS.

51



In line with techniques previously reported by L&PihO pl of the appropriate sample was
pipetted onto the centre of an agarose pad, covered with a coverslip and secungdce
restricing any movement oevaporationof the solvent.The solvent systemssedin this study
were analogous to those usealthe DLS studieshis allows for direct comparisons to beade
As previously discussexhy aggregatesof compoundsl and 2 could not be observed using
transmidgon or fluorescence techniques due toet excitation and emission progé@s of these

compounds resultingn inherent backgound fluorescence.

2.5.2 Results and discussion

From the microscopy images obtained it is apparent tb@mhpound4 in an EtOH4,01:19

solvent mixture formsrregular shapecconglomerates of smallespecies that ard 105 nm

(Figure 36. However, substituting the EtOH for DMSO at tleguivalentratio causes the
amphiphlic salts to selassociate into asphericalaggregateunit with the same diameter
measurement of 105nm (Figure 3). In a solution of just DMSO we again see these spherical
aggregatedstructures, the siz€ ¥ (1 KS&a$S Wa dzii$vNduch Ntz aF36B8m 8s | NB

seen in Figure 38
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Figure 36 - A selection of transmitted light microscope images of compodr{.50 mM) in an EtOH;0 119
solutions. Examples of the aggregateuctureshave been circled for clarity.

Figure37- A selection of DAPI filter composite images (left) and transmitted light images (right) of conyatr
a concentration of 0.50 mlh a solution of DMS®LO 119. Evidence of aggregateucturesare circled for clarity.

o
wor

Figure38- A selection transmitted light images (left) and DAPI filter composite images (right) of comgpatiad
concentration of 0.50 mM in DMSO. Evidence of aggregateturesare circled for clarity.
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From themicroxopy methods usedve were able to identy that compounds forms spherical
aggregates in all solvent systems. However, thamditer size of these structurealters
depending on the system of wdti it is dissolved. In an Et(HO 1:19 solution we see structures
that are anF 275 nm (Figure 39In DMSO: kD 1:1 the aggregated structures meastig@s50nm

(Figure 49, in DMSO: ¥ 3:7F 300 nm (Figure 4land in just DMS®255 nm (Figure 42
° .

P E O O
b O

GREe

Figure39- A selection of transmitted light images (left) and DAPI filter composite images (rigitingiound5 at
a concentration 00.50 mM in a solution of EtOH:O 1: 19. Evidence of aggregateucturesare circled for clarity.

a 'O

S

Figure40- A selection of transmitted light images (left) and DAPI filter composite images (right) of compatr
a concentration of 0.50 mM in a solution of DMS@DH.: 1. Evidence of aggregate formation are circled for cla
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Figure41- A selection of transmitted light images (left) and DAPI/ GFP filter overlay images (right) of corbp
at a concentation of 0.50 mM in a solution of DMSGO;QH3: 7. Evidence of aggregaucturesare circled for
clarity.

Figure42 - A selection of DAPI filter images of compouat a concentration of 0.50 mM in DMSO. Evidence
aggregatestructuresare circled for clarity

As we have identified the solvent sgst of which the compound is plays an integral role in
the seltassociation of these amphiphilic salts to form spheratgjregatedstructures with the
sizes of these depadent on the soltion type. Compound4 in EtOHH:O forms aggregates
105nm in diameterof varying geometrieshese are expected to have been generated from
conglomerates of smaller aggregated specieleYd¥as, Compoun8 in the same solvent system

forms spherical species which demonstrétee internal structure.
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It is hypothesised that in this system amdthe DMSQ+,0 1:19 mixtures for botd and5, that
the molecules seléssociate intoaggregatedstructureswith the hydrophilic sulfonatarea
substituents forming the outer structurand the hydrophobic moieties positioning themselves
within the sphericalunit. Full range of images availableappendixFigure S236244.

A comparison ofaveragestructural sizethrough microscopy and DLS methaafsthe
aggregated species for compoundisand 5 (Figure43) establishthat the average sizef the
observedaggregate structureisin good agreement. In moststancesijt was observedhat the
average diameter size of theggregates measuredsing DLS were slightly larger than those
observed via the microscopy methods, this increagerabablydue to theDLS measurement
incorporating thehydrodynamicsolvation sphere of which surrounds the aggregated structure.
The size of all observed structures by these microscopy techniques are within the spread of

aggregate sizes that were observed via DLS.
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Figure43- Bar graph comparing thgpread of aggregate sizedtained from DLS average intensity size distribut
studies in a range of solvent systems of compou#dsd 5 (0.56 mM) with thespread of aggregatsizes of
structures observed through microscopy methdadshe same solution mixtures (0.5 mM).
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2.6 NMR Studies

2.6.1 Quantitative NMR studies

There are severdaéchniques which can be employed to explore the bigdiharacteristics of a
moleculethose of which include!H NMR®! N NMR®? and Diffusion Ordered Spectroscopy
(DOSY¥ We observed in the 8 studies that we had two identifiable species present for
compound4 in DMSQ where the diameter size was measured todef 1 nm including the
hydrodynamicsolvation sphere and the other larger aggregate bdirpO nm The relatively
low count rate for4 in DMSQAppendixFigure S175180) implies that the majority of theelf
associated amphiphigeexsting in this solvent system argither monomeric ordimeric in
nature. To establish if this was indeed the caselto gain an understanding as to the size of
the selfassociated species that are observedslyNMR a proof of principle!H NMRDOSY
experiment was conducted with (55.6mM). This experiment mirrored the annealipgocess
used in the DLS studies so as to gainraparative resul{*Note, this study was completeahd

the data analysety Dr JHiscockand Neil WellgUniversity of Southamptoi.

To further explore this hypothesis and determine if there was loss of contpaiithin
the DMSO solution when studied using DLS, an additional experingtathi was completed.
This was conductethy comparative peak integrationsing*H NMRand by dopinga 111 mM
DMSGQds solutionof 4 with 5 pl of dichloromethaneln addition to these studies a further two
experiments were conducted with (6 mM)in DO spiked with EtOH (3%) and DMSO (5 pl)
respectively This study was completetd determine loss of compound in analogous solvents to

those used within the microspy and DLS studies
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2.6.1.1 Results and discussion

According to the results generated and analysed for'thédMRDOSY studies by J. Hiscock and

N. Wells, it is gparent thatthe TBA counter cation has a different diffusion canstfrom that

of the sulfonateurea anion. is demonstrates that these two species are not strongly co
ordinatedin the solution state (Figure 34The'H NMRDOSY study enabled the translational
diffusion constant to be obtained, applying this to the Stek&astein equatin® it was possible

to calculate the hydrodynamic diameter of the sulfonatea anion. It must be taken into
consideration that hesevaluesshould be treatd with caution, a with DLS, the size of these
approximations assume that the structure observed #phere and that the size of the complex

is large compared to that dhe solvent® Due to these syems existing in fast exchandiee

diffusion constants were obtained from the aromatic CH and<ijhalsas opposed to the NH

signals The results obtaied gaveupper and lower limits for the hydrodynamic radius4oét

26c/ OMDPuM MPc oer Beihg BeatédTo 39 °C (L.4nXK R M PpM Y YO | yF
022t SR o601 2 uc mab/c MO Wadrpyd VR S OR Y Ldtulg G A @S
calculated by DL& thermodynamic minimum was 1.1fin (Figure28), which correlates well

with the tHDOSY NMR results. Howewbe larger structureobserved in the DLS studies were

not visiblevia this NMR methodt istherefore hypothesisethat theselarger structuresre not

ableto be observed by this NMR methdde to them being either NMR siletihereforeexising

in concentrations that are too lowr due tothe siz of the aggregate being too large.
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Figure44 - 'H NMRDOSY of compoundl (55.6 mM) in DMS@ls conducted at 26.1%C (A), 38.65xC (B) and
25.96xC (C). Anionicompound is highlighted in yellg@BA ounter cation highlighted in greetmage courtesy
of J. Hiscock
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It was hypothesisedpreviously during the conduction of the DLS exments that the larger
structures do not exist in large quantities within the solution stdte prove this theorg series

of further 'HNMR studies wereompleted. Tiesestudieswere conductedwith additional scans

So as to ensure that the information received encompassed the full sample as this experiment
was determination of possible loss of produghe results of these show thah a DMSQGds
solutionthe comparative peak integration of trewromatic CH and sulfonaierea CHwith the

DCM signal show no apparent loss of the amphiphile fthm solution. This confirms our
hypothesis that the larger aggregated structures only exist in very small quantities, therefore

are not detectable under th&IMR conditiongxploited within this studyFigure 45.

DCM CH,
Compound 4 Compound 4
ArCH, cH,
Compound 4
ArCH
e I
0.9 0.50 137 00
]
L AR B R L s L e L N A L o L L L RAARRRRAA R s
9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 50 45 40

Chemical Shift (ppm)

Figure45-1H NMR of compound (0.035 g, 0.05 mM) and dichloromethane (0.007 mg, 0.08 mM) in B#4SO

The following two'H NMR experiments were compiled in analogous solvents to thusselin

the DLS and microscopy studies. The results show that when compbwas doped with
ethanol thereis a 10% loss of the sulfonatarea anion, and when doped with DMSO there
appears tde anapparent loss of 18o(Figures 46 47). It is hypohesized that this lost material

is invisible during the NMR studies due to being removed from the solution state forming solid
state aggregatestherefore NMR silentThese NMR studies conclude that only a very small
percentage of sulfoaite-urea anion is contained ithin these larger seldssociated assemblies

and the majority of compound remaits the solution state.
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Figure46-1H NMR spectrum with a delayi(@ 60 s) of compoundi(0.037 g, 5.9nM) and ethanol (2%, 0.43mM)
in D;O. An apparent 9.99% losg compound was observed upon comparative signal integration.
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Figure47-1H NMR spectrum with a delay:(d 60 s) of compound (0.035 g, 5.6nM) and DMSO (fl, 0.07 mM)
in D,O. An apparent 13.52 % loss of compound was identified upon compasajiva integration.

2.6.2 1H NMR selfassociation studies

In order to gain an understanding of the molecular levelas#fociated interaction$d NMRwas
usedto condud a series of dilution studies. Nére samples were prepared in series with an
aliquot of the most concentrated solution undergoing serial dilutidhis method allows for
direct observations as to the bimdy mechanisms of the HBDeaNH groups at different
molarities.A stack plot of compound. (Figure 48 is displayed for clardation purposes. Stack

plots for compoundg - 5 are available for viewing iappendixFigures S1630.
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2.6.2.1 Results and discussions

As we can observe in Figures (@Ristrative representationand 49(graphical representation)
there is a'H NMRdownfield changein chemical shift with increasing concentration, for both
urea NH resonances of compourdd With the NH situated closest to the sulfonateea
exhibiting a greater change. Compouriis4 (Figures 50 52) exhibit this same pattern. It vga
not possible to get databoutthe NH group that is situated closest to the aromatic substituent
for compound5 (Figure 53)due to being positioned at a similar ppm to thatt one of the
aromatic CH peaks. As we identified in the setite studies tré NH forms an intramolecular
bond with the benzothiazole nitrogen. ®would therefore not expect to see a large change in
chemical shift for this moiety. Wdohoweversee anrNMR downfield change in chemical shift
for the NH resonance closest to the sulfde-urea. The change of chemical shift is greater for
compoundsl, 3 and4 betweenthe ranges of 0.30.7 ppm with compound2 being significantly

lower at 0.07ppm.
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Figure48 - EnlargedH NMR stack plot of compouridn DMS@ds 0.5% HO solution.Samples were prepared il
series with an aliquot of the most concentrated solution undergoing serial dilution.
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Figure49 - Graph illustrating théH NMR dowrfield change in chemical shift of urea NH resonances with increasing
concentration of compound in DMSGds 0.5% HO (298 K).
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Figure 50 - Graph illustrating the'H NMR dowrfield change in chemical shift of urea NH resonances \
increasing concentration of compour2dn DMSQds 0.5%H,0 (298 K).
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Figure 51 - Graph illustrating thelH NMRdown-field change in chemical shift of urea NH resonances \
increasing concentration of compourddn DMSGds 0.5% HO (298 K).
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Figure 52 - Graph illustrating thetH NMR dowrfield change in chemical shift of urea NH resonances \
increasing concentration of compouddn DMSGds 0.5%H,0 (298 K).
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Figure 53 - Graph illustrating thelH NMR dowrfield change in chemical shift of urea NH resonances \
increasiy concentration of compounflin DMSGds 0.5% HO (298 K).

The presence of hydrogen bonding in the sedfociation ofl - 4, through both of the urea NH
groupswas confirmed byH NMR dilution studies in DMS0.5% HO. As shown ifigures
49-52, a downfield change in chemical shift for those resonances attributed to the NH groups
of the urea functionality was observedittv increasing concentrationthis correlates with the
understanding that the stabilisation of the hydrogen bonded network kéll increased with
increasing concentration, due to fewer solvent molecules being presetherefore reducing
competitive association to the HBD/HBA sites.

The change in chemical shift fBwas significantly lower than those df 3 and 4, this
can beattributed to steric hindrance between the aromatic substitueatsd the uea NH and
as a result restrains the formation of hydrogen bonds.

This study confirms the presence atarmolecular hydrogen bond formatiowhich

would be expected to leatb the dimeric specie®bserved in previous studies.
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To gain a qualitative understanding of the intermolecular bonding mechanisms of -a self
assembling system, both concentration and temperattirdependent measurements are
frequently obtained and analysedhi$ erables the transition process from the molecular
dissolved state to the aggregate state to be probed, essentially allowing for the strength of
intermolecular binding mechanisms to be determined. In a study to investigate the effectiveness
of such techniqueMeijer and ceworkers built upon their previous research study of employing
concentrationdependent method¥ to undersaind the selassembly mechanism. They
evaluatedboth approachesvith the purpose of identifying and providing quantitative data for
both isodesmic and cooperative sel§sembly systems. Despite having fundamental differences
with respect to the aggregation formation mechanisms, distinguishing between the two is a
delicate issue. Examples of the key differences by means of the general diggeegation
system,Figure54 (A) are as fdbws: the ceoperative assembly iwhere the initial association
constant (k) differs from all subsequent association constants Kk kX K. The coEK
aggregation model for oreomponent linear aggregatiothomogeneous) bindiop model is

described as Figure §B).%

ka ks Kq ks ki
M+MT Ma+MT Mz+MT Ms+MT XD N

ke= klip= k= KXXXX]

2 KSNBE LJ Aa GKS O22LISNY GA DSt & cpkRZOSR RA

p < 1: Positive cooperativity
p = 1: Noncooperative

p> 1: Negative cooperativity

Figure54 - One component general linear gigegation systenA) and coEK bindingodel @).100
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In this systenMeijer and ceworkerslooked athow to distinguish isodesmic from coorperative
supramolecular polymerisatioim isodesmiassemblyt wasidentified that therewasa gradual
increase in the length and quantitf aggregatedspeciewhere ke = k = k = k Xk;) and that

long nanometresized objects are formed at high concentrations or for high association
constantsHowever, in the case of coorperative assembly theasa bimodal of distribution of
monomers and elongated stctures throughout the selissembly process.

Concentratiordependent spectroscopy measurements are only one way of obtaining
data poinswhich can establish the sedssembly mechanism of a molecule, there aditional
techniques that caralso beusedto establish the selassembly mechanisnMeijer and ce
workers investigatethe selfassembly mechanism of a suprelecular system by using UV/Vis
spectroscopy temperaturdependent techniquedn thissingularexperiment they were able to
explore the camplete transition from the monomeric state (at high temperatures) to the
polymeric state (at low temperaturesy

The data obtained from th#H NMR dilutio studiesin this studywasused to enabléhe
selfassociation constants to be determinading Bindfit vO0.5° (software designed by Meijer),
enablingus to identifythe bindingmodés of compoundsl - 5 (Table 7.

The data obtained was fitted to both the dimerization/Equal K}ERjand caperative
equal K (CoEK) models as can be observ&dhite 6. Further supporting the hypothesis that we
are predominantly observing dimeric species within the DMIS©0.5% HO solution. he
dimerization/Equal K model was determined to give the besinfithe case for this class of
amphiphile The following trend waislentified: as we increase the aromaticity of the amphiphile
from phenyl through to anthracene then through to benzothiazole we increase the

dimerization/Equal K (BkKonstant 4 (2.7 M%) >1(1.5M?) >5(0.6M?) >3(0.3M?1)>2 (0.1M™1).
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This trend inversely correlates with the size of the aggregated structures identified in the DLS
studies where the smaller the sedbsociated aggregate, the stronger the sedgociation
constant. We also see that the intramolecular hygga bond again interferes with the self
association of compoun8resulting in the selassociation constant to be lower than that4f

For allselfassociatiorconstant data links segppendixFigure S1630.

Table7 - Self association constants (ycalculated fod - 5in a DMS@ds 0.5% HO solution at 298K

Compound EK model (M) CoEK model (M)
Ke Kjim Ke Kiim p
1 2.9 1.45 8.62 431 0.5
+04983% +025%| £1.10% =*054% +252%
2 <0.1 <0.1 0.53 0.27 0
+1.52% +0.76 % | +43.09% +21.55% =*47.04%
3 0.61 0.3 12.98 6.49 0.17
+3.03% +151%| +575% +287% +23.77%
4 5.34 2.67 12.95 6.47 0.5
+0.61 % +031%| +070% +035% +2.04%
5 1.15 0.57 6.19 3.1 0.43
+2.05% +1.06%| +882% *+441% =+17.81%

a-Data fitted using BFGSB (quasiNewton) as opposed to Neldddead (Simplex) methods.

2.7 Surface tension, critical micelle concentration (CMC) and zeta
potential studies

The amphipathic nare of surfactant molecules is responsible for th@iroperties The
hydrophobic effect drives the assemblies of monomeric units @nbaich larger structure$™
Williams and cawvorkerswhilst first discussing the importance of determining the CMC value,
state that measurementssingother techniques such digght scatteringand diffusion mobility
can only be performed accurately when the sample is at a concentration above thex@hes
the concentration of micelles is fin#&* (Figure55). However we know thatcritical micelle
concentration is not necessafor detection of the initial formation of micelleas they have
proven tobe present in dilute solutionf@s we have observed during osolutionstudieg. It is

only when additional solute molecules @rgroduced do we begin to recognise thggregatn
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of sphericalunitsand t is thisconcentrationthat should ultimately beecognized as the critical
micelle concentratioralthough due to detection restrictions it is not possible for this figure to
be generated® However, itis necessary to understand that micellar structures can be present
below the calculated CMC values.

There are varying factors that can affect the stability of colloidal dispersions, these can
be aggregation, coagulation or external factors such as thegbkystem that the particles are
in. The stabilityof the colloidal dispersionsf compoundsl - 5 wasrealised by obtaiimg zeta
potential measurementat a concentration of 5.56 mMro enable comparative measurements

an analogous solution was usedthat of the surface tension/CMC measurements.

(5]

Surfactant molecule }H}’dTOPhObiC portion
@ Hydrophilic portion

&5

Critical micelle
concentration
(CMC)

45

Surface tension (mN/m)

40

Micelles
formed

Surfactant Surface
at surface saturated

» Surface

Water at 20 °C

01 1 10 100 1000 10000
Concentration (mg/L)

Figure55 - Schematic illustratiof the point Williams initiallgleterminedcritical micelle concentration (CM®)
be calculated%4

The purpose of identifying the CMC within this study is to gain an understandimgstfucture-
activity relationships of compounds- 5 by observingthe transformation of these amphiphiles
from monomeric surfactant solution to micellar solutiohhe poperties of compoundd4 - 5
were tested for their surfactant properties using therant drop methodn an EtOH£01:19

solvent system.
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The saamples were prepared in series with an aliquot of the most concentrated solution
undergoing serial dilutionAttempts were maded study these compounds in DMSQwkver,
due to the hydoscopic nature of this solvetihe results were found to be unreproducibléhe
calculation of the CMC within this study was completed in an analogous fashititode

conducted by Costas and-workers%

2.7.1 Results and discussion

The CMC values calculated for5 (Figures 56 60) usinga plot ofconcentration against surface
tension are reviewed in Table & can be observed that the critical micelle contration
exhibits the following trendl <1 <5 <2 <3 demonstrating an 80 fold increase in the observed
CMC values betweehand3. Surface tension measurements all fall within the range of4&38
mM/m with a trend that is as follow& <4 <2 <3 <5and zeta potential measuremenexhibit

the following trend3<5<1<2<4.
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The surface tension of water is very high, repdrin literature is 72.75 mM/M7 with the
hydrophobic pariof the moleculeacting as a dielectric media between the water dipoles at the
interface, causing the degree of hydrogen bonds among these molecules to detfease.
Surfactant addition to this water solution decreases the surfaositn of the solution until the
interface becomes saturated with the monomeric surfactant and as a result surface tension
measurement will be much lower than those observed for water. The values that we observe
for compoundsl - 5 all fall within the rangef 43- 49 mM/m as can be expected.

Comparative zetapotential measurements(Table 8 demonstrate that in an
EtOHH,01:19 solution the aggregated species bf2, 4 and 5 exhibit electrically stabilized
colloids. Ameasurement morgositive than +30 m¥r more negative thar30 mV isonsidered
stable When the potential is less than these values the attractive forces exceeds the
electrostatic repulsion causing the dispersion to break of flocculda@mpound3 hasa zeta

potential vdue that implies that there is incipient stabilif10 to +3( of the colloidal specie'$?

Table8 - Zeta potential and surface tension measurementsifeb obtained at 5.56 mM. Calculated CMC values for
1-5.

EtOH: KHO1:19
zeta CMC surface
Compound _ _

potential tension
(mV) (mM) (mN/m)

1 -82 2.52 43.15

2 -96 10.67 46.67

3 -19 40.89 47.90

4 -101 0.50 46.50

5 -79 9.54 48.71

The zeta potential measurements &r3 and5 were obtained at a concentratiobelow tha of

the calculated CMC values.
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However, aspreviouslymentioned does not mean that stable aggregated species do not exist in
solution it just means that they may be undetectabiethis method''° Therefore the threshold
surfactant concentration at whickelfaggregation occurs is not entirely dependent on the
critical micelle concentratiorThe obtained CMC values fbr 5 were then compared with the
previously discussed dimerization constafuisapter2.6.2.7 and the results reveal a correlation
between these two experimentally derived valuegy(ffe 61). Where it is shown that as the

strength of the dimerization constant increases the CMC value decreases.

2.5
X1
2
X 2
E 1.5 3
% X4
o 1
= X5
0.5

X
0 X

0 0.5 1 15 2 2.5 3
Dimerization constant (M)

Figure61- Relationship between reciprocal CMC values and dimerization constants obtained for comfie3nc

2.8 Low level computational chemistry

Computational chemistry is frequently combined with organic chemistry to assist in solving
chemical problems. Theoretical chemistry incorporates structure and property prediction using
efficient computer programsThe prediction 6 intermolecular hydroge#bonding to form
molecular tapesrbm a single molecule requirdsnowledge of the chemistry involved, the
geometry of the single molecule and the identity of the hydrogen bond donators and acceptors.
Crystal structure prediction software programmes areqfrently designed to enable the

determination of the crystal structure of an organic molectife
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These programmes initially analyse the chemical diagram, and essentially the thermodynamic
stability of the structuré? A further example of computational studg the calculation of
electrostatic potental maps. Mis method is becoming more frequently used due the
qualitative interpretation of nucleophilic and electrophilic reactidhs For stru¢ure and
function of a moleculghe electrostatic field both witim and surrounding the molecule are of
central importancelUsing an energy minimised structure asichple high throughput method
of semiempirical modelling computationally derived electrostatiqotential maps &
frequently used to calculat&naxand Ein surface values that correlate with experimentally
derived values**

To determine the most favourable protonation siiéthe sulfonateurea anion a series
of computationally derived electrostatic potential maps were calculdgd method in line with
work produced by Stewd®dzd A y 3 { LJ NI l-empincal EM6dnbdélkhg redhyds to
derivecomparativeEnaxand Einvalues.It is hypothesised that theomputationaldataobtained
from this study will correlate with the experimentally derived dimatian constants an€CMC

values forl - 5.

2.8.1 Results and discussion

The BEnaxand Einvaluesof 1 - 5 derived fromthe computational studies (Figures 6266) show
that the charge distributiothroughout the seris of sulfonateurea amphiphiless similar This
distribution is as follows; the are two negative regions observed. There negativebninvalue
isattributed to the HBA sulfonate anigrand the othemegativeregion is theurea-oxygen The
largestEnax value is situated in therea NH region. Th&naxand Einvalues forl - 5 exhibit the
following trend4 >1>2 >5> 3, whichis as followsvhendivided into the two subgroupg; >2

>3and4>5.
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Figure62 - Electrostatic potential map calculated fbusing semempirical PM6 modelling methodsn&and Eiin
values depicted in the figure legends are given in KJ/mol.

-720.789

Figure63- Electrostatic potential map calculated fBusing semempirical PM6 modelling methodsya&and Eiin
values depicted ithe figure legends are given in KJ/mol.

-69.1039

-728.736

Figure64 - Electrostatic potential map calculated f8using semempirical PM6 modelling methodsw&and Eiin
values depicted in the figure legends are given in KJ/mol.
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-705.729

Figure65 - Electrostatic potential map calculated féusing semempirical PM6 modelling methodsyw&and Eiin
values depicted in the figure legends are given in KJ/mol.

-66.0701

-723.073

Figure66 - Electrostatic potential map calculated Busing semempirical PM6 modelling methodsya&and Eiin
values depicted in the figure legends are given in KJ/mol.

To determine if there was any form mfentifiablerelationship betweenhe Enaxand Einvalues
and thecritical micelle concentratiomfimerization constants a series of comparative graphs

were created the results fronthese can be seen in Figures-Go.
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Figure69 - Comparison of CMC ang&/ Emin values obtained fol - 5.

Upon comparison of thegnax and Ein values ofl - 3 from the computationally derived
electrostatic potential maps, we can observe that there is a genacatasein Enaxand Eiin
values with increasing aromaticityom phenyl, naphthalene to anthracendhis trendis similar

to what was observed when anyaing the dimerization constants (Fig@®, and inverse to that
of the CMC observations (Figué®). These results obtained from thenksilico studies has
demonstrated that we have direct correlatiowith the results obtained from those
experimentally derived proving that the critical micelle concentration of a compound is
dependent on the dimerization procesghis revelation indicates that these properties for this
type of amphiphile may be predicted by this low level computational modelling technitioe
trend for 4 and5 continues throughout theseeries of studies wher&>5, primarily due to the
presence of théntramolecularbond between the tea NH and the benzothiazole nitrogerb.

An overalldecrease in partial positive surfacharge Enay) from - 69 to - 32 KJ/mol suggests

deactivation at the hymbgen bond accepting sulfonatgea anion site.
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2.9 Conclusion

In conclusion the synthesis, design and properties of five amphiphilic salts, four of which are
novel and intrinsicallfluorescent in nature X, 2, 4 and 5) have been discussed. It has been
demonstrated that the physical state and the competitive solvent system in which these salts
are dissolved plays an integral ratetheir selfassociation propertiesSolidstate sing crystal
Xray diffraction studies show that compounds 2, 3 and 4 all selfassociate through the
intermolecular binding of four hydrogen bonds resulting in the formation of a dimeric species.
It was also discovered thd forms an mtramolecular bondbetween the wea NH and the
benzothiazole nitrogen, this limits ¢hamount of HBD sites available to formiermolecular
hydrogen bondsTherefore, the seHassociated dimer is stabilised by just two bonds instead of
the previouslymentioned four.Observedin the gas phase, EBIS resultshowed the presence
of protonated sulfonateurea dimersfor compoundsl - 4. In this instanceroof of dimerization
for 5 was not unequivocally obtained. It is hypothesised that this is due to the intramolecular
hydrogen bondbserved in the solid statestabilisinglimer formation, as there are fewer HBD
groups free to formintermolecularhydrogen bonds.

The fluorescence properties @f 2, 4 and 5 were then exploredin the solution state
from these results itvas determined thait was not possible talirectly observel and 2 using
microscopy techniquedue to1 exhibiting a large stokes shift and an appropriate filter was
not available. However, the fluoresce propertiesi@nd5 allowed for direct obsrvaion using
transmitted Ight or a DAPI filter. Thesebservationsestablishedthat the sulfonateanion
molecules were sefissociating, forming aggregated species of either irregular or spherical
shape,dependenton the solution in which the salt werdissolved There are however limiting
factors with thismethod, those beinghat only a sample of the bulk of these compounds were

observed, therefore it must be considered that other shapes/sizes of species may be present in
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the solution, yet not directlpbserved via this techniqu@hotobleaching waslsoapparent, so
all structures present wergot ableto be visualised.

In various solvent systemscamplementarycombination of DLSensiometry,'H NMR
and zeta potential studies allowed for the sidistribution and stability of the seHassociated
structures to be investigatedDue to the inherent absorbance and fluorescence characteristics
of 2, it was not possible to gain information using DLS in a 100% DMSO solubdiS[D this
series of amphipiie were shown to predominantly form dimeric struces. However, as the
percentage of watein the solution was increasesle saw an increased percentage of larger
aggregated species being formethese aggregatestructuresexhibited thefollowing trend3
>2>5>1>4, andwhenseparatedinto two subgroups3 >2 > 1. The decreasen aggregate
size correlates with an increase of aromatici§ubgroup two showedntramolecularbonded
5 to form larger aggregatethan more stabled, these super structures were then directly
obsewred using microscopy techniques.

The obtainedCMC values and dimerization constawtsen compared with the fxand
Enin values forl - 5 demonstrated that hese values correlated weproviding evidence that
may be possible to predict theroperties of this class amphiphile through the dimerization
constant and/orsimplelow levelcomputational modelling techniques. From the results of these
studies it is hypothesised thahe drength of the experimentallyderived dimerization self
association properties of the five amphiphiéalts discussedire dependent on the HBD
capabilitiesof the uea (predited through computational modellingAnd thatthe aromatic
substituentsthat form the structurehave an overall effect on the stability and size of sle¢
associatedhggregated species.

To conclude, we have now, for thest time been able to directly observe these
compounds This methodcombined with other comparative studissich as NMR and DliSa
huge breakthroughn enabling thegaining of agreater understanding into the sedissociated

aggregated structure formation of this class of amphiphile in the solution state
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3. Further Work
Preliminary studies of the moleculessdussed herein have focused on the exploration of the
seltassociation properties of the sulfonateirea based amphiphilic salt with steyse
modifications to the aromatic substituent.
Further workwill focus onthe adaption ofthis class of compourid®! to allow us to establish
gquantitative structureactivity relationships. Through the following five steps;

1. Extension of the alkyl chain length between the urea and sulfonate (FigurdTig).

addition will alter the acidity/basicity and spatial arrangemh of the sulfonateureal®

F5;C Fs;C
3 ') 3 o) o _
Y X =30
O

Figure70 - Molecular structure, indicating the area where the extension to the alkyl chain length oc
Cation emitted for clarity.

2. Substitution of the urea functionality for a thiourea moiety, this adjustment alters the
properties of the hydrogen electron donating and accepting substituents due to
increase acidity of the HBD NH groups. It would be explored as to whether this

modificaion has an overall effect on the stability and ses$sociation of the molecule.
FsC

J‘L s //C)
N“TNTS
H H o

Figure71- Proposed molecular structure with the urea oxygen substituted for a sulfur atom.
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3. Any potential anioncation coordination, or strength of ion pair effects, withine

system will be investigated by looking at the polarization value of the counter cation.
The higher the polarization value, the more diffuse the cationic charge and therefore
the weaker any potential ion pair interactions would be expected to be. The weaker the
ion pair interactions, the more available the anion will be to form-asHociative
hydrogen bondsThis investigation wilhid us ingairing an understating as to how
important the choice of cation is. It is hypothesized that tetramethylammonium (TMA)
cation will have a noticeable effect on the HBA sulfonate moiety due to the cation
strongly ceordinating with the anion. However, a tetrahexylammonium (THA) counter
cation will have the reverse effect on the anion due to iortrilisition throughout the
alkyl.

Exploring the importance of the negative charge. Previously reported snegt ©!

have identified that the anion/ HBA substituent plays a fundamental role ins#ie
assembly process. The strength of the irteolecular bonds and colloidal dimensions
are influenced by a variety of factors which include; electrostatic repulsive interactions
between the surface electrons of the polar functional groups, and the Ipjrbic
effect?” Comparing neutral and anionic molecules in the same amphiphilic class will aid
in determining how important this anionic head group is towards -asfembly

development (Figur&2).
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Figure72- Proposed molecular structuseof bothneutral and anionic monomers.

Iz

5. Explore theimportance of the specific anion. It is w&hown that sulfonate and
carboxylate groups are frequently involved in intermolecular binding interactions. The
relative hydrogen bonding affinities of sulfonate ¢S@rea and carboxylate (CQO
urea amphiphilic salts in DMSd9 have been evaluated to be COOSQ@-1*® Further
work would be to exjpre and compare the surfactanstructure-supramolecular

aggregate relationships of molecules with these anionic functiomalgs (Figure’3).

F3C

Figure73- Proposed molecular structure showing the substituted carboxylate aniorpgrou
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4. Experimental techniques

General remarks : All reactions were performed under slight positive pressure of nitrogen
using oven driedjlassware. NMR spectra were deténed using a Jeol E@80, Bruker AV2

500, Briker AV2 400 or Bruker AV3 600 MHz spectrometer with the chemical shifts reported in
parts per million (ppm), calibrated to the centre of the solvent peak set. All solvadistarting
materials were purchased from commercial sources where available. High resolution mass
spectra were collected usirggBruker micrOTO® mass spectrometer or a SYNAPTSG2ass
Spectrometer.Melting points were recorded in open capillaries usingtaat SMP10 melting

point apparatusinfrared (IR) spectra were recorded using a Shimadaidfiftty 1, and reported

in wavenumbers (crf. DLS studies were performed using a Malvern Zetasizer Nano X& UV
were recorded using a Shimadzu U800, and reported in nm. Fluorometric measurements
were obtained using a Perkin EImeraBLuminescence Spectrometer. Tensiometry performed
using aBiolin Scientific ThetAttension optical tensiometer with datanalysis conducted using

one attension software.

Transmission and Fluorescence Microscopy : Samples were visualised using an
Olympus I1X71 microscope with PlanApo 100x OTiBFM.49 NA lens moted on a PIFO&

axis focus drive (Physik Instrumente, Karlsruhe, Germany), fitted onto an ASI motorised stage
(ASI, Eugene, OR), with the sample holder, objective lens and environmental chamber held at
the required temperature. Samples were illuminategsing LED light sources (Cairn Research Ltd,
Faversham, UK) with appropriate filters (Chroma, Bellows Falls, VT). Samples were visualised
using either a Zyla 5.5 (Andor) CMOS camera, and the system was controlled with Metamorph
software (Molecular Devices)Opl of the appropriate sample was pipetted onto the centre of

an agarose pad, covered with a coverslip and secured in place. Imagesnagreed using
Metamorph software. Filters used to aid visualization within these studies: DAPI excitation 360

nm and emission 460 nm, and GFP excitation 480 nm and emission 510 nm.
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DLS studies: Studies conducted with compounds 5 were prepared in series with an aliquot

of the most concentrated solution undergoing serial dilution. Sample sizes were kept to 1 mL.

All solvents used for DLS studies were filtered to remove particulates from the solvents. Samples
were heated to the appropriate temperature and allowed to equilibrate for 2 minutes and then

I aAaSNASE 2F mMn WNHzyaQ 6SNB LISNHasaNdrdeive anA (i K
appropriate average. In some instances, the raw correlation data indicated that a greater
amount of time may be needed for the samples to reach a stable state. For this reason, only the
flrad ¢ WNHzyaQ ¢S NFredsyiDtionzaluRtiodsy G KS | @SNI 3S &
Zeta potential studies : All solvents used for Zeta potential studies were filtered to remove
particulates from the solvents. Samples were heated to the appropriate temperature and
allowed to equilibrate for 2 minutes and then aNsB Sa 2 F  mxC webdNdBrormed withi  H p
each sample to give enough data to derive an appropriate average. In some instances, the raw
correlation data indicated that a greater amount of time may be needed for the samples to reach
astable state. Far KA & NBIF a2y > 2yf e GKS f I alizedstripNdzy 3 Q ¢
calculations.

HRMS studies: Samples were dissolved in HRgfade metharol at a concentration of 1
mg/mLbefore being diluted 1 in 100 in methanol. 20 of sample was injéad into a flowing

stream of 10 mM ammonium acetate in 95% metbhin water (flow rate: 0.02 niinin) and

the flow directed into the electrospray source of the mass spectrometer. Mass spectra were
acquired in the negative ion mode and data processed i BINDa / 2YLI &aa 51 {
software or Mass Lynofiware utilising a lock mass.

UV-Vis studies: Samples were prepareid series with an aliquot of the most concentrated
solution undergoing serial dilution. All solutions underwent an annealing processvare

allowed to rest for approximately 2 minutes before undergoing analyi$is. absorbance of

solutions was noted at eqjibrium temperature of 298.15K.
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Fluorometry studies : Samples were prepareéth series with an aliquot of the most
concentrated solution undergoing serial dilution. All solutions underwent an annealing process
and were allowed to rest for approximately 2 minutes before undergoing analysis. Compounds
1, 2and4 were analysed at a c@entration of 0.003 mM and compouridat a concentration of

0.03 mM.

Tensiometry studies : Samples were prepareth series with an aliquot of the most
concentrated solution undergoing serial dilution. All solutions underwent an annealing process
and wereallowed to rest for approximately 2 minutes before undergoing analgsisfactant

I RA2NLIGA2Y O0SKIF@A2dzNI ' yR ONARGAOFE YAOStEtEtS O
tension measurements using axisymmetric drop shape analysis with a petidanaparatus.

A succession of 3 droplets were measured for each sample and an avemadbhes$e
measurements reported.

Self-association constant calculation : All association constants were calculated using

the freely available bindfit programméntfp://app.supramolecular.org/bindfit). All the data

relating to the calculation of the association constants can be accessed online, through the links

given for each complexation event.

5. Synthesis

Compound 1:Triphosgene (0.445 g, 1.50 mM) was added to a stirring solutior2- of
aminoanthracene (0.62 g, 3rAM) in ethyl acetate (30 mL). The mixture was heated at reflux
overnight. Tetrabutylammonium (TBA) hydroxideN}L in methanol (1.73 ml) was addé¢d
aminomethanesulfonic acid (0.1 1.7mM) at room temperature and taken to dryness to give

the tetrabutylammonium sulfonate salt. This salt was then added to the original reaction
mixture, which was then heated for a further 4 hours at reflux. Thaltast mixture was then
filtered and the filtrate taken to dryness, 4gissolved in chloroform (10 mL) and washed with
water (10 mL). The organic fraction was then taken to dryness. The pure product was obtained

by flash chromatographf00 % ethyl acetatéollowed by 100 % methanpl
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The methanol fraction was taken to dryness with further addition of TB®OHMLYo give the

pure product as a dark yellow/browsolid. Yield 43 % (0.74 g, tB/4); MP : 98 °CH NMR (400

MHz, DMS@I0 Y 1 Y  ch PNHY), 8.415(NIH), &.3D (sMLH)E8.21 (s, 1H), 7.93%d®.97,

8.00 Hz, 3H), 7.507.29 (m, 3H), 6.80 (= 5.67 Hz, 1H), 3.98 (t= 8.12 Hz, 2H), 3.233.00

(m, 8H), 1.64 1.43 (m, 8H), 1.38 1.20 (m, 8H), 0.91 (f]= 7.32 Hz, 12H}3C{H} NMR (100

MHz, DMS@l):1 Y MEQ) 888.1(ArC) 132.7(ArC) 132.2(ArC) 130.3(ArCH) 129.2(ArC)
128.6(ArCH) 128.5(ArCH) 128.1(ArCH) 126.3(ArCH) 125.9(ArC) 124.9(ArCH) 124.5(ArCH)
121.4(ArCH)111.1(ArCH)58.0(CH), 56.6(CH), 23.6(CH), 19.7(CH) , 14.0CHO T Lw &6 FA
= 3290 (NH stretch), 1689, 1215, 1176, 887; HRMS for the sulfareddon (GH:NsOsS) (ESI

): m/z: act: 362.0261 [MEal: 362.0275 [M]

Compound 2Aminomethanesulfonic acid (0.38 30 mM) was aded to a stirring solution of
1-naphthyl isocyanat (0.28mL, 3.0Ya 0 Ay LRBNARAYS omn Y[ 0D ¢KS
overnight and the precipitate removed by filtration and the filtrate taken to dryness. The
resulting residue was dissolved in a solution of tetrabutylammonium (TBA) hydroxideirfl
methanol (1.2ml) and taken to dryness, dissolved in dichloromethane (40 mL) and washed with
water (40 mL). The organic phase was then taken to dryness. The pure product was obtained
through precipitation from ethyl acetate (30 mig pale brown solid with yield of 3% (0.49,

ndpn YaoT aSft dHANVR (4DRMHY, DMSEG Y XY Ty dyn JBEAD ml 02
Hz, 1H), 8.09 (dl= 5.44 Hz, 1H), 7.88 (@ 8.18 Hz, 1H), 7.607.46 (m, 3H), 7.41 (8= 7.89

Hz, 1H), 7.11 (= 5.68 Hz, 1H), 3.94 (@5 5.72 Hz, 2H), 3.24.3.05 (m, 8H), 1.64 1.40 (m,

8H), 1.41¢ 1.21 (m, 8H), 0.92 (8= 7.31 Hz, 12H¥C{H} NMR(100 MHz, DMS@):* Y mMp p ®n n
(CO), 135.76ArC) 134.17(ArC) 128.79(ArCH) 126.37(ArCH) 126.14ArCH) 125.8ZArCH)
125.59(ArCH) 122.21(ArCH) 121.78 ArCH) 116.10(ArC) 57.99 (Ch), 56.71 (Ch), 23.53 (Ch),

19.67 (Ch), 13.95 (Ch;Lw o0 FAf YOY A ' ooHM 6bl &AGNBGOKOEX

sulfonateurea ion (G&H11N.0sS) (ESt m/z: act: 278.9615 [Mtal: 279.0445[M]

Compound 3This compound was synthesised in line with previously published metfods.

88



Compound 4Aminomehanesulfonic acid (0.23 g, 21iM) was added to tetrabutylammonium
(TBA) hydwxide (1 N) in methanol (2.1 ml, 21iM) and takerto dryness. Triphosgene (0.§1

1.0 mM) was added to a stirring solution of(8-methylbenzothiazol)aniline (0.5 g,mM) in

ethyl acetate (30 mLand the mixture heated at reflux for 4 hours. Tiegrabutylammonium

salt was then dissolved in ethyl aa&t (10 mL) and added to the reaction mixture and heated
atreflux overnight, filtered and the solid washed with ethyl acetate (10 mL). The impurities were
removed through the recrystallization, followed by filtration of the solid from methanol. The
filtration was then taken to dryness to give the pure prodagt yellowsolid with a yield of 65%
(0.81g,1.3nM);a St G Ay 3 tANVRI(A00 MHDMSQIOT 1Y GpPHE7T.7H5ES wml
(m, 4H), 7.58 (dJ= 8.74 Hz, 2H), 7.377.20 (m, 1H), 6.98 (8= 5.88 Hz, 1H), 3.96 (@ 5.88

Hz, 2H), 3.2 3.01 (m, 9H), 2.43 (s, 3H), 163.43 (m, 9H), 1.401.17 (m, 9H), 0.91 (= 7.32

Hz, 13H)1C{H} NMR (100 MHz, DM&f):* Y MEQ) 154.8(ArC) 152.4(ArC) 144.1(ArC)
135.7 (ArC) 134.8(ArC) 128.4(ArCH, ArCHY128.3(ArCH, ArCH)126.0(ArC) 122.4(ArCH)
122.2(ArCH) 118.1(ArCH) 60.0(CH), 56.5(CH), 23.6(CH), 21.6 (CH), 19.7(CH), 14.02(CH);

Lw OFAEYOY A T1694,d1y76, 168% B43; HRMNIS for Qe (sWfonatea ion

(GeH1aN:OsS) (ES): m/z: act: 376.0390 [Mtal: 376.0431 [M]

Compound 5:A mixture of 2-(2-Aminophenyl)benzothiazole (0.39 g, 1Y a 0 FY-R MZIm
Carbonyldiimidazole (0.28 g, 1niM) were heated ateflux for 3 hours in chloroform (10mlA.

mixture of aminomethanesulfonic aci@0.19 g, 1.7 mM) and tetrabutylammonium (TBA)
hydroxide (1N) in methanol (I ml) were added toanhydrous pyridine (2 mL) at room
temperature. This solution was added to theiginal reaction mixture which was heated at

reflux overnight. The resultant solid was removed by filtration and the filtrate taken to dryness,
dissolved in methanol (30 mL) and a precipitate removed by filtration. The filtrate was taken to
dryness, dissgkd in ethyl acetate (20 mL) and washed with water (20 mL). The organic fraction

was then taken to dryness then dissolved in ethyl acetate (30 mL) where precipitation occurred.
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The precipitate was removed by filtration to give the pure product a-pallew lid with a

yieldof 42% (028X n®nH YaouT aStHNMKE@OOMRAHMSOHKO ¥ mcY i T
(s, 1H) 8.45 (dl= 7.77 Hz, 1H), 8.30 @ 7.79 Hz, 1H), 8.15 (@ 7.92 Hz, 1H), 7.85 (br sj&;

7.72 Hz, 2H), 7.58 @= 7.58 Hz, 1H), 7.47 (t= 11.69, 7.49 Hz, 2H), 7.10Jt 7.52 Hz, 1H),

3.96 (s, 2H), 3.282.99 (m, 8H), 1.62 1.44 (m, 8H), 1.4% 1.19 (m, 8H), 0.92 (f]= 7.32 Hz,

12H); *C£H} NMR (100 MHz, DMS#): ¢ : 167.9 (CO), 154.9 (ArC), 153.3 (AIGH.8 (ArC),

133.8 (ArC), 132.0 (ArCH), 130.5 (ArCH), 127.0 (ArCH), 126.3 (ArCH), 124.0 (ArCH), 122.4 (ArCH).
122.0 (ArCH), 120.9 (ArCH), 119.3 (ArC),(&3%), 56.8(CH), 23.6(CH), 19.7(CH), 14.0(CH);

Lw O0FAfYOY A T oHTp1l0o41hd79; HERMSBoi BK sulfonatea fom = M M

(GsH2N3OsS) (ES): m/z: act: 362.0261 [Mtal: 362.0275 [M]
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Figure $3¢*H NMR of compoun8l in DMSQd.
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IH DOSWMR experiments
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Figure $5¢ *H DOSY afompound4 (55.56 mM) in DMS@s conducted at 299.3 K.
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Figure $6 ¢ *H DOSY afompound4 (55.56 mM) in DMS@s conducted at 311.8 K.
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Figure $7 ¢ *H DOSY afompound4 (55.56 mM) in DMS@s conducted at 299.1 K after
heating to 311.8 K.
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Quantitative tH NMR experiments
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Figure $8-H NMR of compound (0.035 g, 0.05 mM) and dichloromethane (0.007 mg, 0.08
mM) in DMS@s.
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Figure $9¢ *H NMRspectrum with a delay ¢d&= 60 spf compound4 (0.037 g, 5.91 mM) and
ethanol (25ul, 0.43 mM) in BO. An apparent 9.99% loss of compound was observed upon
comparative signal integration.
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Figure 80¢ *H NMR spectrum with a delayi(d 60 s) of compound (0.035 g, 5.57 mM) and
DMSO (ful, 0.07 mM) in BO. A apparentl3.52 % loss of compound was identifigobn
comparative signal integration
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IH NMR seHassociation sudies
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Figure 81 ¢ *H NMR stack plot of compouridn a DMSGds 5%H,0 solution. Samples were
prepared in series with an aliquot of the most concentrated solution undergoing serial dilution.

Figure 82 ¢ EnlargedH NMR stack plot of compouridn a DMSGds 5% HO solution.

0.00174 M 15

0.
00328 M i 14

0.00854 M

0.01350M

0.02778 M

e,
N
0.03086 M A
N
\/

0.03a72Mm

0.03968 M

0.04530M

0.05556 M

008174 M

AL
N,
0.06948 M ‘
AL
N/

o —

007938 M

0.09260 M

0.11112M Jk

T T T T
10,5 100 95 s.0

8,5 &'o 7..5 7'.0 5’.5 s'o

1 {ppm)

Samples were prepared in series with an aligoiothe most concentrated solution undergoing
serial dilution.
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Figure 83- Graph illustrating théH NMR dowrfield change in chemical shift of urea NH
resonances with increasing concentration of compotnd DMSOds 5% HO (298 K).

Seltassociationconstant calculation

Compoundl ¢ Dilution study in DMS@s 5% HO. Values calculated combining the data
gathered from both NH 1 and 2.

Equal K/Dimerization model
Ke=2.90a é + 0.498%% Kim=1.45a & + 0.2492%

http://app.supramolecular.org/bindfit/view/230dfa2imlaa344e5bdea65ce98de9d06

CoEK model
K.=8.62a & + 1.081P% Kim=4.31a €+05409% ~ I n®pA 5 HPpmMCDP

http://app.supramolecular.org/bindfit/view/d404f32eh98a4dd2-a5133611349b02ee
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Figure 84 -'H NMR stack plaif compound?2 in aDMSQGds 5% HO solution.Samples were
prepared in series with an aliquot of the most concentrated solution undergoing serial dilution.
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Figure 85¢ EnlargedH NMRstack plotof compound2 in a DMSGds 5% HO solution.
Samples were prepared in series with an aliquot of the most concentrated solution undergoing

serial dilution.
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Figure 86 - Graph illustrating théH NMR dowrfield change in chemical shiff area NH
resonances with increasirapncentration of compoun@ in DMSGds 5% HO (298 K).

Seltassociationconstant calculation

Compound? ¢ Dilution study in DMS@5% HO. Values calculated combining the data
gathered from both NH 1 and 2.

Equal K/Dimerization model
Ke=0.03a & £+ 1.519%% Kim=0.01la & £ 0.759P%

http://app.supramolecular.org/bindfit/view/b110280€84449bc84b3bafd8a2dbchb

CoEK model
Ke=0.53a é + 43.09106 Kim=0.27M& +215455% ~ [ ndnn%p nTtdannn

http://app.supramolecular.org/bindfit/view/a4df1a0&89034624-b2f5-d2ecc5edd3ed
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