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Abstract
This thesis reports the synthesis of 30 structurally related compounds, related by stepwise
variation of a hydrogen bond donor-acceptor amphiphilic salt. The self-associative and
corresponding global properties of these compounds were investigated in the solid state,
solution state and gas phase to enable elucidation of any structure-activity relationships. In the
solution state, it was established that the molecular self-association of these compounds could
be controlled through modification of the solvent environment. In organic DMSO these
compounds principally form dimeric species and in an aqueous environment, spherical
aggregates were preferentially formed. The addition of salt to the aqueous solution resulted in
the generation of a hydrogel. The physicochemical properties and antimicrobial properties of
these gelated materials were then investigated, where it was shown that these hydrogels exhibit
antimicrobial properties against both Gram-negative and Gram-positive bacteria. Finally, a toolkit of novel high-throughput microplate reader technology was developed to assess the
presence of dimers, spherical aggregates or fibres in the solution state.
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Chapter 1 – Introduction to supramolecular chemistry

Chapter 1
1.1 The history of supramolecular chemistry
Supramolecular chemistry has become a fast-growing interdisciplinary research area,
heavily influenced by three of its pioneers, Charles Pedersen,4 Donald Cram,5 and Jean-Marie
Lehn6 who were awarded the Nobel Prize in 1987 for their investigation and development of
molecules which exhibit structure‐specific interactions of high selectivity. Supramolecular
chemistry – defined as chemistry ‘beyond the molecule’ by Jean-Marie Lehn, is the study of
highly complex chemical systems that result from the association of two or more chemical
components that interact and are organised by non-covalent intermolecular forces.7 Examples
of these forces are hydrogen bonds, van der Waals forces (vdW), electrostatic interactions, and
π-donor-π-acceptor interactions. These reversible forces facilitate the production of selfassembling systems,8 biological processes,9 as well as the construction of complex materials and
molecular machinery.10 Supramolecular chemistry is still in its infancy when compared to
molecular chemistry.11 Areas of study relating to molecular chemistry have been the principal
focus of chemistry investigation for over a hundred years, undergoing substantial development
since initiation in 1828 by Friedrich Wöhler, who contributed to the foundation of modern
chemistry through the successful synthesis of urea, displacing vital force theory (Scheme 1).12

Scheme 1 - Friedrich Wöhler's displacement of vital force theory with the synthesis of ammonium cyanate (inorganic
compound) into urea crystals (organic compound).13
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In 1913 American chemist Gilbert Newton Lewis first formulated the basic principle of
valence theory, ‘the chemical bond consists of a pair of electrons held jointly by two atoms’
(Figure 1)14,15 - later coined the covalent bond by Irving Langmuir.16

Figure 1 – Example of valence theory using a singular water molecule.16

It was in 1873 (almost five decades after Wöhlers discovery) that the then-unnamed
field of supramolecular chemistry was borne, where whilst developing a theory to account for
the properties of real gases, Johannes Diderik van der Waals first proposed the existence of
‘intermolecular forces’.17 Closely followed by the ‘lock and key’ principle hypothesised by
German chemist Emil Fisher, concerning the presence of non-covalent interactions between
enzymes and their substrates,18 now referred to as host-guest chemistry.19 His hypothesis
subsequently led to a greater understanding of the essential design of pharmaceuticals.20
The early twentieth century bought Worth Rodebush and Wendell Latimer into this
field, who continued development on Tom Moore and Thomas Winmills research,21 increasing
the understanding of the non-covalent bond, with emphasis on the study of the hydrogen
bond.22 Charles Pederson went on to apply this type of non-covalent interaction towards
synthetic systems, such as the development of crown ethers in 1960.23 This same decade JeanMarie Lehn7 and Donald Cram24 continued to build upon Pederson's fundamental discovery with
the development of novel macrocyclic molecules that exhibited more advanced selectivity when
forming host:guest complexes, these are illustrated in Figure 2. Although, Lehn and Crams
research focussed on alkali metal cation coordination, Jean-Marie Lehn, whilst giving his Nobel
Prize lecture, highlighted the importance of the then unestablished area of anion coordination
chemistry. This emphasised the relevance for its development from both biological and chemical
perspectives.
11 | P a g e
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Figure 2 – Host:guest complexes produced by 1) Charles Pederson (crown ether), 2) Jean-Marie Lehn (cryptate) and
3) Donald Cram (spherand)4,7,24

The year 2016 was another astounding year for the evolution of supramolecular
chemistry when a further Nobel Prize in chemistry was awarded. The three men jointly awarded
this honour were Sir J. Fraser Stoddart, Jean-Pierre Sauvage and Bernard L. Feringa for their trailblazing work in the design and synthesis of molecular-sized machinery, which has the potential
to be used in the development of new materials, energy storage systems and as molecular
sensors.25 The synthesis of these molecular-sized machineries comprised of a catenane, first
developed by Jean-Pierre Sauvage in 1983, which is a mechanically-interlocked chain consisting
of two linked molecular rings (Figure 3a).26 In 1991 Stoddart and co-workers advanced on this
concept with the development of a rotaxane in which the molecular ring was able to move along
an axle upon initiation from an external stimulus (Figure 3b).27 In addition, Feringa and
co-workers became the first group to develop a molecular motor resulting in the construction
of the ’Nano-car’ in 1999 (Figure 3c).28

Figure 3 – Examples of molecular-sized machinery: a) [2]catenane; b) [2]rotaxane; c) Nano-car.28 Image reproduced
with permission from the University of Groningen.
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Finally, more than two decades after this type of molecular investigation was initiated,
Stoddart and Bruns developed mechanically mobile rings into systems which are reminiscent of
biocompatible molecular muscles,27 to amplify and harness molecular mechanical motions, as
demonstrated in Figure 4.29

Figure 4 - Examples of contracting and expanding the molecular motions of a) human muscle (sarcomere) and b)
mechanical rotaxane-based molecular muscle system.29

1.2 Non-covalent interactions
Non-covalent interactions can occur between single molecules in a system and are
formed as a result of the electron distribution between two or more molecules. Intermolecular
interactions promote the process of self-association which results in extended structure
formation such as dimers, trimers or polymers etc. Intramolecular interactions are interactions
between different functional groups within a singular molecule. When compared to the covalent
bond, which has bond strengths ranging from 150 to 1000 kJ mol-1, these non-covalent
interactions are generally a few orders of magnitude weaker this weakness however, does not
imply that they are of less importance.30 There are several different types of non-covalent
interactions, which include: vdW forces; dipole-dipole interactions; ion-dipole interactions and
ion-ion interactions. Electrostatic interactions such as vdW forces are induced in the presence
of random fluctuations in electron cloud density.
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Individually these are some of the weakest non-covalent interactions with bond energies
< 5 kJ mol-1,31 however, the net effect of multiple interactions can lead to greater structural
stability;32 dipole-dipole interactions are formed when there is a complementary alignment of
one dipole with another. This type of interaction exhibits an energy range of 5 to 50 kJ mol-1
(Figure 5a);32 ion-dipole interactions have an energy range of 50 to 200 kJ mol-1, where ions such
as Na+ bind with polar molecules like H2O (Figure 5b);33 The strongest of the electrostatic
interactions are ion-ion interactions, these are similar in strength to that of the weakest covalent
bond, with energies between 100 to 350 kJ mol-1 (Figure 5c).34

Figure 5 – Representation of three forms of electrostatic interactions: a) dipole-dipole; b) ion-dipole, and c) ion-ion.

Additional classes of non-covalent interactions are π-interactions which comprise of
electron-rich aromatic units that interact with either an anion, a cation or another πarrangement. Described as basic electrostatic interactions by Hunter and Sanders in 1990,35 with
energies of 5-40 kJ mol-1, stacking π-π-interactions are generated due to the intermolecular
overlapping of p-orbitals in π-conjugated systems. This allows for functional supramolecular
assemblies to be achieved both in solution and in the solid state. The alignment of these
aromatic rings is relative to the π electron density creating a quadrupole moment, with partial
positive charges around the periphery, and partial negative charges above both aromatic faces.36
These stack systems have the potential to exhibit three different confirmations as illustrated in
Figure 6: face centred stacking (6a),37 this confirmation is considered the least energetically
favourable as two quadrupole moments in close vicinity will cause the stack to askew in favour
of offset (6b)38 or edge to face (T-shaped) (6c).39
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Figure 6 - Representation of π-π interactions: a) face centred stacking (unfavourable); b) offset (favourable), and c)
edge to face (T-shaped) (favourable).

Hydrogen bonding interactions have bond lengths ranging from 1.2-4.0 Å (strong to
weak)32 and a broad energy range of between 4-165 kJ mol-1. Weak electrostatic interactions
exhibit energy < 12 kJ mol-1, mid-strength electrostatic interactions are 16-20 kJ mol-1 and those
> 60 kJ mol-1 which are predominantly covalent in character,40 an example of this is the bifluoride
ion (HF2-) which has self-associative intermolecular bond energy > 155 kJ mol-1.41 In the early
1900s, those stronger bonds observed were originally believed to be limited to crystalline states,
however, as research progressed into the latter half of this century it was discovered that they
were also present in aprotic solution states.42 Due to their labile and dynamic features, the
structural properties of these hydrogen bonds are influenced by a well-defined range of factors,
which include: i) the electron-withdrawing/donating properties of any functional groups
associated with the binding mode; ii) temperature;43 iii) chemical environment;44 iv) reactant
concentrations;45 v) pressure;46 vi) bond angle.47 Complexes which form predominantly as a
result of intermolecular hydrogen bonds contain a complementary array of hydrogen bond
donor and acceptor groups. The hydrogen bond donating unit is primarily a strongly
electronegative element such as nitrogen, oxygen or fluorine with a hydrogen atom attached.
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Due to an equivalent partial negative charge on the atom bound to the hydrogen, this atom can,
therefore act as an HBA, accepting hydrogen bonds from a different molecule (intermolecular
hydrogen bond) or even belonging to the same molecule (intramolecular hydrogen bond).
Hydrogen bonds can be either primary and/or secondary interactions, where ‘primary’ refers to
a direct interaction between hydrogen bond donor (D) and hydrogen bond acceptor (A) groups.
There are six primary geometries that can be adopted in a hydrogen bonded complex,47 these
are summarised in Figure 7.

Figure 7 - Illustration of the six geometries adopted via primary interactions: a) linear; b) bent; c) donating bifurcated;
d) trifurcated; e) accepting bifurcated; f) three-centred bifurcated.47

In single donor systems, the hydrogen bond has a preference for linearity (Figure 7a)48
with colinear bonds such as N-H---O exhibiting the strongest hydrogen bonding. Pimentel and
McClellan suggest that in these systems a deviation of 20 ° from linearity leads to a decrease in
the binding energy of approximately 10 %.49 Whereas in double acceptor systems, non-linear
bifurcated angles are of preference50 (Figure 7c), this is due to being energetically more stable.51
However, the more molecular species involved in the self-assembly process the more variables
there are to consider, for example, the preference for the more thermodynamically stable
six-membered ring cyclisation.52
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When investigating hydrogen bond strength, consideration should also be taken for the
partial charges between two neighbouring groups, these are classed as secondary interactions
and either decrease the binding strength due to repulsions from partial charges of the same sign
(Figure 8a) or increase by virtue of attraction between opposite charges, as shown in Figure 8b.47

Figure 8 – Examples of secondary hydrogen bond interactions between two neighbouring groups a) repulsions (
)
from mixed donor/acceptor arrangements and b) attractive interactions (-----) between DDD and AAA
arrangements.47

1.3 Non-covalent interactions in nature
Historically, supramolecular architectures found inspiration from nature where noncovalent interactions are critical for stabilising the three-dimensional structure of large
molecules such as proteins53 and nucleic acids.54 Due to the nature of intermolecular hydrogen
bonds, large complexes can dissolve in water at high concentrations.55 It is because of this
assisted solubility of large complexes and the strength of these hydrogen bonding interactions
being much stronger than stacking interactions (< 165 compared to < 40 kJ mol-1), that hydrogen
bonds were hypothesised to be the key influence in determining bio-molecular structure
stability.56 However, Pavel Hobza when investigating this theory, concluded that both motifs are
in fact comparable in aiding in the stabilisation of large molecular complexes.57
The primary structures of proteins are constructed from general units of amino acids
held together by peptide bonds. The property of each amino acid is determined by the presence
of different R-groups which can be either hydrophobic or hydrophilic in character.58
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Whilst the hydrophobic effect provides the primary thermodynamic drive for the overall
structure of proteins in water, the hydrogen bonds role is to provide the majority of the
directional interactions, which underpin rigidity to the structure, specificity in molecular
recognition and protein folding. Proteins contain many sites capable of forming a hydrogen bond
such as the carbonyl and amide groups on the peptide backbone,59 in addition to the polar
functional groups (hydroxyls, acids, amides, and amines) on several of the amino acid side
chains.60 The central core of most proteins is comprised of secondary structures (Figure 9),
formed from the self-assembly of the primary structures. Examples of these structures include:
parallel/anti-parallel β-sheets (Figure 9ai/aii); β-turns/coils (Figure 9bi/bii) and α-helices (Figure
9c) which are stabilised by hydrogen bonds between the peptide backbone carbonyl oxygen and
the amide nitrogen contained in the hydrophobic core.61

Figure 9 – Hydrogen bonds in protein secondary structures: ai) parallel β-sheet; aii) anti-parallel β-sheet; bi) β-turn
(type 1); bii) β-turn (type 2); c) α-helix.

The tertiary structure of a protein is the general three-dimensional organisation of its
polypeptide chain in space, stabilised by the internal hydrophobic interactions between the nonpolar amino acid side chains and external hydrogen bond and ionic bond interactions.62 Finally,
the protein quaternary structure is assembled via either multiple folded protein subunits or
co-factors, this structure is predominantly driven by the hydrophobic effect, and further
stabilised by a range of non-covalent and covalent interactions.63
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Another prominent biological molecule that is reliant on non-covalent interactions for
stability is deoxyribonucleic acid (DNA). The structure of DNA was first discovered in 1953 by
Francis Crick, James Watson and Rosalind Franklin.64 DNA relies on stabilisation through multiple
non-covalent interaction events occurring simultaneously. These range from stacking
interactions such as vdW forces between the nitrogenous bases, hydrophobic effects of the
nucleobases and hydrophilic effect of the negatively charged phosphate backbone. As
commonly known the solvent environment can modify the relative importance of the different
non-covalent interactions involved in the assembly process. As a cellular environment is
aqueous and polar, the hydrophobic nitrogenous bases located in the interior of the DNA helix
are sequestered away from the surrounding aqueous environment, whilst the exposed
hydrophilic phosphate heads interact with the water. Essentially, it is this property that increases
the solubility of DNA in polar aqueous conditions. Additionally, ionic interactions of the external
negatively charged phosphates with positively charged ions such as Mg2+ and cationic proteins
aid in structural stability. Hydrogen bonding is fundamental in the formation of the threedimensional helix structure, observed between complementary base pair nucleotides
(adenine/thymine and guanine/cytosine) universally known as Watson-Crick base pairing
(Figure 10).65
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Figure 10 – Cartoon illustrating the DNA double helix and base pairing of cytosine and guanine assembled through
three hydrogen bonds and thymine and adenine assembled through two hydrogen bonds.65

1.4 Self-assembly
Self-assembly is scientifically interesting as well as technologically important, having
facilitated the generation of complex matter.66 Self-assembly involves the process in which
components of a system, either separate or linked, spontaneously assemble to form welldefined, functional lower or higher-ordered structures by design.67 These can be done through
the pre-organisation of a covalent framework or by the method of self-organisation of
intermolecular interactions as shown in Figure 11.68 Ordered structures can only be generated
through self-assembly if one of two events can occur: i) the association process is reversible, or
ii) the components can adjust their positions within the aggregate once it has formed.69
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As non-covalent interactions are naturally weaker than covalent bonds, the self-assembly
process is characteristically controlled by thermodynamics and formed under equilibria
controlled conditions.45 These self-assembled aggregates primarily occur at smooth interfaces
or in solution as these environments allow for mobility of the different components involved
within self-association processes.

Figure 11 – Principles for molecular, supramolecular and dynamic chemistry self-assembly.68

Powerful synthetic strategies involving multiple hydrogen bonding interactions have
been continually utilised to enhance complex stability through increased strength and/or
directionality. These strategies, which are integral to the formation of a desired self-assembled
complex can be designed by increasing association selectivity. This is achieved by increasing the
number of sites which are capable of hydrogen bonding, and/or by incorporating a linker which
will aid in the control of the type of self-assembled motif observed.

1.5 Anion directed self-assembled systems
The origins of the field of anion supramolecular chemistry can be traced back to 1968
when Park and Simmons recognised the ability for synthetic ammonium cage assemblies to
complex halide anions.70 However, in the years following this discovery, relatively few anion
recognition systems emerged. Anion recognition sites were traditionally positioned within
covalent macro(poly)cyclic structures, taking advantage of molecular pre-organisation, to
achieve selective and strong anion bound complexes.71,72
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Nowadays, anion supramolecular chemistry is a dynamic field of research which has stretched
far beyond the preparation of receptors, with anions now functioning as templates to assist
primary bonding for the synthesis of complex architectures. Examples of these primary bonds
include but are not limited to, coordinate bonds in metal complexes and covalent bonds in
macrocyclisation.73 As supramolecular chemistry has evolved, so has the discovery of
supermolecules formed through the self-assembly of anionic interactions, Figure 12. This
superstructure was formed from [5]pseudorotaxanes which provided concentric spheres of
cationic and neutral ligands for the total encapsulation of the anion PF6-.74,75

Figure 12 – Cartoon representation of a superstructure formed from [5]pseudorotaxanes.72

The selective binding of anionic species is relevant to a variety of scientific areas which
include: biology; pharmaceuticals; catalysis, and has significant environmental importance. As
previously mentioned anions are commonly utilised as templating agents in macrocycle
synthesis,76 this is as well as supramolecular architectures such as molecular knots, polygons,
gels, polymers and cages. An example of self-assembled cages incorporating anions was
explored by Clegg and co-workers (Scheme 2) who looked at adapting systems with the addition
of anionic guest molecules. These systems expressed a novel combination of diastereomers that
synergistically bound the guest molecule.77
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For this process to occur, the cage diastereomers underwent two major structural changes, first,
they were interconverted, then the internal volume of the individual cages physically adapted
through bond rotation. This process provided a tailor-made binding space which encapsulated
the anionic species.77

Scheme 2 – Synthesis of the self-assembled tetrahedral [Fe4L6]8+ cage complex (a) and with the addition of an
anionic guest (b).77 Ligands (2-6) omitted for clarity.

1.6 Amphiphiles and supra-amphiphiles
1.6.1 Amphiphiles
An amphiphile is a universal term that describes any compound that comprises of two
distinctly covalently bound components which exhibit differing affinities for the solvent within
the same system. It is this combination that makes this class of molecule ambivalent. For
phospholipid type amphiphiles, one component will have a head group which displays a high
affinity for polar solvents such as water (hydrophilic). A second component is a tail group,
generally composed of a hydrocarbon chain, although fluorinated groups78 and aromatic rings
are sufficiently hydrophobic to act as a barrier against water-soluble substances.79,80 These
amphiphiles display a high affinity for non-polar solvents such as ethers, esters or hydrocarbons
(hydrophobic).
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There are four different classes of an amphiphilic molecule: i) zwitterion (carrying
opposing charges on the same molecule bridged through alkyl chains or other spacers, Figure
13, 6); ii) cationic (carry a positive charge, Figure 13, 7); iii) anionic (carry a negative charge,
Figure 13, 8), and iv) non-ionic (with no net charge, Figure 13, 9).

Figure 13 - Examples of amphiphilic molecules: 6) zwitterionic ((carboxylatomethyl)dodecyldimethylammonium); 7)
cationic (pentadecan-1-aminium); 8) anionic (sodium lauryl sulfate, SLS); 9) non-ionic (sorbitan laurate).

Surfactants and some lipid molecules are common, everyday examples of amphiphiles.
Surfactants are substances that adhere to a surface interface inducing a noticeable decrease in
interfacial tension by adsorption. An anionic surfactant usually contains polar head groups of
either: carboxylate, sulfonate or phosphate, coordinated with a positively charged counter
cation such as sodium, potassium or ammonium. An example of an anionic surfactant is sodium
lauryl sulfate (SLS) (Figure 13, 8). This surfactant is water-soluble at room temperature and
commonly used pharmaceutically in medicated shampoos as well as a preoperative skin cleaner,
as this compound exhibits antimicrobial activity against Gram-positive bacteria.81 Cationic
surfactants frequently contain a nitrogen-based hydrophilic head which also plays a vital role
pharmaceutically due to their bactericidal activity against a wide range of both Gram-negative
and Gram-positive organisms.82 Relatively non-toxic, nonionic surfactants have multiple
functions some of which include wetting agents, emulsifiers, and solubilisers.83
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Additionally, these non-ionic surfactants are strong P-glycoprotein inhibitors, a property useful
for enhancing drug absorption and specific tissue targeting.84 Zwitterionic amphiphiles exhibit
electrical neutral properties which endow extremely high polarity.85 Due to the zwitterionic
amphiphiles non-toxicity, they are frequently studied and widely used in cosmetic products and
personal care.86
At comparatively low concentrations, surfactants occur predominantly as monomers at
the interface and in the bulk aqueous solution, the distribution of which are in equilibrium. As
the concentration is increased these monomers start to interact and self-assemble. Amphiphilic
molecules can associate into a variety of assemblies in bulk aqueous conditions. When the
solution environment (temperature,87 pressure88 or pH89) is altered these assemblies are able to
transform from one type of aggregated structure to another as shown in Figure 14. However,
the type of assembly present can be restricted by the forces which act to keep the polar/nonpolar components in favourable environments.90

Figure 14 – Cartoon representation of possible amphiphilic morphologies of monolayer and bilayer systems formed
in solution: a) spherical micelle (single hydrocarbon chain); b) cylindrical c) spherical micelle (multiple hydrocarbon
chain); d) bilayer; e) vesicle (liposome); f) inverse micelle.90

As mentioned previously, the solvent environment plays an integral role in the selfassembly of amphiphilic molecules which can then result in the formation of macromolecular
structures. In aqueous conditions micelles or lipid bilayers are commonly formed.
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Examples of these structures can be observed in Figure 14 where the hydrophilic head group
preferentially interacts with an aqueous solution and the hydrophobic tail orientates towards
the hydrophobic central core. Micelles are widely used in biological and industrial applications
due to their ability to dissolve and transport non-polar materials through an aqueous medium.91
Where amphiphiles such as phospholipids exhibit multiple hydrocarbon chains, they
preferentially form either a bilayer such as that found in a cell membrane92 (< 5 nm in size), or
significantly larger vesicles (Figure 14d and 14e respectively).93 The preference for these
structures to form is due to the hydrophobic chains being too large to fit in the internal cavity of
the micelle, as micelles are typically much smaller structures.94 In a solvent environment where
the exposure of the hydrophilic head group is energetically unfavourable, inverse micelles are
formed instead, where the hydrophobic head is exposed and the hydrophilic tail is sequestered
internally (Figure 14f).95

1.6.2 Supra-amphiphiles
Inspired by nature and termed supra-amphiphiles, as they are formed from a
combination of supramolecules and amphiphiles. In contrast with conventional amphiphiles,
supra-amphiphiles refer to amphiphiles fabricated on the basis of various non-covalent
interactions and/or dynamic covalent bonds connecting the hydrophobic and hydrophilic
components.96,97 The reversible non-covalent driving force interactions that aid complex
formation

includes:

hydrogen

bonds;98

electrostatic

interactions;99

charge-transfer

interactions;100 imine bonds;101 boronic ester bonds102 and host-guest recognition.103
Modification of these interactions changes the amphiphilicity which award supra-amphiphiles
with unique properties such as stimuli responsiveness and controllability of the self-assembly
and disassembly processes.104 Examples of these supra-amphiphiles incorporating non-covalent
interactions can be observed in Figure 15. This Figure illustrates Zhang and co-workers spherical
aggregates (10), these were constructed using wedge-shaped amphiphiles assembled through
π-π stacking interactions.105
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Kabanov and co-workers developed structures resembling micelles which were fabricated
through electrostatic interactions of conventional single-chain head-to-tail supra-amphiphiles
(Figure 15, 11).106 Shown in Figure 15, 12 are complimentary interacting groups, melamine and
isocyanuric acid investigated by Wang and co-workers. This double and single chain supraamphiphile is fashioned through extended hydrogen bond arrays.96

Figure 15 - Examples of supra-amphiphiles assembled through non-covalent interactions: 10) π-π stacking;105 11)
electrostatic,106 and 12) hydrogen bonding.96

Additionally, supra-amphiphiles can also be formed through dynamic covalent bonds
such as imine and disulphide, which, under certain conditions can reversibly form and break,107
similar to non-covalent interactions.97 The physicochemical properties and the applications of a
supra-amphiphile are dictated by the topology. Aside from the conventional single-chain headto-tail supra-amphiphile, there are other forms: i) multi-chain head-to-tail, of which there are
several types, here multiple tails are present on just the hydrophilic, just hydrophobic or both
components;80 ii) bola-forms, these contain two hydrophilic water-soluble groups positioned at
both ends of a hydrophobic skeleton,96 commonly utilised in solubilisation and drug or gene
delivery vehicles;88 and finally iii) polymeric supra-amphiphiles, which are fabricated from either
non-covalent or dynamically covalent bound polymeric segments of two or more,108 frequently
used in cancer therapies and the formation of surfactants and nanocarriers.109
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1.7 PhD aims and objectives
1.7.1 Aim of PhD thesis:
To be able to understand and tailor, the self-association and antimicrobial properties of a
novel class of supramolecular self-associating amphiphile (SSA).

1.7.2 Objectives


To synthesise a library of compounds which will enable elucidation of molecular
structure and physicochemical property relationships, across the solid state, solution
state and gas phase. (Chapter 2)



To control the self-association of the aggregate structure of an SSA through modification
of the solvent environment, from dimer to spherical aggregate to hydrogel. (Chapter 3)



To enable high-throughput characterisation of those molecules that form multiple
different materials. (Chapter 4)
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Chapter 2
2.1 Introduction
As previously discussed in Chapter 1, supramolecular self‐assembly relies on the
formation of non‐covalent interactions. The formation of those bonds associated with this selfassembly process, in addition to the hydrophilic/hydrophobic solvent interaction is known to
drive molecular self-association and aid structure stabilisation of any resultant aggregate.103
This, in turn, dictates the aggregate properties in either the solution or solid state.110 In recent
years the design of non-covalent self-associated materials, particularly those that incorporate
the use of hydrogen bonds, have become a focus of interest due to their capacity for application
in many fields. Specific examples of these applications include the construction of novel
molecular semi-conductors formed through multiple hydrogen bonds by Yagai and coworkers.111 Additionally, Ikkala and co-workers used non-covalent complex formation to drive
the self-assembly of cobalt nanostructures for capsid production.112 Finally, Zhou and coworkers have developed nanotubes as novel gene/drug delivery systems which were
constructed by the self-assembly of amphiphilic macrocycles via non-covalent interactions. Here
the nanopores formed by the insertion of these nanotubes into the hydrophobic core of lipid
bilayers were shown to mediate highly selective transmembrane ion transport, in addition to
aiding efficient transmembrane water permeability. Compounds 13-15 (Figure 16) show the
designs of the macrocycles which assembled to form hydrogen-bonded nanotubes. The methyl
groups present in the cavity of 15 were shown to hinder proton influx when compared to those
of 13 and 14 where an enhanced rate of proton influx was mediated.113
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Figure 16 – Macrocycles which assemble into hydrogen-bonded nanotubes.113

The field of low molecular weight (< 500 g/mol) anion receptor chemistry has expanded
greatly over the last few decades,114,115 with (thio)urea moieties being extensively explored in
the development for anion binding frameworks.116 This is a practical choice due to the ease of
their synthesis as well as their binding selectivity through two-directional hydrogen bonds with
other anionic molecules, as shown in Figure 17.117

Figure 17 – Example of (thio)urea selectively binding through two hydrogen bonds.

In 1990, the simple diphenyl urea was one of the first urea receptors reported in
literature. This planar molecule contains an aromatic substituent directly bound to each side of
the urea moiety (Figure 18). It was initially anticipated that the size of the aromatic groups would
induce steric hindrance, consequently affecting the hydrogen bonding process, when compared
to those molecules with aliphatic chains present in the molecular structure.
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Figure 18 – One of the first urea receptors reported in literature.118

However, Etter and co-workers showed this hypothesis to be untrue, and with the
addition of electron-withdrawing nitro substituents situated in different positions on the
aromatic ring systems (ortho/meta/para), found that this increased the acidity of the urea
moiety and as a consequence, the hydrogen bond donating properties (Figure 19, 17-19).118

Figure 19 – Dinitro phenyl structures synthesised to investigate the effect increased acidity has on the binding
properties of simple urea receptors.118

Inspired by Etters findings, Wilcox and co-workers investigated the binding affinities
(when fitted to a 1:1 binding isotherm) of various oxoanions with (thio)urea derivatives in
chloroform. It was found that although the mono-(m-nitroaryl)thiourea receptor was a better
host, it was realised that 18 was more susceptible to nucleophilic and electrophilic attack,
therefore more likely to partake in undesirable side reactions.119 Consequently, they focussed
their initial investigations on the host. Wilcox and co-workers reported that the mono-(mnitroaryl)urea receptor exhibited strong hydrogen binding with the counter anion of TBA salts
of sulfonate (6.1 x 103), carboxylate (2.7 x 104) and phosphate (9.0 x 103) (Figure 20, 20).119 Upon
comparison of the calculated binding constants, the bis(m-nitrophenyl)urea (Figure 19, 18)
exhibited higher values than the mono-(m-nitroaryl)urea (Figure 20, 20). However, the option
for functionalisation of the mono-(m-nitroaryl)urea receptor makes this molecule much more
attractive120 and reinforces their importance in applications such as membrane transport,121
sensing122 and material science.123 As a result, the roles that (thio)urea functionalities play in
anion binding events have continued to be extensively researched and compared.124,125
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Figure 20 – Mono-(m-nitroaryl)urea receptor hydrogen bonding to a diphenyl phosphate TBA salt.119

In the early 21st century these supramolecular principles were successfully applied by
Supuran and co-workers for the design of novel antimycobacterials, some of which exhibited
effective activity against standard strains of M. tuberculosis (H37Rv).126 These substituted urea
derivatives as illustrated in Figure 21, 21-30 produced a growth inhibition of ≥ 78 % at a
concentration of 6.25 µM. Compounds 24 and 25 both exhibited growth inhibition values of 89
% against M. tuberculosis (H37Rv), these values are comparable with isoniazid (85 %) and
rifampin (93 %), two current clinically relevant treatments for mycobacterium tuberculosis .
Presently, no new drugs to treat TB have been developed for many years, this breakthrough
could be considered interesting for the potential development of new antimycobacterial
drugs.126

Figure 21 – Urea antimycobacterial derivatives.126
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More recently (thio)urea moieties were incorporated into structures designed and
synthesised by Gale and co-workers to encourage selective hydrogen bonded coordination of
neutral species over anionic phosphate centred species.127 Additionally, Steed and co-workers
utilised a urea motif (31) which demonstrated that covalent bonds can be substituted for
hydrogen bonds, for the fabrication of novel supramolecular gels as shown in Figure 22.128

Figure 22 – Hypothesised parallel packing arrangement of urea derivatives, used in the formulation of supramolecular
gels.128

The surfactant properties of a series of hydrogen bond donating anions containing a
urea-spacer-carboxylate/sulfonate motif have been investigated by Faustino and co-workers as
illustrated in Figure 23. The results from their studies established a correlation between critical
micelle concentration (CMC) and amino acid residues of 32-36, where the CMC decreased with
decreasing number of carbons on the side chain of the amino acid. Furthermore, the substitution
of the carboxylate group (33) for sulfonate (37), sulfate (38), or phosphate (39) groups, showed
a CMC decrease, in the order of CO2- > OPO32- > SO3- > OSO3-. This is hypothesised to be due to
the higher polarisability values of those surfactants with sulfur or phosphorous atoms in their
polar head groups. Compounds with increased (40) or branching (41) alkyl chains gave the
lowest calculated values of CMC ≤ 3.04 x 10-2 mol dm-3. Faustino and co-workers attributed this
to the steric hindrance caused by the closely connected hydrocarbon chains preventing
micellisation.129

34 | P a g e

Chapter 2 – SSA physicochemical studies

The calculated CMC values for 32-41 were shown to be similar to that of the well-documented
surfactants sodium decanoate (1.09 × 10-1 mol dm-3) and trimethyldecylammonium bromide
(6.7 × 10-2 mol dm-3).129–133

Figure 23 – Examples of urea-spacer-carboxylate/sulfonate/phosphate motifs synthesised by Faustino et al. to enable
exploration into their surfactant properties.

Drawing inspiration from Faustino's work, Hiscock and co-workers developed a series of
“Supramolecular Self-associating Amphiphiles” (SSAs) which incorporated the (thio)urea-spacersulfonate motif. This general structure designed by Hiscock and co-workers, shown in Figure 24
comprises of an anionic hydrogen bond accepting (HBA) group; a (thio)urea hydrogen bond
accepting/donating moiety (HBA/HBD) and a hydrophobic region. The acidity of the amine
groups was altered through stepwise modification of the R-groups within the hydrophobic
region.134,135

Figure 24 – General structure of the sulfonate-(thio)urea amphiphilic salts synthesised by Hiscock et al..134,135

The SSAs illustrated in Figure 24 contain two possible HBA sites (the (thio)urea and
sulfonate functionalities), and only one HBD site (the NHs in the (thio)urea functionality), the
competitive nature of these two substituents gives rise to a ‘frustrated’ system.
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As a result, these SSAs discussed can adopt at least four different self-associated hydrogen
bonding modes as shown in Scheme 3: (thio)urea-anion dimer (3a); (thio)urea-anion stacking
(3b); anti-(thio)urea-(thio)urea stacking (3c) and syn-(thio)urea)-(thio)urea-stacking (3d). These
binding modes could be manipulated through alteration of the physical state, chemical
composition, solvent environment and/or through modification of the cationic units. Through
modulation of the HBD acidity with the substitution of the R and X groups, the length and angle
of the hydrogen bonds formed within the complex were found to differ, which in turn altered
the angle of dimerisation. Furthermore, increased acidity of the HBD groups resulted in the more
optimal formation of the urea-anion hydrogen bond. It was also shown that the presence of a
weakly sulfonate coordinating counter cation such as TBA resulted primarily in the formation of
urea–anion dimers. However when TBA was replaced with strong sulfonate coordinating cations
such as sodium or potassium, the formation of the urea-anion binding mode was prevented,
giving rise to the urea-urea binding mode instead.135

Scheme 3 - Possible self-associated hydrogen bonded modes for this class of amphiphilic salt: a) dimer; b) tape; c)
(thio)urea-(thio)urea anti-stacking; d) (thio)urea-(thio)urea syn-stacking.134,135
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More recently Hiscock and co-workers focused on the synthesis and self-associated
properties of a series of intrinsically fluorescent SSAs. Here they discovered that the solvent
environment played an integral role in the size of aggregate formed, with smaller predominantly
dimeric species (< 10 nm) observed in 100 % DMSO. However, when Hiscock and co-workers
increased the percentage of water, a greater percentage of larger aggregates > 100 nm in
diameter were observed to be present. These larger structures were studied through a
combination of dynamic light scattering (DLS), 1H NMR, tensiometry to derive the CMC and
directly visualised through a combination of transmission and fluorescence microscopy. In
addition to dimeric species (< 10 nm) being present in the solution state (100 % DMSO) they
were also shown to exist in the gas phase and the solid state. These were identified through
high-resolution electrospray ionisation mass spectrometry (ESI-MS) and single-crystal X-ray
diffraction techniques (XRD) respectively.
Computationally derived electrostatic potential maps were employed to calculate
comparative surface energy maximum (Emax) and minimum (Emin) values using low-level semiempirical PM6 modelling methods. These predicted values were found to correlate well with
both the dimerisation constants derived from the 1H NMR studies and the CMC values. Hiscock
and co-workers concluded that it may be possible to predict the surfactant properties of this
class of SSA (Figure 24) by measuring the dimerisation constant and/or simple computational
techniques.136
Gaining an understanding of the supramolecular interactions involved within the self‐
assembly process at the molecular level will allow for the informed construction of monomeric
units. This will ultimately enable the fabrication of pre-designed supramolecular functional
materials, exhibiting global properties of choice. By having predictable control of these self‐
associated interactions at a fundamental level, will not only influence scientific fields associated
with nanostructure formation,137 specifically two‐component self‐associated systems.138 This
will also enable stepwise‐changes in the fields of supramolecular materials such as low
molecular weight gelators.139
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This chapter builds on these initial findings and explores the molecular self-associated
properties of 30 structurally related compounds (Figure 25, 42-58 and 60-72), by a combination
of complementary techniques in the gas phase, solid state and solution state. Compound 59
could not be stabilised so has been excluded from this study. The techniques employed to
investigate the structure-activity relationship properties include single-crystal XRD; ESI-MS; DLS;
1

H NMR; and Diffusion Ordered Spectroscopy (DOSY) 1H NMR. The global properties of these

SSAs will be further explored using tensiometry to derive the CMC and low-level computational
studies to derive electrostatic potential maps which will enable calculation of Emax and Emin
values. Compounds 73-80 (Figure 25) were synthesised to allow exploration of ion-pair effects
within our systems’. It is hypothesised that this study will not only verify Hiscock and co-workers
previous hypothesis, but it will also allow for improved predictive models and more defined
associated limitations to be developed.
The work detailed in this chapter has been published within the following peer-reviewed
journal article:
3. Towards the Prediction of Global Solution State Properties for Hydrogen Bonded,
Self‐Associating Amphiphiles L. J. White, S. N. Tyuleva, B. Wilson, H. J. Shepherd, K. K. L. Ng, S.
J. Holder, E. R. Clark and J. R. Hiscock, Chem. - Eur. J., 2018, 24, 7761–7773.3
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Figure 25 – Chemical structures of the 39 compounds discussed in this chapter.
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Scheme 4 – Synthesis of compounds discussed in this thesis. Compounds: a) 42-62; b) 63-68; c) 69-72.

2.2 Synthesis
The compounds (42-72) discussed within this chapter were designed through stepwise
modification of 42. Compounds 42-47, 56-58 and 60-62 were synthesised by the reaction of the
appropriate amino sulfonic acid with either isocyanate or isothiocyanate and TBAOH in
methanol. After further purification, the pure products were obtained as either white solids in
yields of 52 %, 60 %, 56 %, 63 %, 60 % and 76 % (42-47), as cream solids in yields 78 % and 81 %
(56-57), as a yellow solid in a yield of 78 % (58) as white solids in yields 50 % and 61 % (60-61) or
as a yellow solid in a yield of 89 % (62) respectively.
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Compound 48 was synthesised by the reaction of AMS with the appropriate isocyanate in
pyridine and isolated as a white solid in a yield of 89 %. Compounds 49-54 were synthesised by
the reaction of AMS with the appropriate isocyanate in pyridine, followed by the addition of
either NaOH in water or one equivalent of the appropriate quaternary ammonium hydroxide
and isolated as white solids in yields of 94 %, 97 %, 97 %, 97 %, 98 %, and 98 % respectively. The
reduction of 57 using hydrazine hydrate and palladium on carbon resulted in the formation of
crude 55. After further purification 55 was obtained as a brown solid in a yield of 96 %. The
reduction of 62 using tin shavings and concentrated hydrochloric acid resulted in the formation
of crude 59. This compound (59) could not be further purified (Scheme 4a).
Compounds 63 and 66 were synthesised by the reaction of tert-butyl 2-amino acetate
with either isocyanate or isothiocyanate to give the products as white solids in yields of 45 %
and 75 % respectively. Compounds 64 and 67 were formed through the deprotection of 63 and
66 using concentrated trifluoroacetic acid, after further purification the products (64 and 67)
were obtained as white and brown solids in yields of 65 % and 83 % respectively. The addition
of TBAOH to 64 and 67 resulted in the formation of compounds 65 and 68, in yields of 100 %
(Scheme 4b).
Compound 69 was obtained through the reaction of TBA AMS with 1-naphthyl
isocyanate in pyridine. The pure product was obtained as a pale brown solid with a yield of 31 %.
Compounds 70 and 72 were

synthesised

by

reaction

of

2-aminoanthracene

or

4-(6-methylbenzothiazole)aniline as appropriate, with triphosgene in ethyl acetate to give the
corresponding isocyanate. This was followed by the addition of TBA AMS. After further
purification, 70 and 72 were obtained as yellow solids in yields of 43 % and 65 % respectively.
Compound 71 was synthesised through the activation of 2-(2-aminophenyl)benzothiazole with
1,1′-carbonyldiimidazole in chloroform followed by the addition of TBA AMS. The pure product
was obtained as a pale-yellow solid with a yield of 42 % (Scheme 4c).
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2.3 Solid state: single-crystal X-ray diffraction
Single-crystal XRD is a routinely used non-destructive analytical technique in the field of
supramolecular chemistry for the identification of crystalline materials. Using this technique, the
self-associated binding modes of 42-58 and 60-72 were first explored within the solid state.
Crystal structures have been previously obtained for 42, 45, 48, 49, 56-58, 69, 71 and 72.135,136
With (thio)urea-anion 42, 45, 56, 58, 69, 71 and 72 shown to dimerise through (thio)urea-anion
hydrogen bond formation. Contrastingly, the structures of 49 and 57 exhibit hydrogen bonded
self-association through the formation of urea-anion tapes over the optimal urea-anion dimer.
This was hypothesised to be due to the replacement of the TBA as demonstrated in 42 with a
more competitive HBD pyridinium cation as shown in 49.135 Finally, the structure obtained for
48 which contains a Na+ within its molecular structure, exhibited self-association through the
formation of urea-urea hydrogen bonded tapes. This was hypothesised to be due to anion pair
effects.135,136
The crystallography data discussed in this chapter was obtained and refined by Dr
Jennifer Ruth Hiscock. Novel single-crystal X-ray structures of 43, 44, 46, 47, 50, 55 and 62, 63
and 65 were obtained from a two-week crystallisation process through slow evaporation of
EtOH:H2O solutions containing the relevant compound. The crystal structures obtained for 43,
44, 47, 55 and 62 were all shown to form self-associated (thio)urea-sulfonate dimers through
four intermolecular hydrogen bonds. The structure for 43 not only exhibits an intermolecular
hydrogen bonded dimer forming through the urea-sulfonate portion of the amphiphilic salt, but
there is also an intramolecular hydrogen bond between the alkyl N-H and the sulfonate group
observed. This six-membered energetically favourable formation is made possible due to the
extended length of the alkyl chain with the addition of a CH2 (n=2). Evidence of the bond
formation for 43 is illustrated in Figure 26. The interior bond angle of 43, calculated from the
intersecting planes of the urea substituents was calculated to be 180.0 , a graphical example of
how this value is determined is shown in Figure 27.
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Figure 26 – Single-crystal X-ray structure of 43, illustrating intramolecular bonding and intermolecular dimerisation
through urea-anion complexation. TBA counter cation has been omitted for clarity.

Figure 27 - Ball and stick representation of the interior angle of self-associated dimerisation calculated from the
intersecting planes of the (thio)urea substituents.

With SSA urea-anion 44, further extension of the alkyl chain length from n=2 to n=3,
shows the intramolecular hydrogen bond ring system was found to be no longer favourable.
However, stabilisation through two different binding modes was observed. Figure 28a
demonstrates the N-H HBD groups shown to bind with one HBA sulfonate oxygen, whereas in
Figure 28b a single N-H HBD group binding with two HBA sulfonate oxygens is observed.
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The interior dimerisation angles of these complexes were calculated to be 170.9  and 175.7 
respectively.

Figure 28 - Single-crystal X-ray structure of 44, illustrating intermolecular dimerisation through urea-anion
complexation a) N-H HBD with one HBA sulfonate oxygen and b) N-H HBD with two HBA sulfonate oxygens. TBA
counter cation has been omitted for clarity.

Compound 47 (CF3 substituted thiourea-sulfonate) again self-associates through
intermolecular interactions of the urea N-H to the sulfonate anionic moiety, unlike CF3
substituted urea-sulfonate 44, with this compound the HBD N-H groups are self-associating
through four hydrogen bonds with different HBA sulfonate oxygens as illustrated in Figure 29.
Exchanging the urea functionality (44) for thiourea group (47) resulted in a comparatively
twisted binding mode with an interior dimerisation angle of 180.0 , slightly larger than those
calculated for 44 (170.9  and 175.7 ).

Figure 29 – Single-crystal X-ray structure of 47, illustrating intermolecular dimerisation through thiourea-anion
complexation. TBA counter cation has been omitted for clarity.
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Modification to the R-group on the aromatic substituent from a CF3 to an additional
HBA/HBD primary amino group within 55, results in a structure, which not only exhibits the
common (thio)urea-anion dimer but also a hydrogen bonded amino-sulfonate tetramer with an
interior dimerisation angle of 180.0  (Figure 30).

Figure 30 - Single-crystal X-ray structure of 55, illustrating intermolecular dimerisation through urea-anion
complexation and tetramer formation through amine-anion complexation. TBA counter cation has been omitted for
clarity.

The self-associated complex formation events discussed so far (Figures 26 and 28-30)
have shown that the structures of 43, 44, 47 and 55 are planar in nature, with an interior angle
of dimerisation  180.0 . When the compound is modified with the addition of a nitro group in
the para-position as shown for compound 62 (Figure 31) a decrease in the interior angle of
dimerisation is observed. This dimer instead exhibits an interior angle of dimerisation of 24.6 ,
comparable to the value obtained for 58, the analogous urea, which exhibited an interior angle
of dimerisation of 19.9 .
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Figure 31 - Single-crystal X-ray structure of 62, illustrating intermolecular dimerisation through thiourea-anion
complexation. TBA counter cation has been omitted for clarity.

Compounds 46, 50 and 65 all show (thio)urea-sulfonate tapes stabilised through two
intermolecular sulfonate-(thio)urea bonds. This is particularly interesting with regards to CF3
substituted thiourea-sulfonate 46 (Figure 32), as previously discussed the analogous urea (43),
forms a self-associated urea-sulfonate dimer. This difference in hydrogen bonding mode was
attributed to either the instability of the dimer due to the formation of an intramolecular
hydrogen bond or crystal packing forces.
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Figure 32 - Single-crystal X-ray structure of 46, illustrating intermolecular polymerisation through thiourea-anion
complexation. TBA counter cation has been omitted for clarity.

Replacing the TBA counter cation of 42 with TMA produces compound 50. Previously
published 42 was shown to exhibit hydrogen bonded dimerisation through a urea-anion binding
mode.135 However, compound 50 forms a urea-sulfonate tape as illustrated in Figure 33. This
switch of binding modes is attributed to the electrostatic interactions between the anionic
functionality and the TMA counter cation.

Figure 33 - Single-crystal X-ray structure of 50, illustrating intermolecular polymerisation through urea-anion
complexation.
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Compound 63 does not contain an anionic functionality. In this comparative example,
the anionic group is instead protected by a tert‐butyl ester. This compound exhibits no hydrogen
bonded self‐association but instead forms a hydrogen bonded complex with a water molecule
acting as a principle HBA/HBD group, as shown in Figure 34.

Figure 34 - Single-crystal X-ray structure of 63, illustrating intermolecular polymerisation through thiourea-anion
complexation.

The removal of the tert-butyl ester from 63 and the addition of TBA produced the
corresponding carboxylate (65). However, during the two-week crystallisation process, the CF3
group was converted to a carboxylic acid functionality as shown in Figure 35, 65a and 65b.
Investigations into what influences caused this conversion is still ongoing.
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Figure 35 – Compounds 65a and 65b crystallised from a solution containing 65 over a two-week period.

The structure for 65a/b shows self‐association occurring through two intermolecular
carboxylate-urea bonds (Figure 36). It was observed that tape formation is preferred over dimer
formation, this was hypothesised to be due to anion geometry, where the trigonal planar
carboxylate moiety favours end‐on urea–anion interactions (Figure 37a). While the analogous
tetrahedral sulfonate group favours dimer formation through the creation of four urea‐anion
hydrogen bonds as illustrated in Figure 37b. Investigations into these preferred binding modes
are still ongoing.

Figure 36 – Single-crystal X-ray structure of 65a/b, illustrating intermolecular polymerisation through urea-anion
complexation.
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Figure 37 – A possible effect of anion geometry on hydrogen bonding mode, a) trigonal planer carboxylate and b)
tetrahedral sulfonate.

The hydrogen bond distances and angles for 43, 44, 46, 47, 50, 55, 62 and 65, calculated
from single-crystal X-ray structures are shown in Table 1. These calculated results demonstrate
the hydrogen bond length from donor to acceptor (D-A) range from 2.81-3.42 Å with hydrogen
bond angles between D-H—A ranging from 122.3-174.1 .
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Table 1 - Hydrogen bond distances and angles involved in N-H-anion hydrogen bonded self-association, calculated
from single-crystal X-ray structures.

Compound
no.
43
43
43
44
44
44
44
44
44
44
44
46
46
47
47
50
50
55
55
55
55
62
62
65
65
65
65

HBD

Hydrogen
atom

N1
N2
N2
N1
N2
N3
N4
N5
N6
N7
N8
N1
N2
N1
N2
N1
N2
N1
N1
N2
N3
N1
N2
N1
N2
N3
N4

H1
H2
H2
H1
H2
H3
H4
H5
H6
H7A
H8A
H1
H2
H1
H2
H1
H2
H1A
H1B
H2
H3
H1
H2
H1
H2
H3A
H4B

HBA

Hydrogen
bond length
(D•••A) (Å)

Hydrogen
bond angle
(D-H•••A) (°)

O2
O2
O2
O7
O7
O1
O1
O15
O14
O9
O9
O2
O1
O1
O3
O2
O3
O3
O3
O4
O4
O3
O1
O10
O9
O1
O1

2.8954 (18)
3.0960 (17)
2.9813 (18)
2.889 (13)
2.917 (16)
3.105 (15)
2.967 (16)
3.096 (15)
2.980 (16)
2.909 (13)
2.916 (15)
2.829 (4)
2.918 (4)
3.149 (5)
3.013 (4)
2.987 (3)
2.862 (3)
3.094 (3)
3.423 (3)
2.927 (2)
2.903 (3)
2.860 (3)
2.897 (3)
2.831 (13)
2.828 (12)
2.884 (15)
2.812 (16)

163.42 (10)
149.23 (10)
122.31 (16)
156.9 (7)
154.0 (7)
150.4 (7)
151.7 (7)
158.1 (7)
148.1 (7)
157.5 (7)
152.4 (7)
159.1 (2)
159.9 (3)
169.4 (3)
141.7 (3)
169.32 (18)
172.3 (2)
154.41 (16)
153.24 (17)
155.24 (15)
152.77 (15)
161.71 (16)
154.17 (17)
174.1 (10)
159.9 (9)
155.2 (9)
152.2 (9)

In summary, it has been shown that the anionic moiety and the hydrogen bond donating
(thio)urea groups are key substituents in self-association, aiding in the formation of stable
intermolecular bonded dimer and tape species. It was shown that when weakly coordinating
TBA is substituted with a stronger coordinating counter cation such as TMA the self-associated
hydrogen bonded tape formation is favoured over the dimer.
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Finally, it is hypothesised that anion geometry plays a significant role in the binding mode, with
compounds containing the carboxylate moiety (65) favouring end-on urea-anion interactions,
while the analogous tetrahedral sulfonate group favours dimer formation through the creation
of four urea-anion hydrogen bonds (Chapter 2.3, Figure 37).

2.4 Gas phase: mass spectrometry
ESI-MS was initially utilised for measurement of molecular mass and structural
characterisation of biologically important macromolecules such as proteins140 and nucleic
acids.141 More recently this application has been extended to a broad range of analytes which
include: inorganic compounds, examples of which are boron compounds, where conventional
ionisation methods had previously proven to be problematic. However, ESI-MS is useful for the
analysis of these (sometimes air-sensitive) compounds;142 polar organic compounds, where
work was undertaken by Wilson and Wu for the detection of common reagent hexamethyl
phosphoric triamide (81) using ESI-MS. The Na+ adducts, [M + Na]+ (81a) and [2M + Na]+ (81b)
were observed to be present in the gas phase (Figure 38).143 and finally metal-organic complexes
where Keith-Roach discovered ESI-MS a straightforward method for obtaining complex
formation and species distribution information.144

Figure 38 - Utilising ESI-MS the Na+ adducts of hexamethylphosphoric triamide (81), were shown to be present in the
gas phase, [M + Na]+ (81a) and [2M + Na]+ (81b).143
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ESI is termed as a soft ionisation technique as very little residual energy is retained by
the analyte and in general, no fragmentation occurs upon ionisation.145 Furthermore, as this is a
‘soft’ technique, non-covalent interactions such as the hydrogen bond are preserved in the gas
phase.146 ESI-MS is an innovative approach to studying intermolecular interactions; this
technique was utilised within this study to determine if dimerisation or self-association is limited
to the solid and solution states for compounds 42-58 and 60-72, or whether these compounds
exhibit dimeric species in the gas phase.
As expected, data obtained from high-resolution ESI-MS studies show 42-58 and 60-72
to exist in the monomeric state [M]-, where [M]- represents the anionic component of the
corresponding amphiphilic salt. As 63, 64, 66 and 67 are neutral compounds, [M-H]+, therefore,
represents the conjugate base of these molecules. It is not possible to distinguish the difference
between the anionic monomer [M]- and a dimeric species [M+M]2- due to the mass to charge
ratio. However, it was possible to identify self-associated dimers [M+M+H] - of 42-58, 64, 65, 6770 and 72 and the Na+ adducts of 60-62 [M+M+Na]- to be present the gas phase, with
correspondence between the theoretical and actual m/z peaks, which exhibit a relative
abundance range from 2 % to 98 %, as overviewed in Table 2.
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Table 2 - High-resolution ESI- mass spectrometry theoretical and experimentally derived values. (RA. = relative
abundance)

m/z [M+M+H]Compound
no.
Theoretical
Actual
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

595.0397
623.0710
651.1023
626.9941
655.0254
683.0567
595.0397
595.0397
595.0397
595.0397
595.0397
595.0397
595.0397
489.0868
519.0861

595.0390
623.0689
651.0996
626.9936
655.0236
683.0529
595.0418
595.0408
595.0423
595.0385
595.0423
595.0377
595.0347
489.0853
519.0867

[a] Previously published results.136

RA
(%)
98
17
9
81
7
4
69
88
60
31
59
14
14
4
4

m/z [M+M+H]Compound
no.
Theoretical
Actual
57[a]
58
60[b]
61[b]
62[b]
63
64
65b
66
67
68
69[a]
70[a]
71[a]
72[a]

459.0578 459.0649
549.0351 549.0525
573.0224 573.0431
513.0012 512.9840
602.9714 602.9997
Not observed
523.1058 523.1025
545.0877 545.1039
Not observed
555.0601 555.0577
555.0601 555.0591
559.0890 558.9373
659.1204 659.1210
Not observed
752.0862 753.0864

RA
(%)
52
3
28
2
2
27
11
12
5
24
28
50

[b] Obtained as the [M+M+Na]- ion.

Using CF3 substituted urea-sulfonate 42 as an example, the ESI-MS spectrum presented
in Figure 39 shows the presence of an anionic monomer [M]- with an m/z of 297.0159 (39a) and
the mono-protonated sulfonate-urea dimeric species [M+M+H]- with an m/z of 595.0390
(297.0159 + 297.0159 + 1.007) (39b).

Figure 39 - ESI spectrum of 42, showing both the monomeric and protonated dimeric species, monomeric species
(insert, a) and protonated dimeric species insert (b).
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Within the molecular structures of tert-butyl protected 63 (urea) and 66 (thiourea),
there are no anionic substituents or ionisable carboxylic acid residues, therefore, the presence
of a dimeric species was not observed. The protonated dimeric species for previously published
ortho-substituted benzothiazole 71 was also not shown to be present, this was hypothesised to
be due to the formation of the intramolecular hydrogen bond between the urea N-H and the
nitrogen on the benzothiazole substituent (Figure 40), limiting the number of potential HBD
groups available to stabilise the formation of the dimer.136

Figure 40 – The proposed structure of monomer of 71, demonstrating intramolecular bond formation, as observed in
the gas phase.136

All ESI-MS spectra that display the abundance percentage of different isotopes for 4258 and 60-68 are presented in Appendix 1.3, Figures S70-S95.
In summary, it has been shown that for mono-protonated sulfonate-(thio)urea or monoprotonated carboxylate-(thio)urea dimeric species to be present in the gas phase, it was
established that compounds were required to contain an anionic substituent or an ionisable
carboxylic acid residue. Since compounds 42-58, 60-62, 64, 65, 67-70 and 72 all fulfil this
requirement, they were all shown to form self-associated dimers either as [M+M+H]- or as the
Na+ adduct [M+M+Na]-. Furthermore, limiting the number of HBD groups involved in the selfassociation process, from two to one as shown for 71 results in dimeric destabilisation in the gas
phase. The stability of those dimer formations identified in the gas phase cannot be determined,
therefore the compounds discussed will be further explored in the solution state using a
combination of complementary techniques.
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2.5 Solution state self-association studies
Unlike the solid state, in which the molecular interactions observed are influenced by
crystal packing forces or the gas phase where the same interactions can be subject to
experimental conditions, the solution state introduces solvent-solute interactions. These
solvent-solute interactions exert influence on molecular self-association events and resultant
aggregate, micelle147 or inverse micelle formation processes.148 This is commonly observed in
solvents with HBA or HBD groups, such as DMSO or water.149
Intermolecular forces between the solute and solvents compete with those of between
the solute molecules. Thus creating solvent-solute hydrogen bonded self-associated complexes,
which must be disrupted to allow for the formation of hydrogen bonded self-associated
complexes. The conformation of extended aggregates formed will also be dependent on the
type of solvent within a system.136 Maximising the hydrophilic or hydrophobic interactions with
the surrounding environment will result in more robust self-association complex formation.

2.5.1 Dynamic light scattering
Dynamic light scattering analyses are routinely used in chemical and biological
laboratories for the detection of aggregates in solutions of macromolecules.150 This wellestablished, non-invasive standardised technique is based on the Brownian motion of dispersed
particles, on the principle that particles are constantly colliding with solvent molecules. Such
collisions produce a constant amount of transferable energy, which in turn induces particle
movement. As expected this energy transfer has a greater effect on smaller particles than those
that are larger in size.151 When these particles are irradiated with visible monochromatic light,
the intensities of the then scattered light fluctuates in a time-dependent manner due to the
continuously changing distances between the particles, analyses of these intensities allows for
the determination of the diffusion coefficient (D). Using this parameter and others outlined in
the Stokes-Einstein equation, the hydrodynamic diameter (dH) can be calculated (Equation 1).152
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Equation 1 - The Stokes-Einstein equation that enables calculation of the diffusion coefficient measured by DLS.152

Limitations of this technique for acquiring particle measurements include i) an upper
size limit of 1000 nm where particles larger than this can be attributed to the onset of
sedimentation or amalgamation of smaller aggregates: ii) a lower size limit of 1 nm, this value is
defined by the signal-to-noise ratio as small particles do not scatter a sufficient amount of light,
resulting in a poor measurement signal; iii) the dH is the calculated diameter of the ‘hypothetical’
particle on the assumption that particles are spherical in shape.153 However, in reality, the
dispersed particles can be non-spherical, dynamic and solvated/hydrated (Figure 41), therefore
DLS provides only an indicative size of a particle, colloid or aggregated species.154 Finally, the
graphs produced within this study are intensity distributions, weighted by size. As the
compounds discussed within this thesis are novel, refractive index calculations have yet to be
investigated, therefore, number or volume distribution information could not be attained.

Figure 41 - Cartoon representation of the hydrodynamic radius (dH) measurements of different shaped self-associated
aggregates using DLS.

In this study the average intensity particle size distribution for compounds 42-56, 58,
and 60-68 was investigated in a solution of EtOH:H2O (1:19) and DMSO using DLS and compared
with previously published results for 57 and 69-72.136
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These solvent systems were chosen as the monomeric units of 57 and 69-72 have previously
shown to self-associate to form either spherical aggregates or dimeric species under these
conditions136 (the addition of the EtOH in the aqueous system was required to aid compound
solubility and allow effective measurement comparison for the entire SSA library to date).
Extended self-associated aggregates (peak maxima > 50 nm) were all shown to form
with compounds 42-52, 55-58, 60-62, 64, 65, and 67-72 at a concentration of 5.56 mM in an
aqueous solution of EtOH:H2O (1:19). At concentrations of 0.56 mM and 5.56 mM, a broad range
of aggregate sizes with a peak maxima from 21 nm – 5560 nm were observed, as overviewed in
Table 3, with a PDI (%) range of 13.02 – 42.01 % as shown in Appendix 1.4.1, Table S3.
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Table 3 - Peak maxima obtained from an average intensity particle size distribution of 42-52, 55-58, 60-62, 64, 65,
and 67-72 obtained at 0.56 mM and 5.56 mM in an EtOH:H2O (1:19) system by DLS. Hydrodynamic aggregate
diameter is given in nm. An annealing process was applied in which the samples were heated to approximately 40 °C
before being allowed to cool to a measurement temperature of 25 °C. (No. = compound number, conc. =
concentration).

No.
42
43
44
45
46
47
48
49
50
51

Conc. Peak maxima
(mM)
(nm)
5.56
0.56
5.56
0.56
5.56
0.56
5.56
0.56
5.56
0.56
5.56
0.56
5.56
0.56
5.56
0.56
5.56
0.56
5.56
0.56

164, 4
142, 14
459, 59
190, 28
122
295
342, 295
142, 24
142
68-4145
122
4145, 44
531
295, 21
220
91
164
190
190
220

No.
52
53
54
55
56
57[a]
58
60
61
62

Conc. Peak maxima
(mM)
(nm)
5.56
0.56
5.56
0.56
5.56
0.56
5.56
0.56
5.56
0.56
5.56
0.56
5.56
0.56
5.56
0.56
5.56
0.56
5.56
0.56

No.

190
220

63

[b]

64

[b]

65

342
459, 28
190
220
220
396
91
79
220
190, 18
190
190
106, 1
122-5560

66
67
68
69[a]
70[a]
71[a]
72[a]

Conc. Peak maxima
(mM)
(nm)
5.56
0.56
5.56
0.56
5.56
0.56
5.56
0.56
5.56
0.56
5.56
0.56
5.56
0.56
5.56
0.56
5.56
0.56
5.56
0.56

[b]
396
330, 33
220
190,33
[b]
459
255
164
106
164
255
220
164
295
220
59, 300
120

[a] Previously published results.136 [b] not calculated due to sample solubility.

Prior to these DLS studies being undertaken, the samples underwent an annealing
process (heating to 40 C and cooling back to 25 C) to ensure any self-associated aggregates
present had achieved a thermodynamic minimum. Due to compound insolubility in an aqueous
environment at comparable concentrations, compounds containing TPEA (53), THA (54) or a
tert-butyl ester within their molecular structure (63 (urea) and 66 (thiourea)), could not be
included within these studies.
It was observed that those self-associated aggregates present in the DLS studies split
into one of three different classes. The first class are those with a dH from 1-10 nm and only
observed with solutions containing CF3 substituted urea-sulfonate 42 and nitro-substituted
thiourea-sulfonate 62, at 5.56 mM these values are indicative of lower-order structures such as
monomers, dimers and trimers. However, with 42 and 62 there are also larger structures present
(164 and 106 nm respectively).
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The second class contains 5.56 mM solutions of CF3 substituted urea-sulfonate 43, nitrosubstituted urea-sulfonate 58 and para-benzothiazole substituted 72, where structures have a
dH of between 10-100 nm. Finally, the third class is for those structures with a dH between
100-550 nm. This size of structure (100-550 nm) was observed for every compound studied at
5.56 mM except nitro-substituted urea-sulfonate 58, which has a dH of 91 nm. The existence of
this size of the self-associated structure, reported by these DLS studies, has already been
confirmed through a combination of complementary fluorescence and transmission microscopy
studies at comparative concentrations, using intrinsically fluorescent ortho-benzothiazole
substituted 71 and para-benzothiazole substituted 72.136 Solutions containing 42, 43, 45 and 72
indicate two distinct aggregate size distributions coexisting in the same 5.56 mM solution.
In a 0.56 mM solution the majority of the compounds (42-45, 48, 50-52, 55-57, 60, 61,
64, 65, 67-69 and 70-72) all exhibit structures with a dH representative of class three (100550 nm). As observed these larger structures still persist at lower concentrations, therefore, the
size of the self-associated hydrogen bonded aggregates are not (for these compounds) disrupted
by the competitive binding of solvent molecules. Solutions containing CF3 substituted thioureasulfonate 46 or 47 and nitro-substituted thiourea-sulfonate 62 at 0.56 mM exhibit structures
that exceed the limitations of the experiment dH > 1000 nm. These structures are attributed to
amalgamations of smaller structures.
Finally, in a solution of DMSO at comparable concentrations of 5.56 mM and 0.56 mM,
42-52, 55-58, 60-62, 64, 65, and 67-72 show evidence of aggregates > 100 nm in diameter
(Appendix 1.4, Figures S96-S181). It is hypothesised that these structures are amalgamations of
smaller self-associated species, as this DLS information was obtained from an intensity
distribution, the presence of a few large structures can potentially mask the presence of smaller
ones. Further studies discussed in section 2.5.3.2 suggest that the proportion of compound in
these associated materials is within the error measurement of NMR, therefore it is a very low
proportion of material that ends up in those aggregates > 100 nm in diameter.
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In summary, DLS studies conducted at concentrations of 0.56 mM and 5.56 mM show a
broad range of aggregate sizes from 21 nm – 5560 nm were observed in an aqueous solution of
EtOH:H2O (1:19). With extended self-associated aggregates (> 50 nm) shown to be present for
compounds 42-52, 55-58, 60-62, 64, 65, and 67-72 at a concentration of 5.56 mM. Small lowerorder structures (dH 1-10 nm) are proposed to be monomers, dimers or trimers and were
observed with solutions containing 42 and 62, at 5.56 mM, these were in addition to the
presence of structures with a dH of 164 and 106 nm respectively. Solutions containing
compounds 43, 58 and 72 (5.56 mM) were shown to exhibit structures with a dH of between
10-100 nm.
Finally, in an aqueous environment at 5.56 mM, all compounds (except 58) have a
prevalence to form higher-order self-associated hydrogen bonded aggregates with a dH between
100-550 nm.

2.5.2 Surface tension and critical micelle concentration studies
The amphiphilic nature of surfactant molecules (such as SSAs) is responsible for their
self-associated properties, with the balance of hydrophobic and hydrophilic effects driving the
monomers to self-assemble, forming energy favourable structures. A common example of these
aggregate formations are micelles, where the polar head group seeks to interact with an
aqueous medium, and the hydrophobic tail is sequested internal to the structure.155
Here CMC is elucidated by determining the surface tension of a serially diluted series of
compound solutions. At a low concentration, the presence of molecules at the surface disrupts
the cohesive energy of the solvent and therefore lowers surface tension (Figure 42a). As
molecular concentration increases, the surface interface becomes saturated by these surfaceactive molecules (Figure 42b), the surface tension is found to no longer decrease with increasing
molecular concentration.156 This point is defined as the CMC, where the number of micelles,
vesicles or aggregated species present increase, in the volume phase above this transition point
(Figure 42c) and the surface tension becomes independent of concentration.
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Figure 42 – Cartoon representation of CMC determination. a) Surfactant congregates at the surface, b) surface
becomes saturated and c) proposed aggregate formation.157

In 1955 Williams and co-workers investigated the CMC of pure sodium lauryl sulphate
in water and NaCl solutions, using conductivity, light scattering and diffusion mobility. In their
study, association colloids were characterised, and it was determined that in dilute solutions
only small particles were present but at a higher concentration, both small and large colloidal
structures were in equilibrium.157 However, self-associated aggregates are now known to be
present in dilute solutions below the CMC value. It is only with the further addition of solute
molecules that we can recognise and detect the aggregation of spherical units by measuring
surface tension against concentration.136,158 Factors that affect CMC reproducibility include the
presence of other surface-active substances,159 the presence of electrolytes160 and any variation
of temperature161 or pressure.162
The CMC and corresponding surfactant properties for 42-52, 56-58, 60, 61, 65 and 6972 in an EtOH:H2O (1:19) solution were observed using the methods analogous with those
reported by Costas and co-workers (Chapter 6.1.1).156
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The CMC and surface tension (obtained at CMC) values were calculated using a plot of
surface tension against concentration, and taken at the point of which the surface tension is
found to no longer decrease with the further addition of compound,156,163 as shown in the
example tensiometric profiles in Figure 43 (a and b), with the results overviewed in Table 4. With
the exception of anthracene substituted 70 and para-benzothiazole substituted 72, all
compounds exhibit a CMC above 5.56 mM the concentration used for the DLS studies, and
where the presence of larger structures was observed. This confirms the previous statement
that self-associated aggregates > 10 nm are present in dilute solutions before the CMC is
reached.136,158
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Figure 43 - CMC calculation of 5.61 mM for compound 47 (a) and 34.57 mM for compound 52 (b) in an EtOH:H2O
(1:19) mixture using surface tension measurements. Linear relationship between Log(Conc.) (Green) and surface
tension. Surface of droplet saturated, minimum surface tension reached (Blue).
Table 4 – CMC and surface tension (obtained at CMC) measurements for compounds 42-52, 56-61, 65 and 69-72 in a
solution of EtOH:H2O (1:19) at 25 C.

Compound
no.

CMC
(mM)

42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

10.39
10.70
8.85
24.14
6.12
5.61
96.35
198.42
209.98
103.13
34.57

Surface
tension
(mN/m)
37.45
38.49
36.78
34.35
42.24
33.59
36.65
36.16
41.78
33.75
36.09
[b]
[b]
[b]

92.67

46.14

Compound
no.

CMC
(mM)

57[a]
58
60
61
62
63
64
65
66
67
68
69[a]
70[a]
71[a]
72[a]

40.89
30.29
65.83
74.59

Surface
tension
(mN/m)
47.90
44.94
45.05
42.85
[b]
[b]
[b]

11.21

39.33
[b]
[b]
[b]

10.67
2.52
9.54
0.50

46.67
43.15
48.71
46.50

[a] Previously published results.136 [b] not calculated due to sample solubility.

With alkyl chain length extension from n=1 to n=2, the CF3 substituted urea-sulfonate
amphiphiles 42 and 43, exhibit a slight increase in CMC, from 10.39 to 10.70 mM respectively.
Contrastingly, CF3 substituted thiourea-sulfonate amphiphiles 45 and 46 (n=1 and n=2) exhibit a
noticeable decrease in CMC from 24.14 to 6.12 mM.
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It is hypothesised that the formation of the intramolecular hydrogen bond in 43, could be
attributed to this slight increase (Chapter 2.3, Figure 26). With the additional extension to the
alkyl chain length from n=2 to n=3, a decrease in CMC is observed for both the CF3 substituted
urea-sulfonate and the thiourea-sulfonate amphiphiles from 10.70 to 8.85 mM and 6.12 to 5.61
mM respectively. Substitution of the HBD urea (43 and 44) for more acidic thiourea (46 and 47)
also results in a decrease in CMC (10.70 to 8.85 mM (urea), 6.12 to 5.61 mM (thiourea)). This is
expected as it is well known that thiourea receptors establish stronger hydrogen bond
interactions and form more stable complexes with anions than their urea containing
counterparts.125 However, this trend is not observed when comparing urea-sulfonate 42 with
thiourea-sulfonate 45, hypothesised to be due to the formation of a secondary structure that is
not involved in the self-association process, as illustrated in Figure 44. This hypothesis is further
supported by variable temperature 1H NMR studies. Where a 1H NMR performed at 298 K
showed the presence of two structures, confirmed through comparative integration of those
peaks attributed to the thiourea-sulfonate against counter cation TBA (Figure 45). With an
increase of temperature from  298 K to  333 K the weak intramolecular hydrogen bond
demonstrated in Figure 44 is hypothesised to be disrupted as the peaks present in Figure 45
were shown to coalesce as shown in Figure 46.

Figure 44 – Proposed formation of the secondary structure of 45.
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Figure 45 – 1H NMR of compound 45 in DMSO-d6 conducted at 298.15 K, comparative integration showing the
presence of two structures.

Figure 46 - 1H NMR of compound 45 in DMSO-d6 conducted at 333.15 K, showing coalescence of thiourea-sulfonate
peaks.

It was hypothesised that the urea-carboxylate analogue (65) would exhibit a lower CMC
than urea-sulfonate derivative 42, due to stronger hydrogen bond complexes being formed
between carboxylate anions and urea functionalities.
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The strengths of these complexes are determined in the 1H NMR self-association studies
(Chapter 2.5.3.4). Whereas, the hydrogen sulfate ion is known to form significantly weaker
bonds with the urea group.164 However, upon comparing the values (42, 10.39 mM with 65,
11.21 mM) the reverse is observed with 42 exhibiting a lower CMC value. An explanation for this
could be the difference in hydrogen bonding modes, with 65 adopting the less stable trigonal
planer geometry, as illustrated in Chapter 2.3, Figure 37.
A comparative decrease in surface tension recorded at the CMC for solutions containing
42-52, 56-58, 60, 61, 65 and 69-72, in general, correlates with the presence of a CF3 substituted
aromatic ring system within the molecular structure. As LogP can be used as a comparative
measure of hydrophobicity, theoretically derived LogP165 (Figure 47) and polarisability values
calculated for the R-group on the aromatic ring system, were investigated to determine if there
was any correlation with the CMC and surface tension measurements. These theoretically
derived values were calculated using optimised geometries of the aromatic ring substituents
and counter cations contained within the molecular structures of 42-52, 56-58, 60, 61, 65 and
69-72 by low-level computational modelling with Spartan ‘16 software. The results from these
calculations demonstrate the CF3 aromatic ring system to exhibit a LogP value of 2.16, the
highest of the substituted functional substituents. It is suggested that this higher affinity for the
aqueous phase could be a major contributing factor to the initial observations.

Figure 47 – Calculated LogP values from geometry optimised semi-empirical PM6 methods using Spartan ‘16. Values
for Na+ were inaccessible by these computational methods.
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The effects the counter cation have on the derived CMC values of 42 and 48-52 were
then investigated. It was shown that the CMC values adopted the following trend 42 < 52 < 48 <
51 < 49 < 50. Polarisability acts as a measure of anion-cation coordination and strength, of any
ion-pair effects within a system.166 The theoretical values of polarisability for those counter
cations contained within the molecular structure, Na+, PyrH+, TMA, TEA, TPA and TBA were
calculated and are overviewed in Table 5.
Table 5 – Calculated polarisability values for counter cations of 42, 48-52.

Compound no.
42
48
49
50
51
52

Cation
TBA
Na+
PyrH+
TMA
TEA
TPA

Polarisability
65.47
[a]
46.91
46.64
52.85
58.90

[a] Results could not be calculated, as in an aqueous solution, the sodium ion exists as the hydrated complex
[Na(H2O)6]+.

TBA exhibits a more diffused cationic charge demonstrated by the high polarisability
value (65.47), and as a result, weakens any potential for ion-pair interactions between the cation
and sulfonate-anion substituent. This subsequently leaves the HBA groups free for hydrogen
bonded self-assembly processes, resulting in a CMC value of 10.39 mM. The calculated values
for PyrH+ and TMA are both relatively low at 46.91 and 46.64 respectively, therefore are more
likely to form ion-pair interactions with the anionic component of the amphiphile, resulting in a
weaker self-associated structure and consequently higher CMC values (198.42 (49) and 209.98
mM (50)). This increase of CMC from 10.39 mM (42) to 198.42 mM (49) and 209.98 mM (50)
respectively is also be attributed to the decrease lipophilicity of the counter cation from TBA to
PyH+ and TMA. The polarisability for Na+ could not be calculated as it is expected that the Na+
exists as the hydrated complex [Na(H2O)6]+. This hydration process decreases the relative
availability for cations to form ion-ion interactions, therefore, instead promotes urea-anion
hydrogen bond formation.
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Two correlations were observed these are: i) decreasing CMC of 42 and 49-52 with increasing
calculated theoretical LogP values of cations, PyrH+, TMA, TEA, TPA and TBA (Figure 48, green)
and ii) decreasing CMC of 42 and 49-52 with increasing polarisability values of cations, PyrH+,
TMA, TEA, TPA and TBA (Figure 48, blue). These correlation graphs are shown in Figure 48.

Figure 48 – Comparison of CMC and calculated cation polarisability (blue) and LogP (green) values obtained for 42
and 49-52.

In summary, it was shown that the substitution of the HBD urea for more acidic thiourea
resulted in a CMC value decrease. The urea-sulfonate (42) was shown to have a lower CMC
(10.39 mM) than analogous urea-carboxylate 65, this was theorised to be due to the adoption
of different hydrogen bonding modes, with 65 adopting the less stable trigonal planer geometry.
Comparison of experimentally derived CMC values with theoretically calculated polarisability
and LogP values showed a correlation of decreasing CMC of 42 and 49-52 with both increasing
calculated theoretical LogP and polarisability values of the counter cations.

2.5.3 1H NMR self-association studies
NMR spectroscopy is an important tool that has been routinely used to characterise
noncovalent interactions in the solution state. Examples of these interactions include halogen
bonding,167 π- π stacking168 and hydrogen bonding.136,169,170
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To gain an understanding of the self-associated interactions at the molecular level of 42-58 and
60-72, a series of 1H NMR studies were employed in a DMSO-d6 0.5 % H2O or an EtOH:H2O (1:19)
solution. These solvent conditions allow for the direct observation of the HBD N-H resonances
in a competitive solvent environment.

2.5.3.1 DOSY 1H NMR
As shown in the afore mentioned DLS studies (Chapter 2.5.1), the dH of compounds 4252, 55-58, 60-62, 64, 65, and 67-72 are all > 100 nm at concentrations of 5.56 mM and 0.56 mM,
this was hypothesised to be due to amalgamations of smaller self-associated structures. To
further investigate this theory a series of DOSY 1H NMR studies were carried out at 55.56 mM in
a DMSO-d6 0.5 % H2O solution containing 42, 45, 65, 68 and 72. The obtained translational
diffusion constant was applied to the Stokes-Einstein equation (Chapter 2.5.1, Equation 1) to
enable the derivation of the dH. Solutions containing 42, 45, 65, 68 and 72 were chosen to ensure
a collective, a comparative data set was obtained due to their molecular structural differences.
The results generated from these studies support the earlier theory (Chapter 2.5.2) of
TBA not being a strongly coordinating cation in solution. Figure 49 illustrates the TBA cation
diffusing at a different rate to that of the sulfonate-urea anionic moiety of 42. As 45, 65, 68 and
72 all contain TBA as the counter cation within their molecular structure, the same diffusion rate
trend is observed for these compounds (Appendix 1.6, Figures S198-S201).
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Figure 49 - 1H NMR DOSY of compound 42 (55.56 mM) in DMSO-d6 0.5 % H2O, conducted at 298.15 K. Anionic
component highlighted in blue, TBA counter cation highlighted in red.

The results calculated from this study show no evidence of large aggregates in a solution
of DMSO-d6 0.5 % H2O as all anionic species are shown to exhibit a dH < 1.7 nm (Table 6), this size
is hypothesised to be indicative of lower-order structures such as dimers.
As with the DLS studies, a limitation of DOSY 1H NMR studies is the assumption that all
species present are spherical (Chapter 2.5.1, Figure 41). A further limitation is the presence of
fast exchange processes which may complicate experiments.171 It is hypothesised that the larger
species observed in the DLS studies in a solution of DMSO-d6 0.5 % H2O exist in concentrations
that are too low to be observed by standard solution state 1H NMR techniques. This hypothesis
is supported by the quantitative 1H NMR studies shown in Chapter 2.5.3.2.
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Table 6 – Calculated dH for the anionic species of 42, 45, 65, 68 and 72 using the Stokes-Einstein equation.

Compound no.
42
45
65
68
72[a]

dH (nm)
1.15
1.13
1.28
1.42
1.64

[a] Previously published results.136

In summary, DOSY 1H NMR studies of 55.56 mM solutions containing 42, 45, 65, 68 and
72 at 298 K are hypothesised to be indicative of small low-order dimeric species with a
dH < 1.7 nm to be present for all compounds in a solution of DMSO-d6 0.5 % H2O.

2.5.3.2 Quantitative 1H NMR studies
Quantitative 1H NMR is a commonly used technique to quantify the concentration of
low molecular weight (LMW) molecules, providing initial evidence for the presence of lowerorder species such as dimers and/or higher-order species such as larger aggregates in solution.172
These higher-order species are known to adopt solid-like properties, resultantly becoming no
longer observable using solution state NMR techniques.
As the magnitude of the peak on an NMR spectrum is proportional to the number of
nuclei present173 comparative integration of an LMW molecule against a known internal
standard allows for the percentage of a molecular component apparently ‘lost’ from a solution
to be quantified. Quantitative 1H NMR was employed to quantify the concentration of
compounds 42, 45, 65, 68 and 72 in a solution of DMSO-d6 0.5 % H2O at 111.12 mM, with the
exception of 65 which was conducted at 55.56 mM due to solubility.
The internal standard that was used for this study was 5 µL (1 % w/v) of dichloromethane
(DCM), chosen due to DCMs miscibility with DMSO and because the peaks for DCM do not
overlap with peaks attributed to the compounds being studied. This enables effective spectral
signal integration. An analogous series of 1H NMR studies were performed with 42, 45, 65, 68
and 72 in EtOH:D2O (1:19) at  5.56 mM to replicate those conditions within the DLS
experiments.
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With EtOH (25 µL) acting as the internal standard, again chosen because of solvent miscibility
and the position of the solvent signals. To ensure the entire NMR signal was collected, the
relaxation time was increased to 60 seconds as a shortened signal collection time can cause a
percentage of the signal to be lost. The limitations of this experimental technique include i) the
inability to quantify any absence of self-associated species at a concentration below the limit of
detection of the NMR spectrometer; and ii) performing this experiment in D 2O results in the
absence of those signals attributed to N-H groups due to proton exchange.
In a solution of DMSO-d6 0.5 % H2O, 42, 45, 65, 68 and 72 all showed no discernible loss
of signal from solution through comparative integration with the internal standard DCM signal,
an example spectrum for CF3 substituted urea-sulfonate 42 is shown in Figure 50. As no loss of
signal was observed, this would suggest that those larger species (> 100 nm) present in the DLS
studies (Chapter 2.5.1) exist in concentrations that are too low to be detected by 1H NMR
methods.

Figure 50 - 1H NMR spectrum with a delay (d1 = 60 s) of compound 42 (109.8 mM) in DMSO-d6/ 1.0 % DCM. No
apparent loss of compound observed upon comparative signal integration.

Moving into a solution of EtOH:D2O (1:19) at  5.56 mM, the results from the
quantitative 1H NMR studies performed with 42, 45, 65, 68 and 72 show an apparent ‘loss’ of
the compound from the NMR sample through comparative integration with the EtOH signals
(Table 7). This apparent ‘loss’ is attributed to the formation of larger higher-order self-associated
aggregates, (that are invisible to the NMR (NMR silent)), to be present in a predominantly
aqueous environment.
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A representative spectrum for CF3 substituted urea-sulfonate 42 demonstrating the apparent
’loss’ of the compound with comparative integration against EtOH is shown in Figure 51.
(Quantitative spectra for 45, 65, 68 and 72 are available in Appendix 1.7, Figures S202-S209).
Table 7 – Overview of apparent % ‘loss’ values for 42, 45, 65, 68 and 72 in an EtOH:D2O (1:19) solution at  5.56 mM
derived through quantitative 1H NMR experiments.

Compound no.
42
45
65
68
72[a]

EtOH:D2O (1:19) (%)
51
50
68
59
10

[a] Previously published results.136

Figure 51 - 1H NMR spectrum with a delay (d1 = 60 s) of compound 42 (5.80 mM) in D2O/ 5.0 % EtOH. An apparent
51 % loss of compound was observed upon comparative signal integration.

The results from these 1H NMR studies indicate that those larger structures observed by
the DLS studies (Chapter 2.5.1.) under similar aqueous experimental conditions are significant
in number. It is hypothesised that to ensure stabilisation of larger higher-order self-associated
aggregates, the solvent environment needs to be hydrophilic as we have observed with
EtOH:D2O (1:19). If the solvent environment is not sufficiently hydrophilic as with DMSO-d6 0.5 %
H2O, smaller lower-order structures such as (thio)urea-anion dimers are instead stabilised. This
was confirmed through the DOSY 1H NMR studies, where the dH range of 42, 45, 65, 68 and 72
were shown to be between 1.13 and 1.64 nm in size (Chapter 2.5.3.1).
In summary, quantitative 1H NMR studies in a solution of DMSO-d6 0.5 % H2O with all
compounds showed no discernible loss of signal from solution through comparative integration
with the internal standard DCM signal.
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However, in an aqueous solution of EtOH:D2O (1:19) at  5.56 mM, 42, 45, 65 and 68 all exhibited
an apparent ‘loss’ of the compound of ≥ 50 % from the NMR sample through comparative
integration with the EtOH signals, with 72 showing a lower ’loss’ of 10 %. These apparent ‘losses’
are attributed to the formation of larger higher-order self-associated aggregates, that are NMR
silent.

2.5.3.3 Zeta potential studies
Zeta potential, also termed ‘electrokinetic potential’ is a frequently used technique to
define the stability of colloid particles or aggregates in solution. Guidelines classifying colloidal
dispersion zeta potential values are common in literature, particularly pharmaceutical journals
when investigating drug delivery systems.174 A measurement more positive than +30 mV or more
negative than -30 mV is considered stable, a value lower than this suggests aggregate instability
and a tendency for the particles to flocculate.175 However, although zeta potential values provide
a good indication of colloid stability, there are occasions, such as liposomes in the cell where a
value of between -10 to -40 mV are considered stable,176 therefore, environmental conditions
are an important factor.
To elucidate the stability of the larger higher-order self-associated aggregates observed
at 5.56 mM by DLS (2.5.1), present at the CMC (Chapter 2.5.2) and those that became ‘NMR
silent’ in the quantitative 1H NMR studies (Chapter 2.5.3.2), zeta potential measurements were
obtained for 42-52, 55-57, 60, 61, 65 and 67-72. Reproducible measurements could not be
produced for solutions 58, 62 and 64. It is hypothesised that this is due to the weak HBA nitro
groups positioned on the aromatic ring systems of 58 and 62. Table 8 gives an overview of the
results obtained from the zeta potential stability studies for 42-52, 55-57, 60, 61, 65 and 67-72
in a solution of EtOH:H2O (1:19) at 5.56 mM.
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Table 8 – Zeta potential measurements for compounds 42-52, 55-57, 60, 61, 65 and 67-72 in a solution of EtOH:H2O
(1:19) at 5.56 mM.

Compound no.

Zeta potential
(mV)

Compound no.

Zeta potential
(mV)

42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

-76
-78
-94
-92
-34
-38
-55
-28
-24
-26
-48
[b]
[b]
-30
-98

57[a]
58[a]
60[a]
61[a]
62[a]
63[a]
64[a]
65[a]
66[a]
67[a]
68[a]
69[a]
70[a]
71[a]
72[a]

-19
[c]
-30
-66
[c]
[b]
[c]
-37
[b]
-23
-4
-96
-82
-79
-101

[a] Previously published results.136 [b] not calculated due to sample insolubility. [c] Could not be accurately
determined due to lack of reproducibility.

The zeta potential measurements obtained from solutions containing 49, 50, 51, 57, 67
and 68 all showed evidence of unstable aggregate formation with zeta potential values < ±30
mV. Compounds 49, 50 and 51 all contain counter cations within their molecular structure that
have been identified by previous polarisability studies, to exhibit low polarisability values (46.91,
(PyrH+), 46.64 (TMA) and 52.85 (TEA) respectively) (Chapter 2.5.2, Table 5). Therefore, as
previously discussed cations PyrH+, TMA and TEA are more likely to form ion-pair interactions
with the anionic component of the amphiphile, resulting in a weaker self-associated structure.
This theory is supported with evidence from these stability experiments where those SSAs that
contain PyrH+ (49), TMA (50) and TEA (51) were shown to exhibit unstable zeta potential values
of -28, -24 and -26 mV respectively.
Upon comparison of the CF3 substituted urea-sulfonate (42) with the urea-carboxylate
(65) a decrease of stability is observed with zeta potential values going from -76 (42) to -37 mV
(65), these findings correlate with those observations in the CMC experiments (Chapter 2.5.2)
and the single crystal data obtained from the solid state studies (Chapter 2.3), where selfassociated 65 adopts the less stable trigonal planer geometry (Chapter 2.3, Figure 37).
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This same trend is observed for CF3 substituted thiourea-sulfonate (45) which exhibits a stable
zeta potential value of -92 mV with analogous thiourea-carboxylate anion (68) exhibiting an
unstable zeta potential value of -4 mV. A solution of thiourea-sulfonate 57 was shown to contain
structures with incipient stability exhibiting a zeta potential value of -19 mV, this instability is
hypothesised to be due to the absence of an electron withdrawing functional group on the
aromatic ring system. A further example of compound instability is shown with the structural
alteration of CF3 substituted thiourea-sulfonate 45. The replacement of the sulfonate anion
(zeta potential value of -92 mV) with the neutral carboxylic acid functionality as shown in 67,
destabilises the resultant aggregate as evidenced with an unstable zeta potential value of -23
mV.
In summary, elucidation of the stability of those higher-order structures observed at
5.56 mM in the DLS studies; present at the CMC and those that became ‘NMR silent’ in the
quantitative 1H NMR studies were conducted through measurement of the zeta potential value
under analogous experimental conditions. Aggregate instability (-28, -24 and -26 mV) was
observed for solutions containing 49, 50 and 51, the destabilisation of these structures is
attributed to competitive ion-pair interactions of strongly coordinating cations Na+, PyrH+ and
TMA with the anionic amphiphile, disrupting the self-assembly process this further supports the
hypothesis discussed in Chapter 2.5.2. Where the amphiphile is known to adopt a trigonal planer
geometry (65), a decrease in structure stability is observed of -37 mV, compared to the
tetrahedral binding mode adopted by the analogous urea-sulfonate (42) which exhibits a zeta
potential value of -76 mV.

2.5.3.4 1H NMR dilution studies
To quantify the strength of the hydrogen-bonded self-associated complexation events
undertaken by the anionic component of 42-58, 60-62, 69-72, the tert-butyl ester derivatives of
63, 66 and carboxylic acids of 64 and 67 a series of 1H NMR association studies were undertaken.
These studies were performed in a DMSO-d6 0.5 % H2O solution.
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We have previously identified, through the quantitative 1H NMR experiments, that all the
compound is present under these solvent conditions.
Samples of 42-58 and 60-72 were prepared in series, with an aliquot of the most
concentrated ( 112 mM) undergoing serial dilution. The downfield change in chemical shift
with the increasing compound concentration of corresponding HBD N-H resonances of 42-58
and 60-72 was monitored (Figure 52). This process enabled the observation and characterisation
of the hydrogen-bonded self-associated complexation events. The data obtained from the 1H
NMR self-association studies performed with 42-44, 46, 47, 50-58 and 64-72 were fitted to a
mathematical binding isotherm model using BindFit v0.5.177 An example of the data obtained for
CF3 substituted 42 is illustrated in Figure 53.
These obtained data were fitted to both the cooperative equal K (CoEK) model, which
assumes the first self-association event is different from all subsequent identical self-association
events;178 and the dimerisation/equal K (EK) model where the association constants for all selfassociated events are equal,179 these models allow for elucidation of the corresponding selfassociation constants. Binding isotherms (CoEK and EK) were first explored by Meijer and coworkers who investigated the effect that temperature and concentration had on the binding
strength of self-assembled arrangements, presenting quantitative information about
cooperative and isodesmic self-assembly systems.180,181
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Figure 52 – 1H NMR stack plot of urea-sulfonate 42 in DMSO-d6 0.5 % H2O, illustrating the change in the chemical shift
for the signals corresponding to the N-H residues (a and b) with changing compound concentration.

Figure 53 - Graph illustrating the 1H NMR down-field change in chemical shift of urea N-H resonances with increasing
concentration of compound 42 in DMSO-d6 0.5 % H2O (298 K).
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The association constants of 42-44, 46, 47, 50-58 and 64-72 calculated by fitting these
dilution data to both the CoEK and EK binding isotherms are overviewed in Table 9. The
associated errors of these derived values suggest these compounds best fit the (dimerisation)
EK binding isotherm (Kdim) in preference to the CoEK binding isotherm. This further validates the
presence of lower-order anionic dimers in a DMSO-d6 0.5 % H2O solution (Chapters 2.5.3.1 and
2.5.3.2).
The association constants of solutions containing 42-44, 46, 47, 50-58, 64, 66, 67 and
69-72 were all calculated to be relatively low with a Kdim < 15 M-1. When comparing CF3
substituted urea-sulfonate 42 which has a Kdim value of 3 M-1 with urea-carboxylate 65 and
thiourea-carboxylate 68 (Kdim 41 M-1 and Kdim 105 M-1), there is an increase in the association
constant of over an order of magnitude, from sulfonate to carboxylate. This increase is
hypothesised to be due to the basicity of the anionic species, in addition to the geometry of the
self-associated hydrogen bonded complex of (thio)urea-carboxylates 65 and 68, which form
stable dimeric species in a DMSO-d6 0.5 % H2O solution. Comparatively, low dimerisation
constants were derived for 43 and 46, Kdim 0.2 M-1 and Kdim 0.3 M-1 respectively, these low values
are attributed to the potential intramolecular hydrogen bond formation previously identified
through the solid state single-crystal XRD studies for 43 (Chapter 2.3, Figure 26). With an
extension of the alkyl chain length of the CF3 substituted urea-sulfonate from n=1 (42) to n=3
(44), an increase in dimerisation constant was observed from 5.3 M-1 to 6.6 M-1.
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Table 9 - Self‐association constants (M−1) calculated for 42–44, 46, 47, 50–58 and 63–72 in a DMSO-d6 0.5 % H2O
solution at 298 K. These constants were obtained from the fitting of 1H NMR dilution data and refined to EK and CoEK
models using Bindfit v0.5.177

No.

42
EK
(M-1)

Model

CoEK
(M-1)

Ke
Kdim
Ke
Kdim
p

5.3
2.7
13.0
6.5
0.5

EK
(M-1)
CoEK
(M-1)

Ke
Kdim
Ke
Kdim
p

13.5
6.7
18.2
9.1
0.8

EK
(M-1)
CoEK
(M-1)

Ke
Kdim
Ke
Kdim
p

3.6
1.8
4.6
2.3
0.9

Ke
Kdim
Ke
Kdim
p

< 0.1
< 0.1
7.1
3.6
0.1

No.

± 0.7 %
± 0.3 %
± 1.0 %
± 0.5 %
± 3.4 %
± 1.5 %
± 0.7 %
± 8.3 %
± 4.1 %
± 13.4 %

CoEK
(M-1)

± 18.3 %
± 9.2 %
± 58.4 %

69[136][b]

No.

44
6.6
3.3
20.0
10.0
0.3

51
6.3
3.2
12.0
6.0
0.6

± 0.9 %
± 0.4 %
± 2.0 %
± 1.0 %
± 5.5 %

56
1.2
0.6
18.0
9.0
0.1

64
EK
(M-1)

Model

± 2.0 %
± 1.0 %
± 12.0 %
± 6.0 %
± 20.3 %

55[a]

No.
Model

43
0.2
0.1
4.0
2.0
0.4

50[a]

No.
Model

± 0.6 %
± 0.3 %
± 0.7 %
± 0.4 %
± 2.1 %

± 3.0 %
± 1.5 %
± 4.1 %
± 2.1 %
± 21.5 %
± 2.5 %
± 1.3 %
± 5.1 %
± 2.6 %
± 37.5 %

70[136]

46
± 4.2 %
± 2.1 %
± 51.0 %
± 25.5 %
± 66.3 %

0.3
0.2
1.9
0.9
0.5

52
6.6
3.3
14.9
7.5
0.5

± 1.2 %
± 0.6 %
± 2.1 %
± 1.1 %
± 6.7 %

0.6
0.3
13.0
6.5
0.2

± 3.0 %
± 1.5 %
± 5.7 %
± 2.9 %
± 23.8 %

± 0.5 %
± 0.3 %
± 1.3 %
± 0.7 %
± 3.0 %

8.9
4.5
32.2
16.1
0.2

± 1.5 %
± 0.8 %
± 1.7 %
± 0.9 %
± 7.5 %

71[136]

± 3.5 %
± 1.8 %
± 20.8 %
± 10.4 %
± 31.1 %

± 0.9 %
± 0.5 %
± 2.7 %
± 1.3 %
± 6.3 %

63

± 5.1 %
± 2.6 %
± 5.1 %
± 2.6 %
± 37.5 %

[c]

67
10.8
5.4
4.6
2.3
1.9

± 2.1 %
± 1.4 %
± 4.4 %
± 2.2 %
± 14.0 %

54
5.0
2.5
9.6
4.8
0.9

58[a]

66
11.9
6.0
23.8
11.9
0.5

47
5.1
2.6
14.1
7.1
0.4

53
4.1
2.1
8.8
4.4
0.6

57[136]

65
82.8
41.4
101.8
5.9
2.6

± 2.0 %
± 1.0 %
± 2.7 %
± 1.4 %
± 11.6 %

68
209.3
104.7
226.1
113.0

1.2

± 1.3 %
± 0.7 %
± 1.4 %
± 0.7 %
± 3.3 %

72[136]

± 0.5 %
± 2.1 %
± 0.6 %
Ke
< 0.1
2.9
1.2
5.3
± 0.2 %
± 1.1 %
± 0.3 %
Kdim < 0.1
1.5
0.6
2.7
± 43.1 %
± 1.1 %
± 8.8 %
Ke
0.5
8.6
6.2
13.0 ± 0.7 %
Model
CoEK
± 21.5 %
± 0.5 %
± 4.4 %
± 0.3 %
Kdim
0.3
4.3
3.1
6.5
(M-1)
± 47.0 %
± 2.5 %
± 2.0 %
p
0.0
0.5
0.4 ± 17.8 % 0.5
[a] Possibility of more complex binding events than are being modelled. [b] Data fitted using L‐BFGS‐B (quasi‐
Newtown) rather than Nelder–Mead (Simplex) methods. [c] Could not be fitted.

EK
(M-1)

A limitation of this 1H NMR association experiment is that both binding isotherms (CoEK
and EK) are limited to one component, one-dimensional homogenous aggregation. However,
the introduction of the more acidic HBD thiourea functionality to the methyl linked sulfonate
amphiphile resulted in the observation of a second slow exchange process for 45 and 60-62.
Figure 54 illustrates both the primary (fast exchange) complex formation (a1 and b1) and the
secondary (slow exchange) structure formation (a2 and b2). The identified secondary structure
for 45 was previously hypothesised to be present in the CMC studies (Chapter 2.5.2, Figure 44).
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Verification of the presence of this hypothesised hydrogen bond mediated, reversible
slow exchange process was verified through variable temperature 1H NMR studies at 298.15 K
and 333.15 K (Appendix 1.1, Figures S5-S6, S23-S24, S26-S27 and S29-S30). To compare the sizes
of these fast and slow exchange thiourea-sulfonate species, a further 1H NMR DOSY experiment
was performed with 45. The results from this study demonstrate that both species were similar
in size with a dH of 1.13 nm (Appendix 1.6, Figure S199). For the slow exchange species there is
an absence of any comparative downfield chemical shift for the N-H resonances (a2 and b2),
suggesting that this species is not involved any self-association events, therefore, exists
independently. When examining the evidence, it can be concluded that for the slow exchange
species to be present in solution the HBD groups are required to comparatively acidic in nature.

Figure 54 - 1H NMR stack plot of thiourea-sulfonate 45 in DMSO-d6 0.5 % H2O, illustrating the change in chemical shift
for the signals corresponding to the N-H residues (a1 and b1) or intramolecular hydrogen bonded/tautomeric species
(a2 and b2) with changing compound concentration.
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Association constants could not be obtained for 48 and 49, as these compounds contain
counter cations Na+ and PyrH+ within their molecular structure. It has previously been
mentioned in the CMC (Chapter 2.5.2) and zeta potential studies (Chapter 2.5.3.3) that the
presence of competitive ion-ion pair effects interferes with any hydrogen-bonded selfassociation complexation events.
To further explore this theory and in an attempt to establish the extent to which ionpair effects affect the systems that are discussed within these studies, an additional set of 1H
NMR association experiments were performed with salts 73-80 (Figure 55) in a solution of
DMSO-d6 0.5 % H2O.

Figure 55 – Chemical structures of those compounds (73-80) used to explore ion-pair effects.

As salts 73-80 do not contain an HBD (thio)urea moiety, the downfield change in
chemical shift of the ethyl CH2 resonance was monitored at concentrations of 55.56 mM,
5.56 mM and 0.56 mM, this method allows for any presence of ion-ion interactions to be
identified. As shown in Figure 56, counter cations TEA (76), TPA (77), TBA (78), TPeA (79) and
THA (80) show little evidence of sulfonate-cation coordination as there is only a small downfield
change in chemical shift of the ethyl CH2 resonance. However, there is clear evidence of ion-pair
effects with counter cations Na+ and PyrH+ (73 and 74) which at 55.56 mM exhibit chemical shifts
of 0.14 and 0.08 ppm respectively. There is also arguable evidence of ion-pair effects for the
TMA counter cation (75) where a chemical shift of 0.049 ppm was determined.
The strength of these ionic interactions between Na+ (73), PyrH+ (74) and TMA (75) with
the sulfonate moiety was then investigated through a series of 1H NMR titration studies with 78
acting as the host and PyrH+ or TMA hexafluorophosphate salts supplied as guest species. These
data were then fitted to a 1:1 binding isotherm where association constants  10 m-1 were
derived.
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As a result of this investigation, the binding constant for 50 should be treated with caution due
to suspected sulfonate-TMA coordination. The Na+ hexafluorophosphate was insoluble in the
experiment solvent conditions, therefore, association constants for this salt could not be
obtained by this method. The results from these 1H NMR association studies clarify the reasons
as to why ‘weakly coordinating’ TBA is the cation of choice within the field of anion coordination
chemistry for establishing HBD receptor:anion complexation strength.

Figure 56 - Change in chemical shift observed for those 1H NMR signals corresponding to the ethyl sulfonate CH2 of
compounds 73–80 in a DMSO-d6 0.5 % H2O mixture at 55.56 mM.

In summary, to quantify the strength of the hydrogen bonded self-associated
complexation events undertaken by the anionic component of an SSA, a series of 1H NMR
dilution experiments were performed. Upon evaluation of the errors relating to the derived
association constants, it was concluded that all compounds best fit to the EK binding isotherm.
The results from this study show 42-44, 46, 47, 50-58, 64, 66, 67 and 69-72 produce a value that
is indicative of lower-order anionic dimeric formation (Kdim < 15 M- 1). These observations agree
with the observations of the previously discussed 1H NMR DOSY studies (Chapter 2.5.3.1).
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When comparing the CF3 substituted urea-sulfonate (42) with the (thio)ureacarboxylates (65 and 68), an increase in dimerisation strength was observed, this was
hypothesised to be due to the increase in basicity from sulfonate to carboxylate, in addition to
the different binding modes, with the carboxylate preferentially adopting the trigonal planer
geometry as observed in Chapter 2.3 Figure 37.

2.6 Low level in silico modelling
Electrostatic potential analyses are essential theoretical tools for eliciting non covalent
interactions.182 In 2004, Hunter showed that low level theoretically derived electrostatic
potential maps, using energy minimised semi-empirical AM1 modelling methods produced Emax
and Emin surface values that correlate well with experimentally derived data.58 Where Emax
represents the principle HBD group and Emin represents the principle HBA group. Sathyamurthy
and co-workers investigated the concept of intramolecular interactions in the form of hydrogen
bonding, using the topological properties of electron density.183 The results from their studies
demonstrated that the electron density at the hydrogen bond critical point increases linearly
with increasing stabilisation energy, from weak to strong hydrogen bonds.183 These theoretical
systems have also been used successfully for predicting the sites and directionality of hydrogen
bonds in complexes containing HF, H2O and NH3.184
It has been discussed within this chapter that hydrogen bonded complex strength
increases linearly with increased acidity of the HBD groups providing no other factors apply
(Chapter 2.5.3.4). Low-level theoretically derived electrostatic potential maps using Spartan ‘16
software were derived from the geometry optimised anionic/tert-butyl and carboxylic acid
components of compounds 42-72 to enable elucidation of the more favourable HBD and HBA
sites. It is hypothesised that the data retrieved from these computational studies would
correlate with experimentally derived dimerisation constants and CMC values, as previously
shown in Hiscock and co-workers amphiphile self-association investigations.136 For these
studies, the AM1 modelling methods were substituted for PM6 modelling methods in line with
work conducted by Stewart.185
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The results from these studies demonstrate that the calculated Emax and Emin values from
geometry optimised, energy minimised structures of 42-72 correlate with the principle HBD and
HBA functionalities within the molecular structure. These values are overviewed in Table 10.
Table 10 - Emax and Emin values (kJ mol-1) calculated for 42 -72 using semi-empirical PM6 modelling methods with
Spartan ‘16 software. No. = compound number.

No.
42, 48-54
43
44
45
46
47
55
56

Emax

Emin

(kJ/mol)

(kJ/mol)

-34.28
-71.20
-54.43
-17.83
-61.68
-75.64
-12.26
-48.92

-706.12
-708.55
-760.64
-687.15
-680.84
-757.75
-727.63
-730.37

No.
57[a]
58
59
60
61
62
63
64

Emax

Emin

(kJ/mol)

(kJ/mol)

-69.10
-16.50
-0.595
-45.05
-52.82
2.417
232.18
249.96

-728.74
-692.64
-716.56
-716.01
-710.29
-673.04
-248.94
-232.38

No.
65
66
67
68
69[a]
70[a]
71[a]
72[a]

Emax

Emin

(kJ/mol)

(kJ/mol)

-41.02
244.14
260.70
-28.66
-65.85
-60.12
-66.07
-31.97

-736.14
-217.03
-202.84
-716.37
-720.79
-714.30
-723.07
-703.73

[a] Previously published results.136

The computational methods applied within this study, do not only allow for the
observation of principle HBD and HBA sites to be identified but the optimised geometries show
the preference of intramolecular bond formation. An example is shown in Figure 57 with CF3
substituted urea-anionic monomeric units of 42-44. This Figure illustrates linear structures for
42 (n=1) and 44 (n=3). However for 43, which contains an ethyl linker (n=2), the presence of an
intramolecular bond is observed. This trend is also observed for the analogous thiourea-anionic
monomers (45-47) (Appendix 1.9, Figures S285-S287).
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Figure 57 - Electrostatic potential maps calculated for linear, 42-44 using energy minimised semi‐empirical PM6
modelling methods. Emax and Emin values depicted in the Figure legend are given in kJ mol−1.

As previously discussed, preliminary investigations by Hiscock and co-workers showed a
correlation between theoretically derived Emax and Emin values for 57 and 69-72 and their
corresponding dimerisation constants.136 This revelation does not come as a surprise because,
as discussed within this chapter, the acidity and basicity of the principle HBD and HBA
functionalities are a major contributing factor to the strength of self-associated hydrogen
bonded complex formation. To further explore this principle, Hiscock and co-workers work was
expanded on, to include the additional 26 compounds investigated within this chapter.
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The compounds that dimerisation constants could be calculated for (42-44, 45, 46, 5058 and 69-72) (Chapter 2.5.3.4, Table 9), were plotted against the derived Emax and Emin values as
shown in Figure 58. Data for 63-68 were not included in this study due to differentiation in
potential binding mode. As shown in Figure 58, there is evidence of some correlation between
Emax and dimerisation constant. This observation indicates that with increasing HBD acidity (Emax)
there is a correlation with increasing values of dimerisation constants. Those data points
outlined in black represent compounds with the same anionic substituents with differing
counter cations. A relationship between Emin and dimerisation constant, however, was not
observed for compounds explored within this study.

Figure 58 – Comparison of Emax and Emin values obtained for the (thio)urea containing moieties of 42-44, 45, 46, 5058 and 69-72 with dimerisation constants. The black boxes represent compounds with the same anionic substituent
but with different cations.

The comparative effects of both HBD acidity and HBA basicity were then investigated,
where the sum of Emax and Emin (Emax+Emin) was plotted against dimerisation constant. These data
exhibit a linear correlation with the exclusion of five outliers (43, 46, 47, 50 and 55) as shown in
Figure 59. CF3 substituted (thio)urea-sulfonate 43 and 46 are outliers, this can be explained by
the presence of a secondary anionic monomer, formed through an intramolecular bond.
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A limitation of this model is, therefore, the requirement for a one-component, onedimensional homogeneous solution. The data for CF3 substituted thiourea-sulfonate 47 were
also excluded from the fitting process due to the probable adoption of a slightly twisted
geometry due to the thiourea substituent in comparison to the planar urea substituent, Chapter
2.3, Figure 29. TMA containing 50 has extensively been discussed concerning potential
competitive ion-pair effects, therefore this may be an explanation for 50 being an outlier. Finally,
the additional HBD/HBA amino functionality of 55 results in the structure which has the
potential to form two different self-associated binding modes and as a consequence does not
fit the trend.

Figure 59 - Comparison of Emax + Emin values obtained for the (thio)urea containing moieties of 42-44, 45, 46, 50-58
and 69-72 with dimerisation constants. Those data points excluded from this fitting process are shown in black. The
black box represents compounds with the same anionic substituent but with different cations.

In summary, it was shown that the sum of Emax and Emin was found to correlate well with
the experimentally derived dimerisation constants. The results from the comparative studies
illustrated in Figure 59 led to the conclusion that it may be possible to predict the strength of a
self-associated complex (considering the equal K model). This can be carried out using simple
low-level computation modelling methods, providing the hydrogen bonded mode and
competitive ion-pair effects within a system are the same.
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2.7 Next-generation prediction models
Hiscock and co-workers previously hypothesised that the CMC is dependent upon the
dimerisation process. In their studies, a correlation of comparative increase in strength of the
hydrogen bonded dimer formed in a DMSO-d6 0.5 % H2O solution with a decrease in CMC value
obtained in EtOH:H2O (1:19) was observed. It was proposed that it may be possible to predict
the surfactant properties of their class of amphiphile (57 and 69-72), through measuring the
dimerisation constant and/or simple computational techniques.136 Extending on these
preliminary studies, an additional 26 compounds were proposed to be investigated in line with
Hiscock and co-workers experimental methods. As with the Emax, Emin and dimerisation constant
model previously discussed in Chapter 2.6, the same limitations apply where the compounds
must exhibit the same binding modes, which must not be influenced by ion-pair effects.
Additionally, these compounds must not exhibit intramolecular hydrogen bond formation. A
further limitation of this model is the requirement of the compounds to contain the same
counter cation within their molecular structure this is because, in an aqueous solvent system,
the competitive hydrophobicity of a cation will have a substantial effect on the self-assembly
process. This limits the number of compounds that can be taken forward for this study, out of
the proposed 26 only three meet the criteria (42, 56 and 58), with the initial five from Hiscock
and co-workers preliminary studies (57 and 69-72) making eight in total as illustrated in Figure
60.
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Figure 60 - Chemical structures of the 8 compounds taken forward for the next-generation prediction model study.

Using a variety of complementary techniques the molecular self-association events of
42, 56-58 and 69-72 have been independently explored in two different solvent systems DMSOd6 0.5 % and EtOH:H2O (1:19). The change in solvent environment, from DMSO to the aqueous
solvent system, and the change in molecular arrangement from dimer to extended aggregate,
will also be driven by the hydrophobic nature of the self-associated, hydrogen bonded complex.
To gain an understanding of these effects, the theoretical LogP values for the aromatic R-groups
were calculated as shown in Chapter 2.5.2, Figure 47. The calculated LogP values were then
employed to derive the CMC weighting values used within this correlation study, where LogP
weighted CMC = CMC (mM) x LogP of the aromatic R-group.
The amphiphiles that qualified for this study (42, 56-58 and 69-72) were then split into
two subgroups. Subgroup one consists of those amphiphiles that contain a single aromatic ring
(42, 56-58) shown in Figure 61, blue. Subgroup two (Figure 61, yellow) contains amphiphiles
with > 1 aromatic ring system (69-72). This separation is due to different factors affecting the
self-associated hydrogen bonding process, according to the number of aromatic ring systems
within their molecular structure.
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Figure 61 – Comparison of experimentally derived dimerisation constant values for 42, 56-58 (blue) and 69-72 (yellow)
with LogP weighted CMC (mM).

The dimerisation constants calculated from a DMSO-d6 0.5 % H2O solution containing
42, 56-58 and 69-72 (Chapter 2.5.3.4, Table 9) were plotted against the LogP weighted CMC
obtained in an aqueous solution of EtOH:H2O (1:19) (Chapter 2.5.2, Table 4). This produced two
linear correlations, indicating that as hypothesised, both hydrogen bonded dimerisation
strength and hydrophobicity of the anionic component are key influences towards CMC. These
linear correlations establish that the higher the dimerisation constant and LogP value of the
aromatic substituents within the molecular structure of 42, 56-58 and 69-72 the lower the CMC.
As proposed in Chapter 2.6 it may be possible to computationally estimate dimerisation
constants using theoretically derived Emax and Emin values. With these data and the
computationally calculated LogP values, it is hypothesised that for hydrogen bonded systems, it
is potentially possible to predict CMC values using easily accessible, low-level computational
methods.
In summary, the results from this study demonstrated two linear correlation graphs, one
for each subgroup.
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The relationship between the dimerisation constants and LogP weighted CMCs values for 42,
56-58 and 69-72 supported the earlier hypothesis that hydrogen bonded dimerisation strength
and hydrophobicity of the anionic component are both key influences towards CMC (Chapter
2.5.2). This prediction model, when combined with the model in Chapter 2.6, Figure 59 has
proven that is it potentially possible to predict CMC using theoretically derived data, from
simple, easily accessible low-level computational modelling systems.

2.8 Chapter 2: Summary
This chapter has focussed on understanding and predicting the self-associated
properties of 30 structurally related compounds allowing for the elucidation of structureproperty relationships governing the self-associated abilities for this class of SSA. It has been
established that the physical state and the competitive solvent system in which these
compounds are dissolved in plays an integral role in their self-association properties, and with
use of low-level computational modelling methods it may be possible to predict dimerisation
constants and CMC values.
Building on Hiscock and co-workers preliminary work into the investigation of the selfassociation events in the solid state,135,136 it was identified that compounds containing covalently
linked HBD‐anionic functionalities and a weakly coordinating counter cation within their
molecular structure show a preference towards the formation of HBD:anion complexes.
With an extension of the alkyl chain length, from methyl (42) to ethyl (43) evidence of
cyclisation was observed, this was no longer favourable with a further extension to the propyl
linker (44). Furthermore, it was observed that the anionic substituent plays an integral role in
the geometry of the binding mode with compounds containing the carboxylate moiety (65)
favouring end-on urea-anion, trigonal planer geometry whilst compounds containing the
sulfonate groups favour a tetrahedral geometry forming through the creation of four urea-anion
hydrogen bonds.
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In the gas phase, dimeric species were observed to be present for all compounds
investigated that did not exhibit an intramolecular bond within its molecular structure (Table
11). Moving into the solution state, complimentary DLS and zeta potential experiments have
allowed for the presence and stability of both lower-order dimeric species and higher-order
hydrogen bonded self-associated aggregates (dH 100-550 nm) to be investigated in two different
solvent environments EtOH:H2O (1:19) and DMSO-d6 0.5 % H2O. The presence of these selfassociated structures was verified through quantitative 1H NMR (Chapter 2.5.3.2) and 1H DOSY
NMR (Chapter 2.5.3.1) experiments, using the latter, it was also possible to determine the dH of
the dimeric species to be < 1.7 nm as overviewed in Table 11.
The CMC and corresponding surfactant properties were investigated, here it was
observed that increasing HBD acidity resulted in decreasing CMC values. Furthermore, the
presence of strongly coordinating cations Na+, PyrH+ and TMA was shown to destabilise resultant
aggregate formations, resulting in high CMC values. The CMC values for those compounds with
a urea functionality, which were shown to form extended aggregates > 100 nm in the DLS studies
at 5.56 mM were shown to correlate with the calculated cation polarisability and LogP values.
Where CMC decreased with increasing polarisability and LogP.
To quantify the strength of the hydrogen-bonded self-associated complexation events
undertaken by the anionic component of a compound, a series of 1H NMR dilution experiments
were performed. The results from this study show that the majority of compounds produced a
value that was indicative of lower-order anionic dimeric formation (Kdim < 15 M- 1). Further
validating the observations in the previously discussed DOSY 1H NMR studies (Chapter 2.5.3.1).
When comparing the CF3 substituted urea-sulfonate (42) with the (thio)ureacarboxylates (65 and 68), an increase in dimerisation strength was observed, this was
hypothesised to be due to the increase in basicity from sulfonate to carboxylate, in addition to
the different binding modes, with the carboxylate preferentially adopting the trigonal planer
geometry as observed in Chapter 2.3, Figure 37.
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Association constants could not be obtained for compounds that are hypothesised to
be affected by competitive ion pair effects such as 48 and 49, which contain counter cations Na+
and PyrH+ within their molecular structure. Evidence of the presence and strength of these ionpair interactions were confirmed by a second set of 1H NMR dilution studies performed using
73-80 and, titration studies with 78 acting as the host and PyrH+ or TMA hexafluorophosphate
salts supplied as guest species.
Simple low-level computational modelling was used to produce electrostatic potential
maps, where Emax and Emin values were derived (Table 11). The sum of these derived
Emax and Emin values was found to correlate well with the experimentally derived dimerisation
constants where the same hydrogen bonding mode was adopted and ion-pair effects were
minimal. The results from the comparative studies led to the conclusion that it may be possible
to predict the strength of a self-associated complex (considering the equal K model). This can be
carried out using simple low-level computation modelling methods.
For those amphiphiles that fitted the criteria of the same counter cation and the
adoption of identical binding modes, both the dimerisation constant and CMC values could be
compared. In this study, two linear correlations were identified. The relationship between the
dimerisation constants and LogP weighted CMCs values for 42, 56-58 and 69-72 supported the
earlier hypothesis that hydrogen bonded dimerisation strength and hydrophobicity of the
anionic component are both key influences towards CMC.
The prediction models derived in this chapter have proven that is it potentially possible
to predict dimerisation constants and CMC using theoretically derived data, from simple, easily
accessible low-level computational modelling systems.
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Table 11 – Overall summary of physicochemical data obtained for compounds 42-72 in the solid state, gas phase and solution state in addition to computationally derived Emax and Emin values.
Solid State
XRD
No.

42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
60
61
62
63
64
65
66
67
68
69
70
71
72

Gas Phase
Mass spec
Dimeric species

Binding mode

Present/absent

Dimer135
Dimer
Dimer
Dimer135
Tape
Dimer
Tape135
Tape135
Tape
[a]
[a]
[a]
[a]
Dimer
Dimer135
Tape135
Dimer135
[a]
[a]
Dimer
[b]
[a]
Tape
[a]
[a]
[a]
Dimer136
[a]
Dimer136
Dimer136

Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Present136
Present
Present
Present
Present
Absent
Present
Present
Absent
Present
Present
Present136
Present 136
Absent136
Present136

Zeta potential
5.56 mM
Peak maxima
(mV)
(nm)

Solution State
1H NMR
quantitative
DOSY

DLS

164
459
122
342
142
122
531
220
164
190
190

-76
-78
-94
-92
-34
-38
-55
-28
-24
-26
-48

D2O (%)

DMSO-d6 (%)

dH (nm)

51

0
[e]
[e]
0
[e]
[e]
[e]
[e]
[e]
[e]
[e]
[e]
[e]
[e]
[e]
[e]
[e]
[e]
[e]
[e]
[e]
[e]
0
[e]
[e]
0
[e]
[e]
[e]
0

1.15

50

[c]
[c]
342
190
220136
91
220
190
106

-30
-98
-19136
[d]
-30
-66
[d]
[c]

396
220

[d]
-37

68

[c]
459
164
164136
220136
295136
122136

-23
-4
-96136
-82136
-79136
-101136

59

10136

Dilution EK model
Kdim
error
(M-1)
2.7
0.1
3.3

1.13

± 0.3 %
± 1.0 %
± 1.0 %
[f]

0.2
2.6

± 2.1 %
± 1.4 %
[f]
[f]

6.7
3.2
3.3
2.1
2.5
1.8[f]
0.6
0.3136
4.5[f]

± 0.3 %
± 0.4 %
± 0.6 %
± 0.3 %
± 0.5 %
± 0.7 %
± 1.5 %
± 1.5 %
± 2.6 %
[f]
[f]
[f]
[g]

1.28

1.42

1.64136

< 0.1
41.4
6.0
5.4
104.7
< 0.1136
1.5136
0.6136
2.7136

Tensiometry
CMC
Surface tension
(mM)

(mN/m)

10.39
10.70
8.85
24.14
6.12
5.61
96.35
198.42
209.98
103.13
34.57

37.45
38.49
36.78
34.35
42.24
33.59
36.65
36.16
41.78
33.75
36.09
[c]
[c]
[c]

92.67
40.89136
30.29
65.83
74.59

46.14
47.90136
44.94
45.05
42.85
[c]
[c]
[c]

± 1.3 %
± 0.8 %
± 1.8 %
± 0.7 %
± 0.2 %
± 1.1 %
± 0.3 %

11.21

39.33
[c]
[c]
[c]

10.67136
2.52136
9.54136
0.50136

46.67136
43.15136
48.71136
46.50136

Computational
Electrostatic potential maps
Emax
Emin
(kJ/mol)
-34.28
-71.20
-54.43
-17.83
-61.68
-75.64
-34.28
-34.28
-34.28
-34.28
-34.28
-34.28
-34.28
-12.26
-48.92
-69.10136
-16.50
-45.05
-52.82
2.417
232.18
249.96
-41.02
244.14
260.70
-28.66
-65.85136
-60.12136
-66.07136
-31.97136

-706.12
-708.55
-760.64
-687.15
-680.84
-757.75
-706.12
-706.12
-706.12
-706.12
-706.12
-706.12
-706.12
-727.63
-730.37
-728.74136
-692.64
-716.01
-710.29
-673.04
-248.94
-232.38
-736.14
-217.03
-202.84
-716.37
-720.79136
-714.30136
-723.07136
-703.73136

[a] Crystals not obtained. [b] Form’s hydrogen bonded complex with a water molecule. [c] not calculated due to sample solubility. [d] Could not be accurately determined due to lack of reproducibility. [e] Study not conducted.
[f] Possibility of more complex binding events than are being modelled. [g] Could not be fitted.
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2.9 Chapter 2: Conclusion
Within this chapter, preliminary results have been expanded on, from the initial five
structurally related compounds designed, synthesised and investigated by Hiscock and coworkers.136 This chapter introduced a further 39 structurally related compounds. This enabled
for the elucidation of structure‐property relationships governing the self‐associative properties
for this class of compound. Allowing for focus to be on understanding and predicting the self‐
associative properties of amphiphilic (thio)urea‐anion monomers. Thus resulting in the
extension on the original hypotheses,136 the improvement of existing predictive models and the
determination of any associated limitations.

2.10 Future work
Future work will continue into what factors caused the conversion of the CF3 functional
group to a carboxylic acid group during the crystallisation process of 65 as discussed in Chapter
2.3. Additionally, the preferential binding modes adopted by the trigonal planer carboxylate and
the tetrahedral sulfonate moieties will be further explored.
As a further extension to the previous work, the focus will be on the adaption of this
class of compounds where 82-85 will be synthesised (Figure 62). As shown through previous
experiments, in a solution of DMSO-d6 0.5 % H2O the compounds discussed within this chapter
show a preference for forming small lower-order structures, hypothesised to be indicative of
dimeric species. This proposed new group of symmetrical molecules will be synthesised with the
purpose of investigating whether these systems can be pre-organised, the physicochemical
properties will then be identified and compared with those compounds already investigated.
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Figure 62 – Proposed structures for a new group of symmetrical amphiphiles
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Chapter 3
3.1 Introduction
Previous research investigating self-assembly initially centred on bio-macromolecules
such as nucleic acids, proteins and their synthetically derived counterparts, due to their
significant roles in nature.186 The self-assembly of small molecules in aqueous or organic solvent
conditions has also been found to be influential for many diverse scientific areas. Ranging from
fundamental science to practical applications, where accurate and highly programmed selfassembly can produce supramolecular architectures with distinct physical features.187 This selfassembly process occurs when individual components within a system organise through noncovalent interactions into ordered and/or functional structures or patterns. One type of
common self-assembly process is the formation of a supramolecular gel.
Supramolecular gels are a class of soft material, formed through non-covalent
interactions (such as hydrogen bonds; π-π stacking; van der Waals forces; dipole-dipole; or
charge transfer) between the monomeric units of low molecular weight gelators (LMWG).139
These non-covalent interactions enable LMWG to reversibly self-assemble into unidirectional
high aspect ratio fibres that constitute a solid-like network. ‘Solid-like’ in this instance, refers to
a soft and resilient material which consists of at least two components, one of which is a liquid.188
Supramolecular gels can be broadly classified into three categories, based on the immobilised
solution components within the three-dimensional gel matrix: i) organogels contain both polar
or non-polar organic solvents,189,190 ii) ionogels contain ionic liquids191 and iii) hydrogels contain
water. 192–197
In 1892 Brezinger noted the first LMW hydrogelator as dibenzoyl-ւ–cystine (Figure 63,
86).198 However, the gelation properties were not studied until 1921 by Gortner and Hoffmann,
who discovered that 86 was able to form a gelated material at 0.1 % concentration.199 Prepared
by dissolving 86 in 5 mL of hot ethanol and further diluted to 100 mL with water, equating to
approximately 12,000:1 (water molecules:gelator molecule).
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The resultant hydrogel was reported to be rigid enough to retain its shape for > 1 minute when
undergoing an inversion test.199 However, the Hoffmann gel characteristics remained
unexplored by modern technology until 1978, when Menger and co-workers applied 13C NMR
techniques to the system and were able to distinguish two distinct molecular types (monomeric
and extended aggregate). This was possible through the observation of the 13C NMR spin-lattice
relaxation times (T1). It was shown that in a DMSO-H2O solvent system the monomeric species
self-associated akin to that of surfactants, with minimum effect to the T1 values and the peak
resonances. However, when the dibenzoylcystine acted as a gelator, in the presence of a greater
percentage of H2O (20 %), the T1 was dramatically affected, resulting in broad resonances.200
These dibenzoylcystine gels were further examined in 1995 by X-ray crystallography.201

Figure 63 – First reported LMWG dibenzoyl-ւ–cysteine.198

Menger and co-workers went on to develop a further 14 ւ-cystine derivatives through
step-wise modifications to 86. The addition of more electron-withdrawing aromatic ring systems
as shown in Figure 64 (87), resulted in a hydrogelator capable of self-assembling and rigidifying
an aqueous solution at 0.25 mM (0.01 wt %) in < 30 seconds.202 In a report produced in 2010 this
naphthalene ւ-cystine derivative held the record for lowest gelator concentration and fastest
gelation rate.203

Figure 64 – Naphthalene ւ-cystine derivative synthesised by Menger and co-workers.202
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The scalability204 and regenerative205 properties of a supramolecular gel make these
materials of interest for development towards a number of applications which include
chemosensors,206,207 biomedicines208 and drug delivery vehicles.209 Hamachi and co-workers
developed a hydrogel which could be used as a matrix for immobilising biological and artificial
materials without destroying the integrity of the sample. A fluorescent chemosensor (Figure 65,
88b) which was originally developed to detect phosphate and its derivatives by fluorescence
enhancement was embedded into a supramolecular hydrogel, formed through the selfassembly of LMWG 88a. It was shown that the nanofibers had no deteriorative influences on
either the stability of the monomeric gelator units the hydrogel produced or the functions of the
embedded chemosensor.206 Subsequently, hydrogel-based delivery devices are habitually used
for a number of biological applications, which include: oral;210 ocular;211 transdermal212 and
subcutaneous.213

Figure 65 – Chemical structures of LMWG synthesised by Hamachi and co-workers (88a) and chemosensor (88b) that
was embedded into hydrogel of 88a.206

The supramolecular properties of urea-based gelated materials have been extensively
studied by Steed and co-workers.123,214,215 A series of four bis(urea) structurally related gelators
(Figure 66, 89-92) of varying solubilities were employed to demonstrate their potential to act as
crystallisation media for molecular organic compounds, of both drug and non-drug species.
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Preliminarily rheological experiments to elucidate whether the presence of the drug
molecule within the matrix had any effect on the gelation processes were conducted. From
these studies, it was concluded no adverse effect of the material, and conversely, a slight
increase in the solid-like behaviour was observed. The results from these studies demonstrated
that it was possible to induce crystallisation of molecular organic compounds, in particular
anticonvulsant carbamazepine (CBZ) (1 % wt), within the fibrous network of gelated materials
89-91. In the presence of copper(II) halides, metallogelator 92, was also shown to promote
crystal growth. The presence of these crystals was verified using optical microscopy where it was
noted that the morphology of the crystal was concentration-dependent, with needles formed at
higher concentrations of CBZ and blocks at lower concentrations.216

Figure 66 - Bis(urea) structurally related gelators used as crystallisation media for molecular organic compounds.

Hydrogels are extensively used for biomedical applications due to their unique
properties which include: absorption of high aqueous content; flexibility; softness and biocompatibility.217 Gunnlaugsson and co-workers developed a library of eight novel derivatives
(Figure 67), the structures of which were investigated for their ability to function as LMWG, selfassociating via urea-pyridyl hydrogen bonds and π-π stacking interactions, forming a robust
gelated material. These soft materials were then explored to see if they possessed antibacterial
properties. The results from this study demonstrated that all eight gelators prevented bacterial
growth for both Gram-positive methicillin-resistant Staphylococcus aureus (MRSA) and Gramnegative Escherichia coli (E.coli).
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LMWGs 93-96 were shown to exhibit the least activity against MRSA (zone of inhibition
of 7 mm, 6 mm and 10 mm diameter, when concentrations of 4.3 mmol, 3.9 mmol, and 3.6 mmol
were applied). Gelators 97 and 99 exhibited moderate activity against E.coli., whilst 98
demonstrated good activity against both bacteria models, gelator 100 was shown to exhibit
greater activity towards MRSA with a zone of inhibition of 13 mm (1.8 mmol) and 20 mm
(3.6 mmol).218

Figure 67 – Chemical structures of pyridyl ureas synthesised by Gunnlaugsson and co-workers.218

The development of novel antimicrobials along with the incorporation of novel
antimicrobial agents into drug delivery vehicles is becoming increasingly more imperative.
Antimicrobial resistance (AMR) within a vast range of infectious agents, which include bacteria,
viruses, fungi and parasites, is a growing threat to public health worldwide.219 It is predicted that
the number of AMR attributed deaths will be greater than those caused by cancer by the year
2050, decreasing the worlds GDP by $100 trillion.220 Consequently, fighting AMR is of public
health priority that requires a collaborative global approach across all sectors.
A diverse range of supramolecular specific approaches are currently being used to
combat AMR; for example, the development of four Trp-incorporated pillar[5]arene channels by
Zhang and co-workers. These hydrogen bonded channels displayed a high insertion selectivity
for the lipid bilayer membrane of Gram-positive bacteria over that of mammalian erythrocytes,
demonstrating very low toxicity. All four channels were shown to exhibit antimicrobial activity
against multiple Gram-positive bacteria.
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The concentrations required to inhibit 50 % bacteria growth (MIC50) ranged from 0.3-7 µM,
efforts are continuing to improve the antimicrobial activity of this family of pillar[5]arene
channels.221 El-Sheshtawy and co-workers developed their strategy from supramolecular
principles for the investigation into extending the shelf-life and efficacy of fluoroquinolone drugs
with cucurbit[7]uril (CB7). The results from these studies showed an extended shelf-life and
enhanced efficacy of danoflaxacin against clinically relevant Bacillus cereus (B. cereus), with a
zone of inhibition increase from  18 mm (without CB7) to  20 mm (With CB7), Salmonella typhi
(S. typhi) ( 24 mm to  26 mm), E. coli ( 22 mm to  27 mm) and S.aureus ( 21 mm to  24 mm)
at pH 8.1.222
Hiscock and co-workers developed their own supramolecular approach into the
investigation of antibacterial design, with an initial focus on increasing antibacterial activity of
their first-generation structurally related SSAs, against clinically relevant MRSA.223 Within their
studies, they explored the self-associative properties and antimicrobial efficacy of electron-rich
anthracene and electron-poor anthraquinone derivative SSAs (Figure 68, 101-103). Compounds
101 -103 were individually shown to illicit an antibacterial response against clinically relevant
MRSA with MIC50 values calculated as (0.71, 0.46 and 0.61 mM respectively). Interestingly, this
efficacy was increased when 102 was combined in a 1:1 molar ratio with either 101 (0.33 mM)
or 103 (0.31 mM), where large stable aggregated species (dH 400-500 nm) were observed in an
aqueous environment. Demonstrating that the formation of those large self-associated
aggregated species is imperative for effective SSA delivery to the bacterial cell wall.223

Figure 68 – Chemical structures of electron-poor anthraquinone (101) and electron-rich anthracene derivatives (102
and 103).
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Inspired by previous works conducted by Gunnlaugsson218 and Hiscock223, this chapter
will briefly summarise the self-associative properties of previously discussed CF3 substituted
urea-sulfonate 42, ortho-substituted benzothiazole 71 and para-substituted benzothiazole 72,
in addition to introducing novel bis-substituted 104 (Figure 69). Furthermore, it will be shown
that known antibiotic ampicillin (105) can be successfully co-formulated with 72.
The work detailed in this chapter has been published within the following peer-reviewed
journal article:
2. Controllable hydrogen bonded self-association for the formation of multifunctional
antimicrobial materials L. J. White, J. E. Boles, N. Allen, L. S. Alesbrook, J. M. Sutton, C. K. Hind,
K. L. F. Hilton, L. R. Blackholly, R. J. Ellaby, G. T. Williams, D. P. Mulvihill and J. R. Hiscock, J. Mater.
Chem. B, 2020, 8, 4694–4700.2

Figure 69 - Chemical structures of the five compounds discussed in this chapter. (105 = ampicillin sodium salt)

Compound 104 was prepared in a one pot synthesis by firstly forming the isocyanate.
To achieve this, triphosgene was added to a stirring solution of 4-(6-methylbenzothiazol)aniline
in ethyl acetate and the mixture heated at reflux for 4 hours. Then, one equivalent of 4-(6methylbenzothiazol)aniline was added to the reaction mixture and heated at reflux overnight,
filtered and the solid washed with ethyl acetate. Further purification resulted in production of
the pure product (104) as a yellow solid with a yield of 84 %.
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As discussed in Chapter 2 the presence of dimeric species has been shown to prevail in
both the gas phase and in competitive organic (DMSO) solvent systems for 42, 71 and 72.
However, moving into aqueous solutions of EtOH:H2O (1:19) those same SSAs were shown to
form stable extended self-associated aggregates, with a  dH of 100-550 nm and zeta potential
values of -76 mV (42), -79 mV (71) and -101 mV (72).
In preliminary studies by Hiscock and co-workers, the intrinsically fluorescent anionic
components of ortho-substituted benzothiazole 71 and para-substituted benzothiazole 72 were
directly visualised through a combination of transmission and fluorescence microscopy, where
it was discovered these larger self-associated aggregates are spherical in shape, as shown in
Figure 70.136

Figure 70 - DAPI filter composite image of 72 in an EtOH:H2O (1:19) solution showing the presence of a spherical selfassociated aggregate.136

This chapter explores any structural alterations from spherical aggregate to a fibrous
network for structurally related 42, 71, 72 and 104 in aqueous salt solutions.
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The techniques employed to characterise any subsequent hydrogels include visual inspection
(inversion test); scanning electron microscopy (SEM); energy-dispersive X-ray (EDX);
fluorescence microscopy; pH detection and rheometry. The propensity for 42, 71 and 72 to act
as antimicrobial agents against Gram-positive MSRA and Gram-negative E.coli bacteria will also
be explored.

3.2 Hydrogel determination
3.2.1 Inversion test and minimum gelation concentration (MGC) studies
The discovery that this class of compound could gelate was a complete surprise. Whilst
preparing a sample of para-substituted benzothiazole 72 in phosphate buffer (0.505 M) to
determine how this compound interacted with vesicles, it was realised, that after heating and
upon cooling, a gel had formed. This discovery then prompted investigations as to why the
phosphate buffer induced a change in the self-associated structure formation from the spherical
aggregate observed in H2O to a fibrous network with the addition of salt. Hiscock and co-workers
investigated this class of SSA in the solid state where it was discovered, that when strongly
coordinating cations Na+ or K+ were contained within the molecular structure, a change in
binding mode was observed.135 The presence of a weakly coordinating cation (TBA) resulted in
a self-associative urea-anion binding mode (Figure 71a). When stronger coordinating cations
(Na+ or K+) were present, the urea-urea binding mode was then favoured (Figure 71b). This was
due to the sulfonate group no longer being free to act as an HBA group, instead, the urea oxygen
became the principle HBA in the self-association process.135

Figure 71 – Examples of binding modes a) urea-anion and b) urea-urea.
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This led to the initial hypothesis that the formation of the gel was dependent on the
presence of a strongly-coordinating cation that prevents the self-association of the SSA into
spherical aggregates formed in H2O, in favour of fibres. To elucidate as to whether this process
was also anion dependent a series of 11 different anionic salts were employed.
The concentration of the aqueous salt solutions (0.505 M) used in this study was
determined due to that initial discovery, where it was found 72 gelled in a phosphate buffer with
a concentration of 0.505 M. The propensity for 72 (5 mg) to gelate in lower concentrations was
then investigated. In the first instance samples of 72 (5 mg) in aqueous salt solutions, at a
concentration of 0.0505 M were prepared. This resulted in an incomplete gel as shown in the
example in Figure 72a. The aqueous salt solution concentration was then increased to 0.405 M,
again resulting in an incomplete gel (Figure 72b). Therefore, it was determined that 0.505 M was
the optimal concentration of the aqueous salt solution to enable 72 to act as a gelator. Further
investigations into the concentration-dependence of the aqueous salt solution are ongoing.

Figure 72 – Incomplete gels formed through the addition of 72 (5 mg) to 1 mL of aqueous NaCl: a) 0.0505 M and b)
0.405 M

The presence of a gelated material in this study was initially verified by an inversion test,
in which the gel is characterised by resistance to flow in an inverted vial.196
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Here 1 mL (0.505 M) of the appropriate salt solution (Table 12) was added to 5 mg of either 42,
71, 72 or 104 in a glass vial, and heated to approximately 60 °C until the solid matter had
dissolved. This solution was then allowed to cool to room temperature and the vial inverted to
verify gel formation. Despite its simplicity, the inversion test method is a frequently used
successful test to determine the presence of hydrogels.224
The results from this preliminary experiment showed that of the compounds tested,
only para-substituted benzothiazole urea-sulfonate 72 was found to form a gelated material. An
example of the inversion test performed is illustrated in Figure 73. This example shows the
hydrogel formation of 72 (5 mg) in aqueous salt solutions of NaCl (Figure 73a) and NaOAc (Figure
73b) (1 mL, 0.505 M). As observed in H2O the absence of a gelated material is apparent.

Figure 73 - Inversion test of hydrogels containing 72: 5 mg in 1 mL of H2O; a) 5 mg in 1 mL aqueous NaCl (0.505 M);
b) 5 mg in 1 mL of aqueous NaOAc (0.505 M).

Compound 42 dissolved, however, it showed no sign of onset gelation. This is
hypothesised to be due to the lack of the benzothiazole unit within the molecular structure,
causing reduced stabilisation of the self-assembly processes through intermolecular π-π stacking
interactions.225
As extensively discussed in Chapter 2 (Chapter 2.3, 2.5.3.3) the intramolecular bond
formed between the urea N-H and nitrogen on the benzothiazole substituent of 71 results in
destabilisation of any resultant self-associated structures (Figure 74).
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Therefore, as expected this compound did not pass the inversion test as shown in Figure
75, reinforcing the previous hypothesise of the importance of > 2 HBD units free to participate
in the self-association process. Finally, 104 does not contain an anionic moiety, removing any
anionic HBA sites, this confirms the significance of the salt component for this family of SSAs to
self-associate into polymeric gel fibres.

Figure 74 - The proposed structure of monomer of 71, demonstrating intramolecular bond formation.136

Figure 75 – Failed inversion test for 71 (5 mg) in 1 mL of H2O and 0.505 M aqueous solutions of: a) NaCl; b) NaHCO3;
c) NaH2PO4; d) NaOBz; e) NaNO3; f) NaOAc; g) Na2CO3; h) Na2SO4 and i) NaF.

3.3 Characterisation of supramolecular hydrogels
3.3.1 Minimum gelation concentration (MGC)
The MGC is the lowest possible gelator concentration required to form a stable gel. To
assess the MGC of para-substituted benzothiazole 72 in 14 different aqueous salt solutions, vial
inversion experiments were performed. To avoid confounding variables affecting the results of
the experiment,196 all samples were prepared analogously. As temperature is one of the key
parameters in the gelation process, the inversion experiments in this study were all performed
at 25 C to allow for comparison of hydrogel characteristics between samples.
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Table 12 - Summary of ionic strength of aqueous salt solutions (0.505 M); average (n = 3) salt solution (0.505 M) pH
values obtained at 25 °C; MGC determined though inversion testing for samples containing 72 and various aqueous
salt solutions (0.505 M) at 25 °C.

Salt

Ionic
strength
(salt
soln.)

NaCl

0.505

KCl

0.505

RbCl

0.505

TBACl

0.505

NaF

0.505

NaHCO3

0.505

NaOAc

0.505

pH
(salt
soln.)
7.00 ±
0.02
6.28 ±
0.02
7.81 ±
0.02
4.22 ±
0.02
8.82 ±
0.04
8.54 ±
0.04
7.76 ±
0.02

MGC
(mg/mL)

Salt

Ionic
strength
(salt
soln.)

1.5

NaOBz

0.505

2.5

NaNO3

0.505

3.5

NaH2PO4

0.505

[a]

NaHSO4

0.505

2.0

Na2CO3

1.515

4.0

Na2HPO4

1.515

3.5

Na2SO4

1.515

pH
(salt
soln.)
7.00 ±
0.04
6.32 ±
0.01
4.01 ±
0.01
1.26 ±
0.03
11.63 ±
0.03
8.49 ±
0.00
7.00 ±
0.02

MGC
(mg/mL)
1.5
1.5
1.5
[a]
3.0
[b]
3.5

[a] Precipitation at 5 mg/mL, no gel formation. [b] Partial gel formed at 5 mg/mL.

The results from the inversion experiments demonstrate the MGC of 72 needed to gel
1 mL of various aqueous salt solutions was found to be dependent on the salt present. Where
the anion remained the same (72), the MGC needed to gelate 0.505 M aqueous solutions of
NaCl, KCl, RbCl and TBACl was found to increase exponentially with increasing size of the
associated counter cation, 1.5, 2.5, 3.5 and > 5 mg/mL respectively (Figure 76).
This is hypothesised to be due to the increasing strength of (SSA) anion-cation (salt
solution) coordination where TBA+ < Rb+ < K+ < Na+. As previously discussed in Chapter 2 (2.5.2),
strong ion-pair effects within a molecular structure result in instability of any extended hydrogen
bonded self-associated aggregate in an EtOH:H2O (1:19) solution. For 72 to form a stable gel
fibre network in an aqueous salt solution, the original packing arrangement and hydrogen
bonding network is required to be altered.
Evidence of the stability of those larger aggregated structures present in H2O was
observed when gelation was attempted mechanically. The appropriate salt solution (0.1 mL,
5.05 M) was added to 72 (1.5 mg in 0.9 mL of H2O) in a glass vial, agitated using a vortex for one
minute and left at room temperature for 12 hours.
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This mechanical method yielded no formation of gelated material, confirming that, in order to
initiate the formation of gel fibres, the addition of heat to the system is required to disrupt the
supramolecular structure.

Figure 76 – Inversion test of hydrogels containing 72 (5 mg) in 1 mL of H2O; a) MGC of 72 (1.5 mg) in 1 mL of aqueous
NaCl (0.505 M); b) MGC of 72 (2.5 mg) in 1 mL of aqueous KCl (0.505 M) and c) MGC of 72 (3.5 mg) in 1 mL of aqueous
RbCl (0.505 M).

Upon comparison of the effects the different sodium salts have on the resultant
hydrogel formation, it was discovered that the ionic concentration and the pH of the aqueous
salt solution significantly influenced the stability of the gel fibre network. With a decrease of
both the pH and ionic strength of the salt solution (Table 12), a general decrease of MGC was
observed.
An example of the effect that the ionic solution has on gel formation is evident with the
comparison between 72 in 1 mL aqueous solutions of NaH2PO4 and Na2HPO4. The NaH2PO4
aqueous solution exhibits an ionic strength of 0.505 and pH of 4.01, the MGC is 1.5 mg/mL.
Conversely, 72 (5 mg) in 1 mL of aqueous Na2HPO4 which has an ionic strength of 1.515 and pH
of 8.49 results only in a partial gel, and exhibits an MGC > 5 mg/mL. In this instance, it is
hypothesised that the increased number of charged ions may be a contributing factor, where
the change in protonation state affects the coordination strength.
In summary, it was shown that changing the solvent environment to an aqueous salt
alters the self-associated structure present in H2O from spherical aggregates into a fibrous 3D
network.
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In addition to the presence of salt, the benzothiazole group was shown to be essential, thought
to be due to the requirement of π-π stacking interactions. The strength of the hydrogels formed
was found to be dependent on cation size, ionic strength and pH.

3.3.2 Rheology
Rheology is a commonly used analytical technique to determine the mechanical
properties of supramolecular hydrogels.226 Gelated materials undergo distinctive changes when
subjected to tensile and compressive stresses. However, they are more regularly identified
based on their deformation and flow behaviour when applied with oscillatory stress, which is
quantified by elastic properties such as the storage (G’) and loss moduli (G”).197 Using this
technique a range of different measurements are possible, which supply informed information
with regard to the 3D viscoelastic network of a gelated material. In this study, the viscoelastic
properties of hydrogels formed above the MGC, where 72 (5 mg) in 1 mL of the appropriate
aqueous salt solution (0.505 M) were investigated. At this concentration, the fibril formation
affords the “elasticity” to the gelated materials, which allows for the reliable measurement of
mechanical properties of the soft materials. Consequently, those aqueous salt solutions in which
5 mg of 72 did not observe the tube inversion tests were excluded from this study as they cannot
be classified as robust gelated materials.
The rheological properties of a viscoelastic material are generally independent of strain
up to the yield point. Beyond this yield point, the material’s behaviour is no longer linear (where
stress and strain are proportional) and resultantly the storage modulus declines and the critical
point (commonly known as the gel-sol transition point or flow point) is reached (Figure 77).
Between the yield and gel-sol transition points, the material structural strength has decreased,
although the sample still largely displays the properties of a gel. Measuring the strain amplitude
() dependence of the storage (G’) and loss moduli (G”) is the initial step to characterising the
viscoelastic behaviour of a hydrogel material.123
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Figure 77 – Average results (n=3) from amplitude sweep experiments used to define the linear viscoelastic region,
yield point and flow point of 72 (5 mg) in 1 mL of aqueous NaCl (0.505 M) at 25 C. (1 = 100%).

The results from the amplitude sweeps were used to define the hydrogels linear
viscoelastic region (LVER) as overviewed in Table 13. This region is the range in which the
material is the most intact, and the point at which any additional experimental methods are
applied. The gel-sol transition point was also observed, where 72 (5 mg) in 1 mL of aqueous NaCl
(0.505 M) demonstrated a critical strain () of  46 %. Below this gel-sol transition point, the
gelated material is highly structured and intact, where the material behaves solid (elastic) like
where G’ > G”. Above this critical point the material is more fluid (viscous) like, where G” > G’
(Figure 77). An overview of the gel-sol transition point values (%) obtained from the amplitude
sweeps is shown in Table 13.
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Table 13 - Summary of rheological data for 72 (5 mg) in 1 mL of the appropriate aqueous salt solution (0.505 M).
Characterisation experiments were performed at 25 °C: average (n=3) gel-sol transition points obtained from shear
strain (γ) amplitude sweeps; average (n=3) storage (G’) and loss (G’’) moduli obtained angular frequency sweeps (γ =
0.1 %).

Salt
NaCl
KCl
RbCl
NaF
NaHCO3
NaOAc
NaOBz
NaNO3
NaH2PO4
Na2CO3
Na2SO4

Gel-sol
transition
point γ (%)
46.4
6.8
46.4
100.0
4.6
100.0
21.5
21.5
3.2
31.6
6.8

Storage
modulus G’
(Pa)
1307
1867
1308
1448
1166
1409
503
650
1117
1653
1503

Error
(Pa)
± 11
± 74
± 85
± 70
± 54
± 65
± 23
± 21
± 37
± 28
± 130

Loss
modulus G’’
(Pa)
202
274
176
216
175
235
115
112
192
226
228

Error
(Pa)
± 12
± 12
±9
± 11
± 14
± 39
±7
±8
± 10
± 20
± 18

Once the LVER was defined by the amplitude sweep, the gelated material structure was
further characterised using an angular frequency sweep at a strain below the critical point ().
This provides more information about the strength of the interactions between the components
of the material, thus its overall robustness. In a typical experiment, the G’ strain of a gel should
vary only weakly with frequency as shown in Figure 78.

Figure 78 - Average results (n=3) from frequency sweep experiments obtained from the LVER, under a constant shear
strain (γ) of 0.925 % of a gelated material containing 72 (5 mg) in 1 mL aqueous NaCl (0.505 M) performed at 25 C.
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The results from the angular frequency sweeps applied under a constant strain () of
0.925 % show all materials tested to exhibit a G’ > G” over the entire range of frequencies
(0.1-100 rad/s), this denotes the elastic character to be always dominant when the frequency is
applied. These results from the angular frequency sweeps are summarised in Table 13. Upon
comparison of the storage (G’) and loss (G’’) moduli, it is observed that the values remain fairly
constant over the range of gelated materials tested, with the storage modulus  7.4 times
greater than the loss modulus for any comparative hydrogel under these experimental
conditions as illustrated in Figure 79.

Figure 79 – Comparison of G’ and G’’ values obtained from the angular frequency rheological experiments
summarised in Table 13.

In summary, it was shown that the presence of different salt solutions was found to
modulate both the gel-sol transition point and the comparative storage (G’) and loss (G’’) moduli
observed for each gelated material. The solid-like character of the materials was manifested in
the fact that the storage modulus (G’) was found to be  7.4 times greater than the viscous
modulus G” up to the yield stress of the gel.
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3.3.3 Microscopy studies
Due to having the ability to reveal the structures of LMW compounds with a resolution
of up to a nanometre,227 SEM is routinely employed to characterise the morphology and
microstructure of dehydrated hydrogels (xerogels).228,229 This technique can generate highresolution topological images through the utilisation of a focussed beam of high energy
electrons as a source of illumination.230 Consequently, this enables the morphology of the
dehydrated hydrogels (xerogels) to be observed. Limitations of this technique include i) high
magnification only allows for a small fraction of a sample to be imaged in a realistic timeframe;
ii) to be imaged using SEM, a hydrogel must first be dehydrated to form a xerogel, this
destructive process may result in artefacts such as line and dark area charging or electron beam
damage, resulting in the analysis of artefacts that are not present within the solvent containing
hydrogel.231
Due to instrument availability, a selection of the hydrogels/partial gels were taken
forward to be observed by SEM. For comparative purposes, this pool of material consisted of
hydrogels containing both monovalent and divalent cation salt solutions. Those gels/partial gels
with 72 (5 mg) in aqueous i) NaCl; ii) NaH2PO4; iii) Na2CO3; iv) Na2HPO4; NaNO2; and v) NaHCO3
(1 mL, 0.505 M) were dehydrated through the use of a shlenk line, to give xerogels. SEM images
and corresponding EDX spectra obtained and refined with the assistance of Dr Luke Alesbrook.
Evaporation of the immobilised liquid is known to cause the brittle fibrous structures
that form the 3D network to collapse, therefore SEM focuses on general shapes and
morphologies of the fibres rather than on the absolute quantities, such as the diameters and
lengths. The SEM images of the xerogels prepared from the dehydration of the hydrogels
containing NaCl or NaNO2 showed the presence of platelet like objects (Appendix 2.5, Figure
S376 and S390), this was proposed to be due to insufficient magnification of the SEM when
observing this samples. Consequently, the magnification of the SEM was increased to allow for
elucidation of the gel fibres in future samples.
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With an increased magnification of the SEM, the morphology of the xerogels containing
Na2CO3 (Figure 80) or NaH2PO4 (Figure 81) were observed. These images showed the presence
of multiple rigid fibres of variable thicknesses emanating from a central point, with the darker
patches identified as the end of those rigid fibrillar structures. As the magnification of the SEM
is further increased as shown with the xerogel containing NaH2PO4 in Figure 81, those ends of
the rigid fibres become more apparent.

Figure 80 - SEM image of a xerogel prepared from a dehydrated hydrogel containing 72 (5 mg/mL) in aqueous Na2CO3
(0.505 M). Locations of analysis by EDX spectra highlighted in pink (Figure 82a) and yellow (Figure 82b). Scale = 10
µm.

Figure 81 - SEM image of a xerogel prepared from a dehydrated hydrogel containing 72 (5 mg/mL) in aqueous
NaH2PO4 (0.505 M). Locations of analysis by EDX spectra highlighted in pink (Figure 83a) and yellow (Figure 83b). Scale
= 5 µm.
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Energy-dispersive X-ray is a complementary analytical technique to SEM, used to
determine the elemental analysis or chemical characterisation of a sample.232 Multiple EDX
spectra and corresponding elemental analyses were obtained for each processed SEM image.
The spectra shown in Figures 82 and 83 correspond to the SEM images for 72 in aqueous Na2CO3
(Figure 80) or NaH2PO4 (Figure 81). The spectra shown in Figures 82a and 83a represent the
internal core of the fibres, where the sulphur element denotes the presence of 72. Although the
oxygen is present within the molecular structure of 72 it is also present in the molecular
structure of the associated aqueous salt solutions (Na2CO3 and NaH2PO4), therefore, this is not a
distinguishable element. The spectra shown in Figures 82b and 83b were taken from the exterior
surface of one of the nanofibers, where the elemental analysis once more confirms the presence
of 72.

Figure 82 - EDX spectrum showing elemental analysis of the xerogel imaged in Figure 80.

119 | P a g e

Chapter 3 – Hydrogel development

Figure 83 - EDX spectrum showing elemental analysis of the xerogel imaged in Figure 81.

Upon comparison of the SEM image obtained for a xerogel containing NaHCO3, with
those containing Na2CO3 and NaH2PO4 a difference in architecture is observed. The xerogel
containing NaHCO3 was shown to exhibit a highly dense porous architecture (Figure 84)
compared to the emanating fibrillar structures observed for xerogels containing Na2CO3 (Figure
80) and NaH2PO4 (Figure 81).

Figure 84 - SEM image of a xerogel prepared from a dehydrated hydrogel containing 72 (5 mg/mL) in aqueous NaHCO3
(0.505 M). Scale = 5 µm.

Fluorescence microscopy is not as popular as SEM for the visual analysis of hydrogels
due to having a relatively low resolution compared to that of SEM.
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However, as a non-destructive technique, fluorescence microscopy can provide valuable
information on the microstructure and distribution of the fibres in space.233 Due to the
intrinsically fluorescent nature of the anionic component of 72, it was possible to utilise this
technique within these studies. Due to instrument availability, only a select number of gelated
materials were able to be visualised. Herein, four materials were observed, these included three
gels with MGCs ranging from 1.5 to 3 mg/mL and one partial gel (> 5 mg/mL) for comparison
purposes. These materials were as follows, 72 (5 mg) in aqueous: i) NaCl; ii) NaH2PO4; iii) Na2CO3;
and iv) Na2HPO4 (1 mL, 0.505 M). Fluorescence microscopy images obtained and refined with
the assistance of Prof. Daniel Mulvihill.
The fluorescence images of the hydrogels comprised of aqueous salt solutions NaCl and
NaH2PO4 show the presence of continuous multidirectional self-assembled nanofibers, as
illustrated in Figures 85a and 85b. Both gels containing NaCl and NaH2PO4 within their matrix
exhibit an MGC of 1.5 mg/mL (Chapter 3.2.1, Table 12). When these structures are compared
with those from a gel with a greater MGC such as NaHCO3 (4.0 mg/mL) the fibres appear to be
shorter with a higher cross-linked density resembling a honeycomb-like structure (Figure 85c).
Interestingly, those fluorescence images obtained for hydrogels containing NaH2PO4 or NaHCO3
correlate with the images obtained through SEM where long fibres were shown in the xerogel
containing NaH2PO4 (Figure 81), and a higher cross-linked density with NaHCO3 (Figure 84)
contained within the structure.
Moving into an aqueous salt solution in which 72 (5 mg) only forms a partial gel
(Na2HPO4), fewer fibres are observed. Interestingly in this aqueous salt solution, in addition to
those fibres, spherical self-associated aggregates are also observed to be present (Figure 85d).
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Figure 85 – Fluorescence microscopy images of gels/partial gel containing 72 (5 mg/mL) in 0.505 M aqueous solutions
of: a) NaCl; b) NaH2PO4; c) NaHCO3 and d) Na2HPO4. Scale = 5 µm.

To aid visualisation and enable a more detailed analysis of those nanofibers formed in
aqueous solutions of NaCl and NaHPO4, the fluorescence images shown in Figures 85a and 85b
were refined through deconvolution methods (Chapter 6.1.2). These refined images not only
confirmed the presence of long multidirectional fibres (Figures 86ai and 86bi) but with
enlargement it was also possible to observe the branching and entanglement of those fibres in
more detail (Figures 86aii and 86bii), allowing for a greater understanding of the gelated
materials to enable rational design.
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Figure 86 - Refined fluorescence microscopy images of hydrogel containing 72 (5 mg/mL) in 0.505 M aqueous
solutions of ai) NaCl and bi) NaH2PO4. Images aii and bii are enlarged areas outlined in red in ai and bi.

As previously discussed, compound 72 has an MGC > 5 mg in a 1 mL 0.505 M aqueous
solution of Na2HPO4. In Figure 85d it was observed that both a fibrous network and spherical
aggregates were present. In the refined confocal image shown in Figure 87a, these combinations
of structures are much more apparent. Interestingly, that same partial gel when visualised as a
xerogel using SEM, demonstrated that the spherical shaped aggregates were able to withstand
the dehydration process (Figure 87b), possibly supported by the presence of salt within the
aqueous solution. Complimentary EDX spectra and corresponding elemental analyses were
obtained to confirm the presence of 72 in those spherical aggregates as shown in Figure 87c.
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Figure 87 – Images and elemental analysis of a partial gel containing 72 (5 mg/mL) in aqueous Na2HPO4 (0.505 M). a)
refined fluorescence microscopy image, b) SEM image of a xerogel prepared from a dehydrated hydrogel (a) and c)
EDX spectrum showing elemental analysis of b. Scale = 5 µm.
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In summary, it was shown that, through the use of fluorescence and SEM techniques, it
was possible to observe the morphology of the fibrous networks of gelated materials formed in
a variety of aqueous salt solutions. The morphology of the xerogels prepared from the
dehydration of hydrogels containing NaH2PO4 and Na2CO3 show the presence of multiple rigid
fibres of variable thickness emanating from a central point.
Using fluorescence microscopy it was shown that for those gelated materials with a low
MGC (1.5 mg/mL) such as 72 in aqueous NaCl and NaH2PO4 the self-assembled nanofibers were
long and multidirectional (Figures 86ai and 86bi), and with further refinement, it was possible
to observe the branching and entanglement of those fibres in more detail (Figures 86aii and
86bii). In contrast, for a hydrogel containing aqueous NaHCO3 which has a higher MGC
(4.0 mg/mL) the fibres appeared to be shorter with a high cross-linked density resembling a
honeycomb-like structure (Figure 85c).
Through these observations it can be concluded that those nanofiber networks formed
through non-covalent interactions are responsible for the gelation process, when spherical
aggregates persist the gelated material is unstable with an MGC > 5 mg/mL.

3.4 Antimicrobial efficacy determination
3.4.1 Solution state antimicrobial properties
Previous studies conducted by Hiscock and co-workers have shown members from this
class of SSAs to exhibit antimicrobial properties against Gram-positive, clinically relevant MRSA
(USA300).223 As commonly known, selective antimicrobial activity of many amphiphilic salts are
driven by the negative surface charge exhibited by bacterial cell surfaces, compared to those of
most healthy eukaryotic cells.234,235 Building on Hiscock and co-workers initial proof of principle
investigations,236,237 the antimicrobial activity of CF3 substituted 42; ortho-benzothiazole
substituted 71; and para-benzothiazole substituted 72 against Gram-positive MRSA and Gramnegative E. coli bacteria when supplied to the bacterial cell surface as self-associated spherical
aggregates were explored.
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The anionic components of this series of SSA (42, 71 and 72) are hypothesised to
preferentially interact with phospholipid head groups that are prevalent at the surface of
bacteria cells (phosphatidylethanolamine (PE, 106) and phosphatidylglycerol (PG, 107)), over
those present at the surface of eukaryotic cells (phosphatidylcholine (PC, 108)).236,237
It is hypothesised that 42, 71 and 72 will form complexes with both 106 (PE) and 107
(PG) through the formation of a combination of multiple hydrogen bonds and/or favourable
electrostatic interactions, using 72 as an example, these binding modes are shown in Figure 88.
Also illustrated in Figure 88 are the interactions between the urea of 72 and the phosphate
group of 108 (PC), although these interactions may be effective, only comparatively weak,
sterically hindered electrostatic interactions are possible between the sulfonate group of 72 and
the tertiary ammonium group of 108 (PC).

Figure 88 - Potential binding mode of 72 to PE (106), PG (107) and PC (108) phospholipid head groups.

The antimicrobial experiments discussed within this study were conducted and data
analysed by Nyasha Allen. Using standard methods (Chapter 6.1.3) the minimum concentration
of a compound needed to prevent 50 % of bacterial cell growth (MIC50), of 42, 71 and 72 against
Gram-positive MRSA USA300 and Gram-negative E. coli DH10B were determined.238 As the TBA
contained within the molecular structure of 42, 71 and 72, has been reported to have
antimicrobial activity in itself, the MIC50 value of TBACl was also obtained to ensure any
antimicrobial activity was due to the SSA and not the TBA cation. An overview of these results is
shown in Table 14.
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Table 14 - The MIC50 values (mM) as determined for 42, 71, 72 and TBACl against clinically relevant Gram-positive
MRSA USA300 and Gram-negative E. coli DH10B at an initial calibrated cell concentration equal to the 0.5 McFarland
standard after 900 minutes (optical density measured at 600 nm).

Compound

MRSA

E. coli

Ratio

42

0.46

3.85

1 : 3.6

71

0.99

3.57

1 : 5.4

72

0.93

5.02

1 : 8.4

TBACl

3.18

6.36

1 : 2.0

The results from the MIC50 experiments show 42, 71 and 72 to exhibit greater activity
against MRSA, with values of 0.46, 0.99 and 0.93 mM respectively, over E. coli (3.85 (42), 3.57
(71) and 5.02 mM (72)). It is hypothesised that the increased efficacy against MRSA is due to the
phospholipid bilayer composition of the two bacteria. MRSA has a single phospholipid bilayer
containing a high proportion of 107 (PG) (57 %), whereas E.coli exhibits a double phospholipid
bilayer containing a greater proportion of 106 (PE) (85 %).239 These results suggest that 42, 71
and 72 show a preference towards 107 (PG), however, other factors need to be taken into
consideration such as individual bacteria phospholipid composition, which can alter according
to life cycle240 and growth phase.241 The MIC50 results for TBACl against both MRSA and E.coli
provide evidence that the efficacy of 42, 71 and 72 is due to the anionic component of the
molecular structure and not solely due to the presence of the TBA counter cation.
In summary, the preliminary solution state MIC50 antimicrobial studies demonstrate that
the anionic components of 42, 71 and 72 all exhibit antimicrobial properties greater than that
of the TBA cation. With all compounds showing greater activity against MRSA over E.coli, the
composition of the phospholipid bilayer is hypothesised to be a contributing factor. Where 42,
71 and 72 revealed preferential interactions with 107 (PG) over 106 (PE).
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3.4.2 Antimicrobial hydrogel properties
It has been demonstrated in the preliminary studies that the molecular structure of
para-substituted benzothiazole 72 undergoes structural changes according to the solvent
environment in which 72 is in, forming dimers in DMSO-d6 0.5 % H2O (Chapter 2.5.3.1),136
extended aggregates, spherical in shape in EtOH:H2O (1:19) (Chapter 2.5.1)136 and selfassembled nanofibers in an aqueous salt solution (Chapter 3.2.1). Furthermore, 72 also exhibits
antimicrobial properties against both MRSA and E.coli in the solution state (Chapter 3.3.1). To
determine if 72 maintained the antimicrobial properties against Gram-positive MRSA and Gramnegative E.coli in a gelated state, a series of disk diffusion assays were performed. Disk diffusion
assays were prepared and analysed with the assistance of Dr George Williams and Jessica Boles.
The physicochemical properties of those hydrogels containing 72 in the appropriate salt
solution were initially investigated in order to establish which gelated material(s) were most
suitable for potential topical application. For an antimicrobial hydrogel to be considered for use
as a topical treatment, it must exhibit a pH within the range of 4-7 when 1 g of a hydrogel is
dissolved in 10 mL of water.242 This is the acceptable pH range for skin, any deviance away from
these values can result in skin irritation or inflammation at the site of application.243 As shown
in Table 15, 72 in aqueous salt solutions NaCl, KCl, RbCl, NaOBz, NaNO3, Na2HPO4 and NaSO4
were all shown to have a pH which is within the acceptable pH range (4-7), based on this theory
these hydrogels would make good candidates for topical application.
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Table 15 - Summary of average (n = 3) pH values of aqueous solutions at a concentration of 10 % w/v at 25 °C; average
(n = 3) melting point obtained for 1 mL of a hydrogel containing 72 (5 mg) and the appropriate salt solution (0.505 M);
MGC determined though inversion testing for samples containing 72 and various aqueous salt solutions (0.505 M) at
25 °C.

Salt

pH
(gel sol.)

Tm
(C)

MGC
(mg/mL)

NaCl
KCl
RbCl
TBACl
NaF
NaHCO3
NaOAc
NaOBz
NaNO3
NaH2PO4
NaHSO4
Na2CO3
Na2HPO4
Na2SO4

6.23 ± 0.02
6.16 ± 0.02
6.63 ± 0.02
[a]
7.40 ± 0.03
10.03 ± 0.01
7.07 ± 0.02
5.76 ± 0.03
6.74 ± 0.02
4.75 ± 0.03
[a]
11.40 ± 0.00
8.34 ± 0.00
6.92 ± 0.05

51.23 ± 0.10
54.75 ± 0.09
50.91 ± 0.18
[a]
46.91 ± 0.07
45.39 ± 0.12
46.03 ± 0.13
52.35 ± 0.09
54.48 ± 0.15
43.94 ± 0.10
[a]
42.94 ± 0.13
[b]
43.22 ± 0.12

1.5
2.5
3.5
[c]
2.0
4.0
3.5
1.5
1.5
1.5
[c]
3.0
[b]
3.5

[a] Precipitate formation prevented measurement. [b] Partial gel formed at 5 mg/mL. [c] Precipitation at 5 mg/mL,
no gel formation.

The melt temperature (Tm) of the hydrogels containing 5 mg of 72 in 1 mL of the
appropriate salt solutions were investigated to determine if they were robust enough to not be
adversely affected during either the administration process or during storage. The results from
these studies show that all of the hydrogels investigated exhibited a Tm above that of average
skin temperature ( 31-32 C),244 and that the Tm was dependent on the salt solution contained
within the gelated material, ranging from  43-55 C. The hydrogels containing divalent salts
Na2CO3 or Na2SO4 were shown to have the lowest Tm values ( 43 C) this is expected due to the
increased ionic strength of the salt solution in addition to high MGCs of 3.0 and 3.5 mg/mL
respectively.
The results from the physicochemical analysis of the hydrogels containing 72 (Chapter
3.3.2, Table 13 (storage and loss moduli) and Table 15) identify 72 in aqueous salt solution NaCl
to be the lead gelated material for topical antimicrobial development.
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This conclusion was made based on a number of factors which include: i) solid-like
characteristics as determined through observation of the storage and loss moduli; ii) the pH of
the NaCl gel ( 6) falls within the normal skin pH range limiting the potential for any adverse skin
issues; iii) the Tm is > 50 °C, therefore, is likely to be more robust at temperatures below this; iv)
exhibits a low MGC and v) in comparison with the other salt solutions tested the NaCl solution
is the least toxic.
In order to establish whether 72 had maintained the antimicrobial activity observed in
the solution state as a gelated material, a series of antimicrobial surface gel diffusion assays
were performed against MRSA and E. coli bacteria using the lead NaCl hydrogel. For this study a
 50 mg aliquot of the hydrogel formed with 72 (5 mg) in 1 mL aqueous NaCl (0.505 M) was
transferred to the surface of an agar plate inoculated with either Gram-positive MRSA or Gramnegative E. coli bacteria. The agar plate was then incubated at a temperature of 37 °C overnight
and the zone of bacterial growth inhibition was used to determine antimicrobial hydrogel
activity.
The results from these antimicrobial surface efficacy experiments show that the
hydrogel formed with 72 (5 mg) in 1 mL NaCl (0.505 M) acts as an antimicrobial material towards
both MRSA and E. coli with zones of inhibition averaged (n=3) as  16 mm and  15 mm in
diameter respectively, as illustrated in Figure 89. As anticipated the antimicrobial activity was
shown to be localised to the position where the gel was supplied to the surface of the agar plate,
this limited diffusion is due to 72 being within the construct of the fibrous 3D network shown in
Chapter 3.3.3 as opposed to being immobilised within the mesh of the fibres and therefore able
to diffuse out.
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Figure 89 – Surface disk diffusion assays confirming the antimicrobial activity of the hydrogel (≈ 50 mg added to the
surface) containing 72 (5 mg/mL) in NaCl (0.505 M) against: a) MRSA USA300; b) E. coli DH5B.

3.4.3 Co-formulated hydrogel properties
Hydrogels were first described as potential drug delivery vehicles in the 1950s by Lin and
Wichterle.245 Since this first description, a vast amount of hydrogels have been developed for
this purpose, utilising a variety of material systems and design principles. Treesuppharat and coworkers successfully combined gelatin with bacterial cellulose to develop a hydrogel composite
material which was considered a good candidate for drug delivery systems due to their extensive
swelling ratio of  400-600 %. The higher the swelling ratio, the greater increase in distance
between cross-linked polymer chains, which allow drug molecules to be released and absorbed
into the bloodstream.246 In 2002 Xu and co-workers reported the first antibiotic hydrogelator
vancomycin-pyrene. Here, a pyrene substituent was attached to the c-terminal of the backbone
of clinically relevant vancomycin. Xu and co-workers suggested π-π stacking interactions and
intermolecular hydrogen bonding in an aqueous environment provided the driving forces to
form a gelated material of ∼ 0.36 wt %. However, efficacy studies against 2 VanA-positive
Enterococcus faecalis revealed high potency levels, hypothesised to be due to a high
concentration of aggregated polymers at the cell surface. These investigations are still
ongoing.247
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Hydrogel suitability as drug delivery systems is attributed to their hydrophilic 3D fibrous
networks, into which large amounts of water or biological fluids can be imbibed, therefore
resembling, to a certain extent biological tissues.248 As the mesh (gel pore) controls the steric
interactions between the fibrous network and the drugs, the size of the mesh will determine
how drugs diffuse through the hydrogel. If the mesh size is ≥ 1 (where rmesh/rdrug  1) the drug
release process will be dominated by Fickian diffusion. However, when the mesh size is < 1 the
effect of steric hindrance on drug diffusion becomes prominent. This results in the
immobilisation of the drug molecules which can only be released through controlled
degradation of deformation via a stimulus (Figure 90).249 Consequently, many hydrogel drug
delivery vehicles are synthesised to respond to a number of physiological stimuli present in the
body, such as ionic strength, temperature and pH.250

Figure 90 – Cartoon representation illustrating fast and slow diffusion of drug molecules and degradation and
deformation of mesh which facilitates immobilised drug release from a hydrogel fibrous network against time. 249 The
red dashed lines represent the diffusion pathways of the drug molecules.
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In an attempt to improve the efficacy of these materials against Gram-positive MRSA
and Gram-negative E.coli, the SSA hydrogel (72 in 1 mL of aqueous NaCl (0.505 M)) was coformulated in a 1:1 molar ratio with the sodium salt of commonly prescribed antibiotic ampicillin
(105) (Figure 91).

Figure 91 – Chemical structure of the sodium salt of commonly prescribed antibiotic ampicillin (105).

Interestingly, here it was observed that the addition of the sodium salt of ampicillin
(105) resulted in a decrease of MGC from 1.5 mg/mL to < 1.0 mg/mL, this was confirmed through
an inversion test, as illustrated in Figure 92. It is hypothesised that the increase in salt
concentration stabilised the extended fibrous network resulting in a lower MGC.

Figure 92 – Inversion tests of 72 (1 mg) in 1 mL of H2O (left); a) partial hydrogel of compound 72 (1 mg) in 1 mL
aqueous NaCl (0.505 M); b) hydrogel of compound 72 (1 mg) on a 1:1 molar ratio with ampicillin (105) in 1 mL of
aqueous NaCl (0.505 M).

The physicochemical properties of the ampicillin incorporated hydrogel were then
investigated to find out whether this hydrogel would be suitable for topical application.
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The results from this study demonstrate the ampicillin incorporated hydrogel to exhibit solidlike characteristics similar to those of the other hydrogels investigated in this chapter, where the
storage modulus G’ was shown to be  7.4 x greater than the loss modulus (G”) (Chapter 3.3.2)
An example is illustrated in Figure 93. Furthermore, an average (n=3) pH value of 7.12 ± 0.02
was calculated when 2 g of the ampicillin hydrogel was dissolved in 20 mL of H2O and the average
(n=3) Tm was shown to be > 50 C at 52.26 C ± 0.07 C.

Figure 93 - Graph showing average results (n=3) from frequency sweep experiments obtained from the linear
viscoelastic region under a constant shear strain (γ) of 0.925 % (298 K). Gelator 72 (5 mg) and ampicillin (105) (3 mg)
in 1 mL aqueous NaCl (0.505 M) (green), and 72 (5 mg) in 1 mL aqueous NaCl (0.505 M) (red).

In order to establish whether the efficacy of these materials had improved with the
incorporation of the sodium salt of antibiotic ampicillin (105), a further series of disk diffusion
surface assays were performed. These yielded improved zones of inhibition against both MRSA
( 23 mm) and E. coli ( 59 mm) as shown in Figure 94.
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Figure 94 – Surface disk diffusion assays confirming the antimicrobial activity of the hydrogel (≈ 50 mg added to the
surface) containing 72 (5 mg/mL) in NaCl (0.505 M) against a) co-formulated in a 1:1 molar ratio with ampicillin (105)
against MRSA USA300; b) co-formulated in a 1:1 molar ratio with ampicillin against E. coli DH5B.

To confirm the increase in zone of inhibition with the addition of ampicillin (105) to 72
in aqueous NaCl against MRSA ( 16 mm to  23 mm) and E. coli ( 15 mm to  59 mm) (Figures
89a and 89b and 94a and 94b) a series of well diffusion assays were performed in triplicate (n=3).
For these assays, a well was cut into an agar plate inoculated with either MRSA or E. coli bacteria
and the antimicrobial hydrogel ( 50 mg) added to fill the well. For comparison, two additional
series of analogous assays were performed: i) with ampicillin at the same concentration present
in the co-formulated hydrogel (8.1 mM) in a 0.505 M aqueous NaCl solution; and ii) with aqueous
NaCl (0.505 M). The agar plate was then incubated at a temperature of 37 °C overnight. In this
instance, a zone of inhibition is only observed if the antimicrobial hydrogel is able to permeate
through the agar gel. The results show that all well diffusion assays exhibit a zone of inhibition
(Figure 95).
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Figure 95 – Well disk diffusion assays confirming the antimicrobial activity of a) the hydrogel containing 72 (5 mg/mL)
in NaCl (0.505 M) against MRSA; b) the hydrogel co-formulated in a 1:1 molar ratio with ampicillin (105) against MRSA
USA300; c) ampicillin (105) (8.1 mM) alone in an aqueous solution of NaCl (0.505 M) against MRSA; d) the hydrogel
containing 72 (5 mg/mL) in NaCl (0.505 M) against E. coli; e) the hydrogel co-formulated in a 1:1 molar ratio with
ampicillin (105) against E. coli; f) ampicillin (105) (8.1 mM) alone in an aqueous solution of NaCl (0.505 M) against E.
coli.

The zone of inhibition observed for the hydrogel containing 72 (5 mg/mL) in aqueous
NaCl (0.505 M) against MRSA and E.coli, were as expected, relatively small in diameter ( 14 mm
and  17 mm respectively) (Figures 95a and 95d). These measurements support the earlier
hypothesis that although 72 exhibits antimicrobial activity against both bacteria models, 72
forms the gelated fibrous network so is, therefore, unable to diffuse through the agar gel.
However, the hydrogel containing ampicillin (105) is shown to have a zone of inhibition greater
than that of the hydrogel alone ( 17 mm (MRSA) and  53 mm (E. coli) (Figures 95b and 95e).
Those agar plates that were investigated with an 8.1 mM aqueous NaCl solution of ampicillin
(105) confirmed that the percentage of the released drug (ampicillin, 105) was not hindered by
the gel fibres and could diffuse freely as the zone of inhibition was shown to be similar to that
of the co-formulated hydrogel ( 15 mm (MRSA) and  52 mm (E. coli)) (Figures 95c and 95f).
This supports the hypothesis that the hydrogel formed from 72 (5 mg/mL) in an aqueous NaCl
(0.505 M) solution can be used as a drug delivery vehicle.
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As expected, the well disk diffusion assays applied with an aqueous solution of NaCl (0.505 M)
alone showed no zone of inhibition to be present (Appendix 2.7.1, Figure S418 and Appendix
2.7., Figure S424), therefore confirming that any antimicrobial activity was due to the presence
of either 72 and/or ampicillin (105).
In summary, it was shown through a series of physicochemical investigations that the
NaCl containing hydrogel was the lead material for topical antimicrobial material development.
Through a series of surface and well diffusion assays against MRSA and E.coli this hydrogel
demonstrated apparent minimal antimicrobial activity with small zones of inhibition. This was
hypothesised to be due to antimicrobial 72 forming the main construct of the gel fibrous
network and, therefore was unable to diffuse through the agar. However, when co-formulated
in a 1:1 ratio with ampicillin (105) a significantly greater zone of inhibition was observed. This
suggests that the ampicillin was free to diffuse through the hydrogel, into the agar, leading to
the conclusion that the hydrogel formed from 72 (5 mg/mL) in an aqueous NaCl (0.505 M)
solution can be used as a drug delivery vehicle.

3.5 Chapter 3: Summary
It has been shown that in an aqueous salt solution (0.505 M), para-substituted
benzothiazole 72 was found to form a hydrogel. The stability of the resultant gelated material
was found to be dependent on several salt solution-based factors such as cation size; ionic
strength and pH (Chapter 3.2).
The intrinsic fluorescent properties of 72 enabled for in situ visualisations of the fibrous
networks that form the gelated materials. The presence of 72 within the construct of the gelated
material was verified using SEM and complimentary EDX analysis (Chapter 3.3.3).
Through these observations, it was concluded that those nanofiber networks formed
through non-covalent interactions are responsible for the gelation process, when spherical
aggregates persist the gelated material is unstable with an MGC > 5 mg/mL.
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The preliminary solution state MIC50 antimicrobial studies demonstrate that the anionic
components of 42, 71 and 72 all exhibit antimicrobial properties. With all compounds showing
greater activity against MRSA over E.coli, this was attributed to the composition of the
phospholipid bilayer. Where it is hypothesised that 42, 71 and 72 revealed preferential
interactions with 107 (PG) over 106 (PE) (Chapter 3.4.1).
Finally, from the physicochemical investigations, the NaCl containing hydrogel was
identified as the lead material for topical antimicrobial material development (Chapter 3.4.2). In
these studies, it was observed that the hydrogel alone demonstrated minimal antimicrobial
activity against MRSA and E.coli, thought to be due to 72 being within the construct of the
hydrogel preventing it from diffusing through the agar. Consequently, this hydrogel was proven
to be more effective as a drug delivery vehicle, as when co-formulated in a 1:1 ratio with
ampicillin (105) a greater zone of inhibition was observed against both model bacteria (Chapter
3.4.3).

3.6 Chapter 3: Conclusion
To conclude it has been shown that the solvent environment can be used to control selfassociation events and resultant material formation. In the presence of an aqueous salt solution,
para-substituted benzothiazole 72 was shown to form a hydrogel, the physicochemical and
morphological properties of which were reliant on the salt present. The lead hydrogel (72 in
aqueous NaCl) was shown to maintain its antimicrobial properties against both model Grampositive and Gram-negative bacteria. Furthermore, the hydrogel formed with 72 in aqueous
NaCl was also found to support the incorporation of the antibiotic ampicillin. The activity of the
ampicillin was shown to be conserved, and diffusive release was achieved at concentrations
great enough to inhibit the growth of both model bacteria.
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3.7 Future work
These preliminary studies primarily focussed on four structurally related compounds
(42, 71, 72 and 104), with only one (72) shown to gelate in a 0.505 M aqueous salt solution,
investigations will continue into the concentration-dependence of these aqueous salt solutions.
It was hypothesised that the π-π stacking interactions of the benzothiazole unit within the
molecular structure, were essential for stabilising the self-assembly process. Building on
Aufderhorst-Roberts and co-workers studies where they investigated the properties of gelated
materials formed from amino-acid derivatives Fmoc-tyrosine and Fmoc-phenylalanine.251 These
materials were found to exhibit two different pore sizes allowing for dyes to diffuse out at
different rates.251 Future work will include the development and synthesise of secondgeneration LMWGs, which will incorporate amino acid derivatives within their molecular
skeleton. It is hypothesised the additional aromatic ring system will promote gel fibre
stabilisation through intermolecular π-π stacking interactions as observed with 72. Furthermore,
there may also be the potential to monitor the rate of diffusion of ampicillin from the hydrogel.
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Chapter 4
4.1 Introduction
As discussed in Chapter 3 supramolecular gels can be broadly classified into two
categories, based on the immobilised solution components within the 3D gel matrix: organogels
contain an organic solvent,189,190 whereas hydrogels contain water.192–197 Due to the popularity
of this material type, a range of characterisation methods have been developed to enable the
elucidation of LMWG structure-material property relationships.252
Within this introduction, the focus will move to detail those techniques commonly used
for supramolecular gel characterisation, with appropriate examples and discuss their limitations.
Standard experimental methods used to identify the presence of, and effectively compare
supramolecular gels include the elucidation of an MGC through inversion testing,253 (Chapter
3.2) and rheology, to observe bulk materials (Chapter 3.3.2).254 In addition to these standard
methods, other more exploratory techniques are often employed. Gunnlaugsson and coworkers have used conventional UV-Vis spectroscopy to identify the formation of europium
incorporated organogels. The interaction of the terpyridine-based tripodal ligand (L) with Eu3+
ions was investigated in MeOH. The change in absorption was monitored, where it was clear
that upon binding to the Eu3+ ions, the absorption spectrum of ligand L was bathochromically
shifted indicating the formation of a EuCl3-L complex with a 1:1 stoichiometry.255
As demonstrated in Chapter 3 (3.3.3) microscopy techniques such as SEM and confocal
fluorescence microscopy are viable methods for observing the morphology of a 3D fibrous
network, either as xerogels or in situ, within the solution state.2,256 Transmission and SEM
techniques have also been utilised by Varghese and co-workers to characterise the gel fibres of
the corresponding xerogel to photoresponsive amphiphilic butadiene organogels (Figure 96).
The results indicated the initial presence of spherical aggregates for 109-112, with those
spherical aggregates of 112 in MeOH at 1 x 10-4 M exhibiting diameters of  2 µm. These
aggregates are shown to merge until they finally link together to form organogels.
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It is anticipated that these photoresponsive systems, capable of spontaneous hierarchical selfassembly, can be useful in controlled release systems.257

Figure 96 - Novel class of donor–acceptor-substituted amphiphilic LMWG butadienes.257

The architectures of fluorescently labelled biomimetic hydrogels at the subcellular
length-scale have been studied by Rocha and co-workers using confocal fluorescence
microscopy. The images revealed a fibrillar heterogeneous structure, with an average pore
diameter range of 1.8 to 3.7 μm. The size of the pore was shown to decrease with increasing
polymer concentration 0.25 > 0.5 > 1 mg mL−1 (Figure 97) or polymer length (145 > 229 nm). As
optical imaging techniques can be performed with the sample in their native material state,
Rocha and co-workers concluded that the methods employed in this study were shown to be
compatible with live-cell imaging.258

Figure 97 - Influence of polymer (145 nm) concentration on fibre architecture a) 1 mg mL−1; b) 0.5 mg mL−1; and c)
0.25 mg mL−1.258 Reproduced with permission from the Royal Society of Chemistry.

Dynamic light scattering was utilised by Paradossi and co-workers to monitor the
dynamic and structural parameters of telechelic poly(vinyl alcohol) hydrogels. Using this
technique, they were able to determine the sol-gel transition point, by observing a dramatic
change of the normalised correlation function of the scattered electrical field. These results
correlated with the data obtained from rheological measurements of the same systems.259
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Powder X-ray diffraction is commonly used to obtain information about the molecular
packing arrangement of LMWGs in the gelated state.260,261 Banerjee and co-workers employed
this technique to explore the packing arrangement of xerogels, that were formed through the
dehydration of aromatic amino acid-based gels. Using powder XRD the presence of a 1D lamellar
structure was identified through the observation of a series of periodic peaks from 6.55  to
21.75 . Additionally, a peak at 23.65  corresponded to the π-π stacking distance of the
stabilising aromatic phenyl ring of the gelator molecules. These LMWGs were shown to be
capable of phase selective gelation of aliphatic hydrocarbons, such as oil from an oil-water
mixture, therefore, the development of these LMWGs are suggested to hold future promise for
oil spill recovery methods.262
Solid263 and solution state high-resolution NMR spectroscopy have frequently been used
to characterise polymeric structural features and some physical processes of gelated materials
such as mobility and fibre formation.264 The change in chemical shift and peak intensities of
spectra enable structural quantities such as polymer composition and sequence distribution to
be calculated.265,266 Miravet and co-workers employed solution state 1H NMR to study a
supramolecular organogel formed through the self-assembly of LMWG 113 (Figure 98). The
intensity of the NMR signal of 113 in CD3CN at 30 C was plotted against the concentration of
113 (measured using diphenylmethane as an internal standard). From these NMR analyses, a
saturation curve was obtained, when a plateau was observed it was determined the organogel
had formed. Consequently, the addition of any new material did not affect signal intensity.267

Figure 98 – LMWG synthesised by Miravet and co-workers.267
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More recently small-angle neutron diffraction techniques have been developed by
Draper and co-workers to derive the packing arrangement for deuterated monomeric units in
aggregated (high pH) and gelated (low pH) materials. Here, the gel fibres were considered to
have a non-uniformed cross-section, hypothesised to be elliptical cylinders.268
All of these experimental techniques employed to confirm the presence, or further
investigate the properties of the gelated material exhibit some limitations. These include the
use of expensive often specialised equipment that may not be readily available; the removal of
solvent to produce a xerogel which can result in artefacts being present in the produced images;
low potential for accurate data interpretation; the requirement of large sample sizes and/or long
experimental time frames.
In this chapter, a novel high-throughput gel characterisation method will be introduced
using microplate reader technology. A microplate reader is a laboratory instrument commonly
used for quantitative biological and chemical assays. This technology allows for multiple
biological, chemical or physical reactions of between 5 µL to 200 µL to be measured
simultaneously within the well of a microplate. This microplate can consist of between 6 to 384
small wells in which separate reactions take place, the type of microplate should be selected
according to the information required from the experimental procedure.
The potential of these methodologies is demonstrated using a compound that has been
extensively discussed in Chapter 2 and Chapter 3 of this document. As an overview parasubstituted benzothiazole 72 (Figure 99) was shown to form anionic, hydrogen bonded dimeric
species in DMSO (dH ≈ 1.4 nm),136 spherical aggregates in H2O and H2O:EtOH 19:1 mixtures
(dH ≈ 55-350 nm)136 and hydrogels in aqueous salt solutions (Chapter 3.2).
Using this proof of principle method, the absorbance (Abs.), optical density (OD) and
excitation/emission measurements of 72 in three different solution dependent material forms
were investigated.
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Figure 99 – Chemical structure of the LMWG discussed in this chapter.

For

the

purpose

of

this

novel

characterisation

method,

supramolecular

hydrogels/solutions of 72 were prepared either in black bottom or low UV-transparent 96-well
microplates. SSA 72 in the relevant solution was transferred as a 200 µL aliquot to each
microplate well, at a temperature higher than the melting point (Tm) of the material (Table 16).
Due to the sensitivity of the equipment and to conduct comparative measurements the
concentration of 72 was decreased from 5 mg/mL to 1.5 mg/mL. This decrease in concentration
means some of the materials are tested below the measured MGC, so are therefore incomplete
gels (i). It is hypothesised that these incomplete gels will still exhibit fibre formation which can
be observed through the methods applied within this study. Furthermore, the temperature
range that the experiments were performed at (25-45 C), were selected for the following
reasons: i) 25 C is the temperature at which the materials studied are known to gelate and ii)
45 C is the maximum temperature the plate reader can achieve. Standards of all solutions were
tested to be certain any observations were due to the presence of 72 in the appropriate solution
and not the solution itself. All experiments were repeated in triplicate (n=3) to ensure
experimental reproducibility. All data were verified by a uniformity experiment which
incorporated all 96-wells of the microplate (Appendix 3.5, Figures S538-S547).
The work detailed in this chapter has been published within the following peer-reviewed
journal article:
1. High-throughput characterisation of supramolecular gelation processes using a
combination of optical density, fluorescence and UV-Vis absorption measurements L. J. White,
C. Wark, L. Croucher, E. R. Draper and J. R. Hiscock, Chem. Commun., 2020, 56 (66), 9557-9560.1
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4.2 UV-Vis absorbance measurements
In the first instance, the microplate reader was utilised to determine if it was possible
to detect material formation through a comparative change in absorbance readings. For this
experimental procedure, a UV-Vis absorbance spectrum was recorded at 25 C and 45 C for
each 200 µL sample of 72 (1.5 mg/mL) in the appropriate aqueous salt solution (0.505 M), H2O
or DMSO (Table 16). Upon first observation of the collected spectra, there was shown to be a
significant variance in absorbance at  450 nm (Abs.450) (Figure 100). The results from these
preliminary experiments led to the hypothesis that this increase in Abs.450 could be indicative of
gel fibre presence, which can absorb at this wavelength and/or cause the observable scattering
of the incident light.
Table 16 - Average (n=3) Tm (°C) for hydrogels of 72 (5 mg/mL) obtained for a hydrogels/incomplete hydrogels of 72
(1.5 mg/mL) in H2O, DMSO or a 0.505 M aqueous salt solution. Mat. Prop. = material property of 72 (1.5 mg/mL) in
DMSO, H2O or aqueous salt solutions (0.505 M) at 25 °C (n = no gel, i = incomplete gel, g = gel).

Soln.

Tm
°C

MGC
mg/mL

Mat.
prop.

Soln.

Tm
°C

MGC
mg/mL

Mat.
prop.

H2O

n/a

n/a

n

NaOAc

46

3.5

i

DMSO

n/a

n/a

n

NaF

47

2.0

i

Na2HPO4

i

[a]

i

NaCl

51

1.5

g

NaH2PO4

44

1.5

g

RbCl

51

3.5

i

Na2CO3

43

3.0

i

NaNO3

52

1.5

g

Na2SO4

43

3.5

i

NaOBz

54

1.5

g

NaHCO3

45

4.0

i

KCl

55

2.5

i

[a] Partial gel formed at 5 mg/mL.
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Figure 100 - Average (n=3) absorbance graph of 72 (1.5 mg/mL) in all those solutions shown in Table 16 recorded for
each 200 µL sample at 45 C. Arrow indicates a change of absorbance at Abs. 450. Error bars represent the full range
of UV-Vis measurements for three repetitions.

As previously identified in Chapter 3.4.2 the Tm of the gelated materials investigated at
5 mg/mL ranged from  43 C to 54 C (Table 15). To further explore the hypothesis that an
increased Abs.450 value is indicative of gel fibre presence, a series of UV-Vis absorbance spectra
were recorded for each 200 µL sample at 5-degree increments from 25-45 C. The reason for
the 5-degree increments was to enable comparison with the Tm points of the gelated material,
to identify if the Abs.450 value decreases as those fibres dissociate with the addition of heat.
In a solution of H2O, instead of gel fibres, 72 is known to form self-associated spherical
aggregates that destabilise at temperatures > 40 C.136 Upon observation of the spectra obtained
for 72 in H2O at 25-45 C, as anticipated there was an absence of an increase in Abs.450 which
would be associated with gel fibre presence, instead Abs.450 remained at 0.03 AU for all
temperatures (Figure 101). Furthermore, there was also no notable change in spectra for
temperatures > 40 C. As a result, this experimental method cannot be used to identify
destabilisation of those spherical aggregates in solution at temperatures ≤ 45 C.
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Figure 101 - Average (n=3) absorbance graph of 72 (1.5 mg/mL) in H2O recorded for each 200 µL sample at 5-degree
increments from 25-45 C, showing no notable increase in Abs.450. Error bars represent the full range of UV-Vis
measurements for three repetitions.

There was also no discernible difference shown between UV-Vis absorbance spectra
obtained for solutions of 72 in DMSO over this same temperature range where instead of gel
fibres, dimeric species are known to prevail (Figure 102). The Abs.450 remained at 0.02 AU for all
temperatures, again supporting the hypothesis that an increase in this region is due to the
presence of gel fibres. Mirroring 72 in H2O, the spectra obtained show no evidence of dimer
dissociation with the annealing process. Furthermore, as there was no discernible difference
between the spectra obtained for 72 in H2O and DMSO, it can be concluded that UV-Vis
spectroscopy under these experimental conditions is unable to distinguish the difference
between spherical aggregates and dimeric species.
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Figure 102 – Average (n=3) absorbance graph of 72 (1.5 mg/mL) in DMSO recorded for each 200 µL sample at 5degree increments from 25-45 C, showing no notable increase in Abs. 450. Error bars represent the full range of UVVis measurements for three repetitions.

The spectra recorded for when 72 in the presence of a salt solution that forms a
hydrogel, show a significant increase in Abs.450. Using 72 in aqueous NaCl as an example, an
increase in Abs.450 of between 1.37-1.47 AU (temperature dependant) (Figure 103) was
observed. This increase from ≤ 0.03 AU for 72 in H2O/DMSO (where no fibres are considered to
be present) is hypothesised to be due to the presence of a fibrous network constituting a gelated
material.

Figure 103 – Average (n=3) absorbance graph of 72 (1.5 mg/mL) in aqueous NaCl recorded for each 200 µL sample at
5-degree increments from 25-45 C, showing Abs.450 values of between 1.37-1.47 AU. Error bars represent the full
range of UV-Vis measurements for three repetitions.
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This hydrogel (72 in aqueous NaCl) exhibits a Tm of  51 C therefore, the fibre
disassembly temperature range (Tfd) was expected to be greater than the capabilities of the
plate reader (> 45 C). Upon observation of the Abs.450 values (Table 17), there is a small
decrease of Abs.450 with increasing temperature from 25-45 C. However, this decrease is not
significant enough to proclaim the gel fibres have disassembled, therefore the Tfd was
established to be, as expected > 45 C, correlating with the Tm value as shown in Table 18 (where
Tfd refers to the fibre disassembly temperature range).
Table 17 - Average (n=3) absorbance values obtained at 450 nm (Abs. 450) for each 200 µL sample at 5-degree
increments from 25-45 C. Error = standard error of the mean.
Solution

H2O
DMSO
Na2HPO4
NaH2PO4
Na2CO3
Na2SO4
NaHCO3

Temp (°C)

Solution

25

30

35

40

45

0.03
± 0.00
0.02
± 0.00
0.43
± 0.03
1.20
± 0.09
1.21
± 0.04
1.52
± 0.08
1.18
± 0.04

0.03
± 0.00
0.02
± 0.00
0.41
± 0.02
1.17
± 0.08
1.15
± 0.04
1.52
± 0.09
1.15
± 0.04

0.03
± 0.00
0.02
± 0.00
0.39
± 0.02
1.14
± 0.08
1.07
± 0.03
1.50
± 0.08
1.12
± 0.04

0.03
± 0.00
0.02
± 0.00
0.34
± 0.01
1.05
± 0.08
0.55
± 0.04
1.46
± 0.08
1.07
± 0.04

0.03
± 0.00
0.02
± 0.00
0.14
± 0.01
0.17
± 0.01
0.06
± 0.01
0.13
± 0.01
0.08
± 0.00

NaOAc
NaF
RbCl
NaCl
NaNO3
NaOBz
KCl

Temp (C)
25

30

35

40

45

1.67
± 0.12
1.54
± 0.11
1.60
± 0.00
1.47
± 0.08
1.38
± 0.07
1.52
± 0.10
0.77
± 0.05

1.67
± 0.13
1.53
± 0.11
1.60
± 0.00
1.46
± 0.08
1.36
± 0.07
1.54
± 0.07
0.75
± 0.05

1.63
± 0.12
1.50
± 0.11
1.55
± 0.00
1.44
± 0.08
1.34
± 0.07
1.51
± 0.06
0.75
± 0.05

1.60
± 0.12
1.46
± 0.10
1.36
± 0.00
1.42
± 0.08
1.32
± 0.07
1.48
± 0.06
0.65
± 0.06

1.51
± 0.10
0.31
± 0.05
0.10
± 0.00
1.37
± 0.07
1.27
± 0.06
1.39
± 0.05
0.27
± 0.08

Table 18 - Average (n=3) Tm (°C) for hydrogels of 72 (5 mg/mL) and Tfd (°C) obtained for a hydrogels/incomplete
hydrogels of 72 (1.5 mg/mL) in H2O, DMSO or a 0.505 M aqueous salt solution. Tfd refers to the fibre disassembly
temperature range.

Soln.

Tm
°C

Tfd
°C

Soln.

Tm
°C

Tfd
°C

H2O

n/a

n/a

NaOAc

46

> 45

DMSO

n/a

n/a

NaF

47

40-45

Na2HPO4

[a]

< 25

NaCl

51

> 45

NaH2PO4

44

40-45

RbCl

51

40-45

Na2CO3

43

40-45

NaNO3

52

> 45

Na2SO4

43

40-45

NaOBz

54

> 45

NaHCO3

45

40-45

KCl

55

25-30

[a] Partial gel formed at 5 mg/mL.
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The results observed for 72 in aqueous NaCl were also representative for 72 in aqueous
salt solutions NaNO3, NaOBz and NaOAc, these materials were, like 72 in aqueous NaCl, also
shown to have a Tm > 45 C (Table 18) (Appendix 3.1, Figures S436, S437 and S432 respectively).
The Abs.450 values recorded at 45 C indicated the presence of what is hypothesised to be gel
fibres with values of 1.27, 1.39 and 1.51 AU respectively (Table 17). Interestingly, although 72 in
a solution of aqueous NaOAc is an incomplete/partial gel at 1.5 mg/mL, the spectra obtained for
this material still correlates with the Tm ( 46 C) value exhibiting a Tfd > 45 C. As a result, it can
be suggested that as fibres prevail below the MGC the Tm of a gel could be due to fibre
disassembly and is therefore concentration-independent.
Compound 72 in an aqueous solution of NaF was also shown to exhibit a Tm > 45 C
( 47 C. However, the UV-Vis spectra recorded for this material at temperatures 25-45 C,
showed a Tfd value of between 40 C to 45 C, as illustrated in Figure 104. Initial hypotheses led
towards the electronegativity of the fluoride ion, destabilising the gel fibres at temperatures
> 40 C, however, there is no evidence currently to support this theory, and therefore
investigations are ongoing.

Figure 104 - Average (n=3) absorbance graph of 72 (1.5 mg/mL) in aqueous NaF recorded for each 200 µL sample at
5-degree increments from 25-45 C, showing Abs.450 values of between 0.31-1.54 AU. Error bars represent the full
range of UV-Vis measurements for three repetitions.
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Comparatively, the spectra recorded for 72 in aqueous solutions of Na2CO3, NaHCO3,
Na2SO4 and NaH2PO4 which all form gels/partial gels with a Tm < 45 C, were shown to have a
decrease in Abs.450 as the Tm point was reached (Appendix 3.1, Figures S429, S431, S430 and
S428 respectively). An example of these spectra demonstrating this decrease is shown in Figure
105 where 72 in a solution of Na2CO3 exhibits a Tm of  43 C. As illustrated, with increasing
temperature 25-45 C a decrease in Abs.450 is apparent (Table 17).
It is evident that as the Tm is approached the fibres of the gelated material begin to
disassemble with a notable decrease observed in Abs.450 from 1.07 AU (35 C) to 0.55 AU (40 C),
this value then decreased further to 0.06 AU (45 C) where the Tm was reached and then
exceeded. The Abs.450 reading (0.06 AU (45 C)) correlated with that of previously discussed 72
in H2O where a low Abs.450 value (≤ 0.03 AU) was hypothesised to refer to an absence of material
fibres. This leads to a further hypothesis that the Tm does not only represent the gel-sol transition
temperature but also gelator monomer dissociation thus resulting in fibre solvation.

Figure 105 – Average (n=3) absorbance graph of 72 (1.5 mg/mL) in aqueous Na2CO3 recorded for each 200 µL sample
at 5-degree increments from 25-45 C, showing Abs.450 values of between 0.06-1.21 AU. Error bars represent the full
range of UV-Vis measurements for three repetitions.

The experiment to elucidate the Tm was conducted with materials at 5 mg/mL. As 72 in
an aqueous solution of Na2HPO4 at this concentration is a partial/incomplete gel a Tm was not
determined. As expected, the Abs.450 for this partial/incomplete gel was demonstrated to be
lower at 25 C, than those materials where at 5 mg/mL a gel is formed.
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As illustrated in Figure 106, this Abs.450 value was shown to be 0.43 AU at 25 C, as the
temperature increases to 40 C this value decreases to 0.34 AU, with a further increase to 45 C,
the Abs.450 value significantly drops to 0.04 AU (Table 17). This suggests that any fibres present
in this material disassemble between temperatures of 40 C and 45 C. It may therefore be
possible to predict the Tm of a partial/incomplete gel using this experimental method.

Figure 106 - Average (n=3) absorbance graph of 72 (1.5 mg/mL) in aqueous Na2HPO4 recorded for each 200 µL sample
at 5-degree increments from 25-45 C, showing Abs.450 values of between 0.04-0.43 AU. Error bars represent the full
range of UV-Vis measurements for three repetitions.

This experimental method to elucidate the presence of gel fibres by UV-Vis was shown
to be cation dependant. The spectra obtained for 72 in aqueous solutions of KCl or RbCl did not
follow the same patterns as those salts which contained a sodium cation. Instead, both partial
gels were shown to exhibit a lower Abs.450 value at 45 C (0.27 and 0.10 AU respectively) below
that of the relevant Tm points (55 C and 51 C respectively) (Appendix 3.1, Figures S438 and
S434). It is hypothesised that the increase in ionic conductivity where Rb+ > K+ > Na+ could be a
contributing factor, however, an exploration into this hypothesis remains the subject of ongoing
investigations.
When a salt dissolves in water it is known to have a significant influence on the water
structure and dynamics.269,270 Hofmeister, classified salts according to their relative ability for
stabilising or destabilising materials in aqueous solutions (Figure 107).34
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Using this classification, ions are separated into three groups, i) kosmotropes, commonly
referred to as structure makers, these well-hydrated ions are known to promote hydrophobic
interactions, which in turn stabilises solute aggregate formation;271 ii) borderline ions, these ions
have a moderate influence on structure stability; iii) chaotropes, commonly referred to as
structure breakers due to their ability to destabilise solute aggregates in aqueous conditions.272

Figure 107 – Conceptual sketch of The Hofmeister series.

Those partial/hydrogels of 72 containing salts with phosphate, carbonate or sulfate
anions were all found to exhibit a Tm < 46 C at 5 mg/mL (Table 18). When these partial/hydrogel
samples were heated within the microplate wells at 1.5 mg/mL from 25 C to 45 C, a decreasing
absorbance with increasing temperature was observed (Figure 108). The sequence of decrease
in Abs.450 values was found to follow the Hofmeister series. It is hypothesised that those strongly
hydrating anions (CO32- > SO42- > HPO42-) which promote the hydrophobic effect have an adverse
effect on the stability of the gels fibres, resulting in a lower Tm and consequently a lower Tfd.
However, the moderate hydrating anions (Cl- < NO2-) promote the formation of gel fibres with
higher fibre melting temperatures of  51 C and 52 C respectively and a Tfd > 45 C (Table 18).
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Figure 108 - Average (n=3) Abs.450 values for gels/partial gels of 72 (1.5 mg/mL) in aqueous salt solutions containing
either a phosphate, carbonate or sulfate anion, showing a decrease Abs.450 at 45 C. Error bars represent the full
range of Abs.450 for three repetitions.

In summary, it was shown that UV-Vis Abs.450 measurements can be used to verify the
presence of gel fibres within a sample of 72 (1.5 mg/mL) in the appropriate aqueous salt
solutions. It was demonstrated that an Abs.450 > 0.06 AU was indicative of fibre presence when
compared to other self-associated species such as dimers or spherical aggregates where an
Abs.450 ≤ 0.03 AU, at comparable concentrations. Interestingly the hydrogel fibres were shown
to prevail below the MGC, this led to the hypothesis that the Tm of a gel could be due to fibre
disassembly and is therefore concentration-independent. To conclude this high-throughput
method (up to 384 experiments simultaneously) can be used to detect gelated material
formation through observation of change in absorbance.

4.3 Optical density measurements
Optical density (OD) measurements recorded from spectral microplate well scans, were
then explored to identify if this method could also be used to further characterise a
supramolecular gel. The advantages of spectral microplate well matrix scanning using plate
reader technology include i) high-throughput, up to 384 experiments simultaneously; ii) multiple
measurements in each well with a resolution of up to 900 points per well.
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This an essential requirement when a single reading is inadequate due to uneven sample
distribution across the well.
For this study, 3D spectral analysis well scans were conducted analogously to those
experimental conditions with the UV-Vis absorbance measurements, where an increase in
absorbance at 450 nm was concluded to be indicative of gel fibre presence. Therefore, spectral
microplate well scans were conducted for 72 (1.5 mg/mL) in various aqueous salt solutions
(0.505 M) (Chapter 4.2, Table 18), H2O and DMSO at 450 nm (OD450) over a 25 C to 45 C
temperature range. The surface area of each well was divided into 177 sections, with an OD450
measurement obtained for the entire depth of the sample. This method allowed for the
observation of any self-associated structures of 72 within each microplate well.
The spectral microplate well scan recorded for 72 in an H2O solution, where spherical
aggregates are known to persist, exhibited a greater OD450 towards the periphery of the well
(Figure 109b). As amphiphilic compounds such as 72, are known to preferentially self-associate
at the interface until the CMC is reached,273 this greater OD450 value towards the periphery of
the well is therefore consistent with the surfactant properties of 72.136 However, there is only a
negligible increase in OD450 values towards the centre of the microplate well, suggesting those
large spherical aggregates which exist in the bulk of the solution are not detected by this
experimental method. To ensure that the observed increase in OD450 was due to the presence
of any self-associated structures of 72, solution standards were tested, as illustrated in Figure
109a. The OD450 value of H2O was shown to be 0.03 AU across the entirety of the well, confirming
the increase in OD450 in Figure 109b was due to the presence of 72. As the temperature is
increased from 25 C (Figures 109a and 109b) to 45 C (Figures 110a and 110b) little notable
change is observed between spectral scans, again this suggests that this experimental method
cannot be used to evident destabilisation of any self-associated structures at the periphery of
the well or in the bulk of the H2O solution at temperatures ≤ 45 C.

155 | P a g e

Chapter 4 – High-throughput material characterisation

Figure 109 – Spectral analysis microplate well scans conducted at 25 C at OD450 with a) H2O and b) 72 (1.5 mg/mL) in
H2O.

Figure 110 - Spectral analysis microplate well scans conducted at 45 C at OD450 with a) H2O and b) 72 (1.5 mg/mL) in
H2O.

Within the scope of these experiments, two-dimensional (2D) OD450 maps were also
produced. These 2D maps are representative of those data shown in Figures 109b and 110b. To
analyse these data a colour gradient system was used, such as shown in Figure 111 where each
segment (outlined in black) represents a different portion of the microplate well, each individual
measurement is recorded for the entire depth of the sample (top to bottom).
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These results demonstrate lower OD450 values of between 0.00 to 0.99 AU (blue) occurring
towards the centre of the microplate well, with higher values of between 2.00 to 3.00 AU (red)
occurring towards the periphery of the microplate well. In correlation with previous data shown
(Figure 109b and 110b).

Figure 111 – OD450 intensity maps produced for 72 (1.5 mg/mL) in H2O at a) 25 C and b) 45 C. Blue: OD450 = 0.00–
0.99 AU. Pink: OD450 = 1.00–1.99 AU. Red: OD450 = 2.00–3.00 AU.

Comparatively, 72 in a solution of DMSO at 25 C, where only dimeric species are known
to exist, a high OD450 is again observed at the microplate well periphery (Figure 112a). Conversely
when the temperature is increased to 45 C this OD450 value decreases as shown in Figure 112b,
where those colours associated with increased OD450 values are shown to reduce. It is
hypothesised that this observation may be due to the initial disassembly of the self-associated
structures.
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The 2D OD450 maps were shown to correlate with the spectral 3D microplate well scan data
illustrated in Figures 113a and 113b, with lower readings towards the centre of the microplate
well of 0.00 to 0.99 AU (blue) and a lower percentage of those higher values towards the edge
of the microplate well of 2.00 to 3.00 AU (red).

Figure 112 - Spectral analysis microplate well scans conducted with 72 (1.5 mg/mL) in DMSO at temperatures of a)
25 C and b) 45 C at OD450.
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Figure 113 - OD450 intensity maps produced for 72 (1.5 mg/mL) in DMSO at a) 25 C and b) 45 C. Blue: OD450 = 0.00–
0.99 AU. Pink: OD450 = 1.00–1.99 AU. Red: OD450 = 2.00–3.00 AU.

For a solution in which 72 acts as a gelator, where the gelated material exhibits a
Tm > 45 C (Chapter 4.2, Table 18), a uniformed intensity across the entirety of the microplate
well at 25 C is observed, in this instance aqueous NaCl which has a Tm of  51 C, (Figure 114a).
With the increase of temperature to 45 C, this uniformed intensity continues (Figure 114b).
These observations correlated with the previously reported UV-Vis measurements, where there
was no observable decrease in Abs.450 with an increase in temperature below that of the Tm. The
corresponding 2D intensity maps show no discernible difference between the two maps with an
increase in temperature from 25 C (Figure 115a) to 45 C (Figure 115b) as expected. However,
once more, there is a slightly greater OD450 value observed towards the periphery of the
microplate well (2.00 to 3.00 AU, red).
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In this instance, the centre of the microplate wells OD450 values, 1.00–1.99 AU (pink) are higher
than previously observed for those samples where there is an absence of fibres (0.00 to 0.99
AU, blue). This not only supports the presence of fibres but also shows a greater distribution of
amalgamations of fibres towards the microplate well periphery compared to those present in
the bulk of the solution.

Figure 114 – Spectral analysis microplate well scans conducted with 72 (1.5 mg/mL) in an aqueous NaCl (0.505 M) at
temperatures of a) 25 C and b) 45 C at OD450.

160 | P a g e

Chapter 4 – High-throughput material characterisation

Figure 115 - OD450 intensity maps produced for 72 (1.5 mg/mL) in an aqueous solution of aqueous NaCl (0.505 M) at
a) 25 C and b) 45 C. Blue: OD450 = 0.00–0.99 AU. Pink: OD450 = 1.00–1.99 AU. Red: OD450 = 2.00–3.00 AU.

Aqueous salt solutions of NaOBz, NaNO3, NaOAc, NaF, RbCl and KCl all when in the
presence of 72 forms a gelated material with a Tm > 45 C. Mirroring those results obtained with
72 in aqueous NaCl, where a uniformed intensity across the entirety of the microplate well at
temperatures 25-45 C was observed, again supporting the presence of fibres within the sample
(Appendices 3.2 and 3.3). Interestingly, it was previously identified in the UV-Vis experiments
that solutions containing different cations to sodium such as rubidium and potassium or strong
electronegative anions such as fluoride, all were shown to have a Tfd temperature below the Tm
of the material (Chapter 4.2). However, this was not observed with the spectral microplate well
scans, this would suggest that the UV-Vis measurements are a good preliminary experiment.
But, for a more informative investigation, spectral microplate well scans that scan the entire
depth of the microplate well at a particular wavelength would be better suited.
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For those spectral microplate well scans of 72 in aqueous solutions of Na2SO4, NaHCO3,
NaHPO4 or Na2CO3 which all exhibit a Tm < 45 C (Chapter 4.2, Table 18), it was expected that a
decrease in OD450 would be observed as the Tm is approached. However, when 72 acts as a
gelator in the presence of an aqueous solution of Na2SO4 or NaHCO3 the microplate well scans
and corresponding intensity maps show a negligible difference between microplate wells with
an increase in temperature, as to why these samples are anomalies, is currently under
investigation. However, both materials exhibit relatively high MGC values of 3.5 and 4.0 mg/mL
respectively, so this could a contributing factor.
An example of a material where the fibres do disassemble upon approaching the Tm is
given for 72 in aqueous Na2CO3, which demonstrates no discernible difference between
microplate well scans recorded at 25 C (Figure 116a) and 35 C (Figure 116b). This was
anticipated as the Tm of this material was recorded to be  43 C. Upon comparison of the
microplate well scan recorded at 35 C with the microplate well scan recorded at 45 C (above
that of the Tm), a greater increase in OD450 was observed at the higher temperature, this is
depicted in the significant change in colour towards the centre of the microplate well as shown
in Figure 115c.
Upon comparison of the microplate well scans recorded at 25 C for 72 in aqueous NaCl
(MGC, 1.5 mg/mL) with 72 in aqueous Na2CO3 (MGC, 3.0 mg/mL) (Chapter 4.2, Table 16), the
latter does not exhibit the same uniformed distribution of OD450 values across the entire well
plate (Figures 114a and 116a). Instead, exhibiting lower values towards the centre of the
microplate well. This is hypothesised to be due to, under the experimental conditions performed
in this study, 72 in aqueous Na2CO3 is an incomplete gel, supporting the theory that fibres for
these materials discussed, initially form predominantly at the periphery of the microplate well.
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Figure 116 - Spectral analysis microplate well scans conducted with 72 (1.5 mg/mL) in an aqueous solution of Na2CO3
(0.505 M) at temperatures of: a) 25 C; b) 35 C; c) 45 C at OD450.

The corresponding 2D OD450 intensity maps to those microplate well scans of 72 in
aqueous Na2CO3 show a clear decrease in OD450 as the temperature approached the Tm of
 43 C. Interestingly, the intensity map recorded at 25 C (Figure 117a) although visually looks
similar to that obtained for 72 in aqueous NaCl at the same temperature (Figure 115a), the
individual values in the centre are significantly lower supporting the earlier hypothesis that
fibres favourably form towards the surface. As the temperature is increased through to 35 C
lower OD450 values (0.00–0.99 AU, blue) become more apparent (Figure 117b), again these are
located towards the centre of the well.
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As the temperature exceeds that of the Tm ( 43 C), the distribution of those lower
values become significantly greater as illustrated in Figure 117c, however, a proportion of fibres
are shown to prevail towards the edge of the microplate well. This further supports the
hypothesis that the Tm (Table 18) is the melting temperature of the material fibres, not simply
the melting temperature of the material itself at 5 mg/mL.

Figure 117 - OD450 intensity maps produced for 72 (1.5 mg/mL) in an aqueous solution of Na2CO3 (0.505 M) at a) 25 C,
b) 35 C and b) 45 C. Blue: OD450 = 0.00–0.99 AU. Pink: OD450 = 1.00–1.99 AU. Red: OD450 = 2.00–3.00 AU.
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The spectral microplate well scans and corresponding 2D OD450 intensity maps of 72 in
an aqueous solution of Na2HPO4 which forms a partial/incomplete gel at 5 mg/mL (Chapter 4.2,
Table 16), show at a temperature of 25 C OD450 values of 0.00–1.99 AU (pink and blue) across
the well (Figures 118a and 119a). Interestingly, with a temperature increase from 25 C through
to 45 C an increase in OD450 is apparent (Figures 118b and 119b), with OD450 values of
2.00-3.00 AU present at the periphery of the well. Figures 118b and 119b resemble those of 72
in H2O at an analogous temperature (Figures 109b and 110b), this would suggest that the
addition of heat, in this case, induces self-associated structure formation with 72 demonstrating
more surfactant-like properties as opposed to gelator-like properties.

Figure 118 - Spectral analysis microplate well scans conducted with 72 (1.5 mg/mL) in an aqueous solution of Na2HPO4
(0.505 M) at temperatures of a) 25 C and b) 45 C at OD450.
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Figure 119 - OD450 intensity maps produced for 72 (1.5 mg/mL) in an aqueous solution of Na2HPO4 (0.505 M) at a)
25 C and b) 45 C. Blue: OD450 = 0.00–0.99 AU. Pink: OD450 = 1.00–1.99 AU. Red: OD450 = 2.00–3.00 AU.

4.3.1 OD450 ratio
To identify if it was possible to determine the presence of gel fibres from the data
obtained from the 2D OD450 intensity maps, the ratio of the highest and lowest (maximum and
minimum) OD450 values recorded for a single well, of a single sample, at a single temperature
were calculated as shown in Table 19. Through ratioing these values it then becomes possible
to screen these data for the presence of gel fibres and identify a gel-sol/gel fibre melting
temperature (Tm) range. These data can then be validated with comparisons of those values
shown in Table 18 (Chapter 4.2).
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Table 19 - Average (n=3) OD450 minimum, maximum and ratio values (minimum/ maximum) taken from the spectral
well scan data of 72 (1.5 mg/mL) in H2O, DMSO and various aqueous salt solutions (0.505 M) at 25 °C - 45 °C. Error =
standard error of the mean (±).
Soln.

H2O

DMSO

Na2HPO4

NaH2PO4

Na2CO3

Na2SO4

NaHCO3

OD450

Min
Error (±)
Max
Error (±)
Min/Max
Error (±)
Min
Error (±)
Max
Error (±)
Min/Max
Error (±)
Min
Error (±)
Max
Error (±)
Min/Max
Error (±)
Min
Error (±)
Max
Error (±)
Min/Max
Error (±)
Min
Error (±)
Max
Error (±)
Min/Max
Error (±)
Min
Error (±)
Max
Error (±)
Min/Max
Error (±)
Min
Error (±)
Max
Error (±)
Min/Max
Error (±)

Temp (°C)

Soln.

25

30

35

40

45

0.06
0.00
2.80
0.01
0.02
0.00
0.05
0.00
3.50
0.00
0.01
0.00
0.60
0.02
1.91
0.01
0.31
0.01
1.38
0.06
2.51
0.14
0.55
0.01
0.86
0.34
2.47
0.01
0.35
0.10
1.55
0.36
2.49
0.13
0.62
0.14
1.25
0.01
2.21
0.06
0.57
0.02

0.06
0.00
2.80
0.01
0.02
0.00
0.05
0.00
3.50
0.00
0.01
0.00
0.57
0.03
1.94
0.02
0.29
0.02
1.33
0.06
2.58
0.12
0.51
0.01
0.83
0.33
2.48
0.07
0.33
0.08
1.54
0.37
2.50
0.15
0.61
0.14
1.21
0.02
2.25
0.04
0.54
0.02

0.06
0.00
2.82
0.03
0.02
0.00
0.05
0.00
3.50
0.00
0.01
0.00
0.56
0.03
1.92
0.04
0.29
0.01
1.29
0.06
2.50
0.14
0.52
0.03
0.80
0.32
2.47
0.08
0.32
0.10
1.51
0.40
2.50
0.19
0.6
0.15
1.18
0.03
2.26
0.04
0.52
0.01

0.05
0.00
2.85
0.03
0.02
0.00
0.05
0.00
3.50
0.00
0.01
0.00
0.53
0.02
1.91
0.04
0.28
0.01
1.19
0.12
2.45
0.09
0.49
0.00
0.68
0.31
2.43
0.06
0.28
0.08
1.50
0.41
2.55
0.22
0.59
0.14
1.15
0.02
2.24
0.02
0.51
0.00

0.05
0.00
2.84
0.04
0.02
0.00
0.05
0.00
2.95
0.21
0.02
0.00
0.08
0.01
2.57
0.20
0.03
0.00
0.14
0.00
2.87
0.02
0.05
0.00
0.11
0.02
2.21
0.02
0.05
0.01
1.36
0.33
2.43
0.13
0.56
0.05
1.08
0.02
2.24
0.08
0.48
0.01

NaOAc

NaF

RbCl

NaCl

NaNO3

NaOBz

KCl

OD450

Min
Error (±)
Max
Error (±)
Min/Max
Error (±)
Min
Error (±)
Max
Error (±)
Min/Max
Error (±)
Min
Error (±)
Max
Error (±)
Min/Max
Error (±)
Min
Error (±)
Max
Error (±)
Min/Max
Error (±)
Min
Error (±)
Max
Error (±)
Min/Max
Error (±)
Min
Error (±)
Max
Error (±)
Min/Max
Error (±)
Min
Error (±)
Max
Error (±)
Min/Max
Error (±)

Temp (C)
25

30

35

40

45

2.05
0.01
2.91
0.00
0.7
0.00
1.60
0.12
2.90
0.12
0.55
0.01
1.37
0.11
2.77
0.11
0.50
0.07
1.69
0.03
2.67
0.01
0.63
0.01
1.58
0.11
2.54
0.04
0.62
0.00
1.74
0.01
2.72
0.01
0.64
0.00
1.79
0.19
3.10
0.10
0.58
0.04

2.04
0.01
2.96
0.02
0.69
0.00
1.44
0.34
2.95
0.21
0.49
0.04
1.34
0.15
2.83
0.13
0.48
0.08
1.66
0.03
2.66
0.02
0.63
0.01
1.57
0.11
2.55
0.06
0.61
0.00
1.73
0.01
2.80
0.03
0.62
0.00
1.78
0.11
3.20
0.03
0.56
0.03

2.01
0.00
2.96
0.06
0.68
0.01
1.45
0.26
2.92
0.31
0.5
0.01
1.24
0.17
2.82
0.19
0.44
0.05
1.65
0.03
2.70
0.01
0.61
0.01
1.54
0.10
2.52
0.03
0.61
0.01
1.71
0.01
2.78
0.02
0.62
0.00
1.75
0.15
3.25
0.23
0.54
0.01

1.97
0.01
2.94
0.02
0.67
0.01
1.43
0.13
2.87
0.22
0.5
0.00
1.20
0.30
2.74
0.04
0.44
0.02
1.63
0.03
2.69
0.04
0.61
0.01
1.52
0.11
2.50
0.05
0.61
0.02
1.69
0.01
2.82
0.01
0.6
0.00
1.73
0.13
3.27
0.14
0.53
0.02

1.90
0.01
2.92
0.05
0.65
0.01
1.40
0.03
2.90
0.32
0.48
0.03
1.34
0.22
2.80
0.09
0.48
0.10
1.61
0.03
2.73
0.04
0.59
0.01
1.48
0.12
2.48
0.02
0.60
0.05
1.67
0.01
2.85
0.03
0.58
0.00
1.54
0.06
3.29
0.24
0.47
0.03
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In analysing these data in this manner four distinct observations can be made through
ratioing the OD450 values, as follows:
1. Identification for the presence of gel fibres. It is known through previous experiments
that 72 in aqueous NaCl forms a material that is uniformly gelled. Through the ratioing
of OD450 values for this gel, a constant value of ≥ 0.59 AU was recorded at temperatures
25-45 C (Figure 120, red), these values are indicative of fibre presence.
2. Identification of the absence of gel fibres. A ratio value < 0.06 AU as depicted for 72 in
H2O (Figure 120, green) indicates proportionally very few if any gel fibres present in a
sample. This value (< 0.06 AU) is also observed for 72 in aqueous Na2CO3 at 45 C above
that of the Tm for this material, where fewer fibres are expected to be present (Figure
120, blue).
3. Identification of the gel-sol/gel fibre melting temperature (Tm) range. As shown in Figure
120, blue for 72 in aqueous Na2CO3, the OD450 ratio remains fairly constant at
temperatures 25-40 C, then a decline in OD450 was observed from 40 C ( 0.28 AU) to
45 C ( 0.05 AU) this was hypothesised to be due to the disassembly of the gel fibres,
from these data it may be possible to predict the Tm value.
4. Identification of the number of fibres present in a material. As illustrated in Figure 120
the data obtained for three different material types show three different levels of
absorbance intensity. Those materials with a Tm > 45 C (red) exhibit a greater intensity
than those with a Tm < 45 C (blue), which in turn exhibits a greater intensity than those
in which there are little to no fibres known to be present (green).
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Figure 120 - Average (n=3) ratio values (OD450 maximum/OD450 minimum) taken from the spectral well scan data
of 72 (1.5 mg/mL) in aqueous salt solutions (0.505 M) of NaCl (red), Na2CO3 (blue) and in H2O (green). Error bars
represent the full range of OD450 ratio values to be calculated from the n=3 OD450 maxima and minimum data.

Examples of point three from above are illustrated in Figures 121a and 121b where it is
shown for those materials which are known to have a Tm > 40 C but < 45 C (Chapter 4.2, Table
18), a significant decrease in OD450 is observed between these two temperatures, signifying the
disassembly of gel fibres. Figure 121c interestingly shows the OD450 ratio for 72 in aqueous
Na2HPO4, which as discussed is a partial/incomplete gel at 5.0 mg/mL, therefore a Tm value was
not determined. Upon observation of the graph (Figure 121c) not only was there an indication
of the presence of fibres with an OD450 value > 0.06 AU recorded for temperatures 25-40 C, but
also a steep decrease in the OD450 value from 0.28 (40 C) to 0.03 AU (45 C), indicating fibre
disassembly between these temperatures. With comparison of the absorbance intensities
between 72 in aqueous NaH2PO4 with Na2HPO4, which have MGC values of 1.5 mg/mL and
> 5.0 mg/mL respectively. A greater intensity is visible for the material which has the lower MGC
(Figure 121b) indicating more fibres to be present than the material with a higher MGC (Figure
121c). Additionally, the intensity absorbance for 72 in aqueous NaH2PO4 is shown to be similar
to that of 72 in aqueous NaCl where both have MGC values of 1.5 mg/mL. This further supports
the hypothesis that these methods may be used to predict gel-sol/gel fibre Tm range and fibre
quantity.

169 | P a g e

Chapter 4 – High-throughput material characterisation

Figure 121 - Average (n=3) ratio values (OD450 maximum/OD450 minimum) taken from the spectral well scan data
of 72 (1.5 mg/mL) in aqueous salt solutions (0.505 M) of: a) Na2CO3; b) NaH2PO4; c) Na2HPO4. Error bars represent the
full range of OD450 ratio values to be calculated from the n=3 OD450 maxima and minimum data.

In summary, it was shown that 3D OD450 spectral microplate well scans and the
corresponding 2D intensity maps are a reliable method for determining the presence of gel
fibres in a material, this was indicated by the comparatively high OD450 measurements uniformly
recorded across the entirety of the microplate well. The data recorded for these experiments
was shown to correlate with Tm values with a decrease in OD450 observed as the Tm was
approached. Additionally, through the ratio of the OD450 maximum and minimum values, it was
possible to determine fibre presence and absence in addition to predicting the Tm range of
material.
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4.4 Fluorescence spectroscopy
Finally, due to the intrinsic fluorescent nature of 72, the self-assembly processes of this
SSA were investigated using fluorescence spectroscopy combined with microplate reader
technology, enabling in this instance 96 experiments to be processed simultaneously. The
recorded spectra for 72 in H2O, where it is known spherical aggregates persist instead of gel
fibres, demonstrated an increase in both excitation and emission (when excited at 435 nm)
intensity profiles with an increase of temperature from 25 C to 45 C (Figure 122). As known
temperatures > 40 C break the monomeric self-associative bonds.136 Interestingly, this
destabilisation was not observed with the UV-Vis or optical density studies. However,
fluorescence spectroscopy is a much more sensitive technique which can detect this
transformation when other less sensitive techniques cannot.

Figure 122 - Average (n=3) fluorescence excitation (left) and emission (right) spectra of 72 (1.5 mg/mL) at 25 C (green)
and 45 C (blue) in H2O.

Moving into a solution of DMSO, no distinguishable differences between excitation and
emission intensity profiles with an increase of temperature was observed (Figure 123). This
supports the UV-Vis (Chapter 4.2) and optical density (Chapter 4.3) measurements discussed
previously where, with an increase of temperature, a negligible difference was noted.
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Comparatively, the excitation and emission maxima are much greater for 72 in DMSO
as opposed to H2O, which in the previous UV-Vis studies of 72 in these solutions were shown to
be very similar. This is hypothesised to be due to much smaller dimeric fluorophores, free
existence in solution instead of being confined within the spherical aggregate structure or a
fibrous network.

Figure 123 – Average (n=3) fluorescence excitation (left) and emission (right) spectra of 72 (1.5 mg/mL) at 25 C
(green) and 45 C (blue) in DMSO.

Interestingly, when 72 acts as a gelator in the presence of aqueous salt solutions the
excitation and emission profiles (Figures 124 and 125) resemble that of 72 in H2O (Figure 122).
Therefore due to the lack of distinguishable spectral features, it was not possible to verify the
presence of gel fibres over spherical aggregates using this method. However, with the excitation
and emission profiles obtained it was possible to track the disassembly of both the aggregated
structure and all those gelated materials which exhibit a Tm < 45 C (72 in aqueous NaH2PO4,
Na2HPO4, Na2CO3, Na2SO4 or NaHCO3) (Appendix 3.4). Here the disassembly process can be
identified with increasing emission spectrum, as the destabilisation temperature of the spherical
aggregates and Tm of the gelated material is approached (Figures 122 and 125). There is very
little change in emission spectra for those materials with a Tm > 45 C such as 72 in aqueous
solutions of NaOBz, NaOAc, NaNO3, KCl, NaF, RbCl and NaCl (Figure 124) (Appendix 3.4) which
again supports the presence of gel fibres in these samples at temperatures of 25 C to 45 C.
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However, no significant difference/pattern was observed between the excitation
profiles of the materials tested. It is hypothesised that this may be due to the quantity of
fluorophore shielded from the excitation wavelengths supplied through self-associated
structure internalisation. This is further supported when comparing these data to those of
compound dimerisation observed in DMSO (Figure 123).

Figure 124 – Average (n=3) fluorescence excitation (left) and emission (right) spectra of 72 (1.5 mg/mL) at 25 C
(green) and 45 C (blue) in aqueous NaCl (0.505 M).

Figure 125 - Average (n=3) fluorescence excitation (left) and emission (right) spectra of 72 (1.5 mg/mL) at 25 C (green)
and 45 C (blue) in aqueous Na2CO3 (0.505 M).

In summary, it was shown that this sensitive technique can distinguish the difference
between the presence of dimers and larger self-associated aggregates in solution. However, this
method could not reliably verify the presence of gel fibres over spherical aggregates.
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4.5 Chapter 4: Summary
Using UV-Vis absorbance measurements it has been demonstrated that increased
Abs.450 values are indicative of gel fibre presence. In aqueous solutions, spectral well-scans
confirmed amphiphilic self-assembly processes at the interface of the microplate well in the
presence and absence of gel fibre formation. Optical density measurements were used to
selectively observe the formation of gel fibres. Furthermore, through the ratio of OD450
maximum and minimum values, it was possible to determine fibre presence and absence in
addition to predicting the Tm range of material. It was established that although fluorescence
spectroscopy is a sensitive technique for molecular characterisation, here this sensitivity means
that this method is unable to distinguish between spherical aggregate and gel fibre formation.
Finally, it was also proposed that the Tm of a supramolecular gel may be due to the
disassembly temperature of the supramolecular fibre and therefore concentrationindependent, however, investigations into this theory are ongoing.

4.6 Chapter 4: Conclusion
In this chapter, a tool-kit of novel high-throughput gel characterisation methods using
microplate reader technology for supramolecular LMWG systems has been introduced. The
benefits of using this instrumentation for supramolecular gel characterisation affords: i) low
sample evaporation; ii) in-situ gel-sol/sol-gel measurement; iii) low sample volume ≈ 200 µL; iv)
multiple experimental measurements per sample; v) retention of sample integrity; vi) up to 384
experiments to be performed simultaneously.

4.7 Future work
Future work will involve further investigations into the hypothesis that those systems
investigated within the scope of this chapter are concentration-independent to the point of
solution saturation. An additional series of analogous experiments will be performed through
serial dilution of the most concentrated sample.
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The data from these samples will then be analysed to determine if the proportion of fibres
present in a sample, changes exponentially with concentration or whether they remain
constant.
Investigations will continue as to whether the destabilisation of the gel fibres observed
in the UV-Vis experiments at temperatures > 40 C for 72 in aqueous NaF, is due to the
electronegativity of the fluoride ion or whether there are other plausible explanations for this.
Additionally, the relationship between MGC values when 72 acts as a gelator in the presence of
an aqueous solution of Na2SO4 or NaHCO3 and observed negligible difference between
microplate wells with an increase in temperature will be further explored.
Furthermore, recent collaboration with Dr Emily Draper (University of Glasgow), has
given valuable input with regard to the data interpretation and communication which has
resulted in the data from this chapter being published.1 Dr Drapers recent work investigates the
use of neutron diffraction techniques towards the characterisation of selectively deuterated
gels.268 We are currently planning to collaborate with Dr Draper to see if this technique will aid
us in gaining an understanding of the packing arrangements of those systems discussed within
this chapter.
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Chapter 5
5.1 Final conclusion
This thesis has focussed on understanding and predicting the self-associated properties
of 30 structurally related compounds which have enabled the elucidation of preliminary
structure-activity relationships that govern the self-associated abilities for this class of
compound. It has been established that the physical state and the competitive solvent system
in which these compounds are dissolved in plays an integral role in their self-association
properties and that by using low-level computational modelling methods it may be possible to
predict dimerisation constants and CMC values.
Additionally, it has been shown that the type of supramolecular materials formed can
be controlled though modification of the solvent environment. In the presence of DMSO, dimers
with a dH < 1.7 nm were shown to be present, and in H2O the self-association of spherical
aggregates (dH 100-550 nm) was detected. However, with the addition of salt, the preferential
self-association of fibres was observed, resulting in the production of hydrogels. The
physicochemical and morphological properties of which were reliant on the salt present. The
stability of the resultant gelated material was found to be dependent on several salt solution
based factors such as cation size; ionic strength and pH.
Finally, a tool-kit of novel high-throughput gel characterisation methods using
microplate reader technology for supramolecular LMWG systems has been produced. These
methods allow for the observation of up to 384 samples simultaneously. Using these novel
methodologies it became possible to identify the presence or absence of gel fibres. In aqueous
solutions, spectral well-scans confirmed amphiphilic self-assembly processes at the interface of
the microplate well, in the presence and absence of gel fibre formation. Optical density
measurements were used to selectively observe the formation of gel fibres. Furthermore,
through the ratio of OD450 maximum and minimum values, it was possible to determine fibre
presence and absence in addition to predicting the Tm range of these hydrogel materials.
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Chapter 6
6.1 General information
6.1.1 General information: Chapter 2
General remarks: A positive pressure of nitrogen and oven dried glassware were used
for all reactions. All solvents and starting materials were purchased from known chemical
suppliers or available stores and used without any further purification unless specifically
stipulated.
The NMR spectra were obtained using a Jeol ECS-400, Burker AV2 400 MHz or AVNEO
400 MHz spectrometer. The data was processed using ACD Labs, MestReNova or Topspin
software. NMR Chemical shift values are reported in parts per million (ppm) and calibrated to
the centre of the residual solvent peak set (s = singlet, br = broad, d = doublet, t = triplet, q =
quartet, m = multiplet). Self-association constant calculation: Self-association constants were
determined using Bindfit v0.5 (http://app.supramolecular.org/bindfit/). All the data can be
accessed online using the hyperlinks provided.
The melting point for each compound was measured using Stuart SMP10 melting point
apparatus which has a temperature range from ambient to 200 °C, compounds which exhibit a
melting point greater than 200 are displayed as > 200 °C. Infrared spectra were obtained using
a Shimadzu IR-Affinity-1 model Infrared spectrometer. The data are analysed in wavenumbers
(cm -1) using IRsolution software.
DLS and zeta potential studies: DLS and Zeta Potential studies were carried out using
Malvern Zetasizer Nano ZS or Anton Paar LitesizerTM 500 and processed using KalliopeTM
Professional. DLS sample preparation: All vials used for preparing the samples were clean and
dry. All solvents used were filtered to remove any particulates that may interfere with the results
obtained. Samples of different concentrations were obtained through serial dilution of a
concentrated solution. All samples underwent an annealing process, in which they were heated
to 40 °C before being allowed to cool to 25 °C. A series of 9 or 10 runs were recorded at 25 °C.
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Zeta potential sample preparation: All vials used for preparing the samples were clean and dry.
All solvents used were filtered to remove any particulates that may interfere with the results
obtained. All samples underwent an annealing process in which the various solutions were
heated to approximately 40 °C before cooling to room temperature, allowing each sample to
reach a thermodynamic minimum. The final zeta potential value given is an average of the
number of experiments conducted at 25 °C.
Single Crystal X-ray Studies: A suitable crystal of each amphiphile was selected and
mounted on a Rigaku Oxford Diffraction Supernova diffractometer. Data were collected using
Cu Kα radiation at 100 K or 293 K as necessary due to crystal instability at lower temperatures.
Structures were solved with the ShelXT or ShelXS structure solution programs via Direct
Methods and refined with ShelXL by Least Squares minimisation. Olex2 was used as an interface
to all ShelX programs (CCDC 1997431-1997433).
Mass Spectrometry: High-resolution mass spectrometry was performed using a Bruker
microTOF-Q mass spectrometer and spectra recorded and processed using Bruker’s Compass
Data Analysis software. Sample preparation: Approximately 1 mg of each compound was
dissolved in 1 mL of methanol. This solution was further diluted 100-fold before undergoing
analysis where 10 μL of each sample was then injected directly into a flow of 10 mM ammonium
acetate in 95 % water (flow rate = 0.02 mL/min).
Tensiometry Studies: Tensiometry measurements were undertaken using the Biolin
Scientific Theta Attension optical tensiometer. The data was processed using Biolin
OneAttension software. A Hamilton (309) syringe was used for the measurements. Sample
preparation: All the samples were prepared in an EtOH:H2O (1:19) solution. All samples
underwent an annealing process in which the various solutions were heated to approximately
40 °C before being allowed to cool to room temperature, allowing each sample to reach a
thermodynamic minimum.
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All samples were prepared through serial dilution of the most concentrated sample. Three
surface tension measurements were obtained for each sample at a given concentration, using
the pendant drop method. The average values were then used to calculate the critical micelle
concentration (CMC).
Low-level computational studies: All calculated parameters relating to logP,
polarization or electrostatic potential maps were calculated using spartan'16 from optimised
geometries obtained at the PM6 level.58,185

6.1.2 General information: Chapter 3
Hydrogel preparation: The appropriate aqueous salt solution (1 mL, 0.505 M) was
added to the specified quantity of the compound in a glass vial and heated to approximately
60 °C until dissolved then left at room temperature to allow gelation to occur. Gel formation
was achieved through an annealing process in which the pre-gel mixture was heated until the
gelator (72) had dissolved. At this point, the samples were sealed and allowed to cool to room
temperature, before undergoing an inversion test to confirm the formation of a hydrogel. The
formation of a hydrogel was attempted through the addition of the salt solution only, as well as
the use of mechanical agitation by a vortexer and sonication. As neither of these conditions
yielded hydrogels, this is indicative of the stability of the self-associated aggregates.
Fluorescence microscopy: Samples were visualised using an Olympus IX71 microscope
with PlanApo 100x OTIRFM-SP 1.49 NA lens mounted on a PIFOC z-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 illuminated using LED light sources (Cairn Research Ltd, Faversham, UK) with
DC/ET350/50x excitation and DC/457/50m emission filters (Chroma, Bellows Falls, VT). Samples
were visualised using a Zyla 5.5 (Andor) CMOS camera, and the system was controlled with
Metamorph software (Molecular Devices). Sample preparation: The appropriate salt solution
(1 mL, 0.505 M) was added to 5 mg of the compound in a glass vial and heated to 60 °C.
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This solution was then transferred to a glass slide where it was then covered by a further glass
slide before being mounted onto the microscope stage. Images were analysed using Fiji software
with the SRRF plugin.
Rheometer hydrogel preparation and experimental: Rheological measurements were
recorded on an Anton Parr modular compact rheometer (MCR302) using cylinder probe ST104V-8.8/97.5. Sample preparation: Each experiment was run in triplicate. The appropriate salt
solution (1 mL, 0.505 M) was added to 5 mg of the compound in a glass vial with an internal
diameter of 1 cm and heated to approximately 60 °C until dissolved. The sample was positioned
on the rheometer and set with a relaxation time of 60 minutes. Oscillatory amplitude
experiments maintained a frequency of 10 rad s−1 and performed with the amplitude of
oscillation from 0.01 % up to 100 % at 298 K. Oscillatory frequency sweep experiments
maintained a constant shear strain (γ) of 0.0925 % with an increasing frequency from
0.1-100 rad s−1 at 298 K.
Scanning Electron Microscopy (SEM) and xerogel: SEM analysis was performed using a
Hitachi S3400 N scanning electron microscope, with a 20 Kv accelerating voltage at a vacuum
level of <1 pa. The corresponding images were processed using Oxford Instruments AZtex
software. Sample preparation: A sample of hydrogel containing the compound (5 mg) in the
appropriate aqueous salt solution (1 mL, 0.505 M) was dehydrated to form a xerogel. The sample
was then positioned on a carbon tab, which was then mounted on an aluminum stub.
pH determination: The pH was determined using a Fisherbrand hydrous 300 pH
detector. The pH meter was calibrated to pH 4, pH 7 and pH 10 using standardized calibration
solutions supplied by Oakton. Salt solution preparation: All salts were obtained from
commercial sources and diluted in 100 mL of distilled H2O. Sample preparation: Samples were
prepared for testing by dilution of 2 g of the hydrogel in 20 mL of distilled H2O and placed in the
refrigerator for 2 hours. Before testing the samples were removed from the refrigerator and
allowed to acclimatize to room temperature. Measurements were taken in triplicate and the
average recorded.
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Salt Solution triggered gelation: The appropriate salt solution (0.1 mL, 5.05 M) was
added to the compound (1.5 mg in 0.9 mL of H2O) in a glass vial.
Mechanically triggered gelation: The appropriate salt solution (0.1 mL, 5.05 M) was
added to the compound (1.5 mg in 0.9 mL of H2O) in a glass vial, mixed using a vortex for 1
minute and left at room temperature for 12 hours to allow gelation to occur.

6.1.3 General information: Chapter 4
UV-Vis absorbance, optical density and fluorescence measurements were conducted
and analysed using a Clariostar plate reader and MARS data analysis software.
Preparation of 96-well microplates: Standards and supramolecular hydrogels/solutions
of 72 (n=3) were prepared either in black bottom or low UV-transparent 96-well microplates.
Standards or compound 72 in the relevant solutions (1.5 mg/mL) were transferred as 200 µL
aliquots to each microplate well, at a temperature higher than the melting point (Tm) of the
material. Recorded at 5 mg/mL of 72, to reduce the proportion of samples to exist as partial gels.
UV-Vis spectroscopy: After preparation, the low UV-transparent 96-well microplate was
then transferred into the plate reader at an equilibrated temperature of 45 C and absorbance
measurements taken at 5-degree decreases from 45 C to 25 C. All experiments were repeated
in triplicate to ensure experimental reproducibility.
Fluorescence spectroscopy: After preparation, the black bottom 96-well microplate was
then transferred into the plate reader at an equilibrated temperature of 45 C. Fluorescence
measurements were taken at 5-degree decreases from 45 C to 25 C using an excitation value
of 435 nm and an optimised gain of 1200. All experiments were repeated in triplicate to ensure
experimental reproducibility.
Optical density (OD) spectral well scans: After preparation, the low UV-transparent 96well microplate was then transferred into the plate reader at an equilibrated temperature of
45 C and spectral well scans read through the sample at 5-degree decreases from 45 C to 25 C
at Abs.450. All experiments were repeated in triplicate to ensure experimental reproducibility.
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Hydrogel melting point (Tm) determination: Supramolecular hydrogels of 72 (5 mg/mL)
in the appropriate aqueous salt solution (1 mL, 0.505 M) was transferred onto the bottom
stainless steel plate geometry of an Anton Parr modular compact rheometer (MCR302) at room
temperature. The temperature of this bottom rheometry plate geometry was then increased
until the hydrogel underwent a gel-sol transition. The temperature at which this phase change
occurred was recorded as the hydrogel melting point. Each experiment was run in triplicate.
Microplate reader experimental reproducibility: To test the validity of experimental
practices the following studies were undertaken; supramolecular hydrogels/solutions of 72
(1.5 mg/mL) in aqueous NaCl (0.505 M)/ H2O were transferred as 200 µL aliquots to each well of
a low UV-transparent 96-well microplate at a temperature higher than the melting point (Tm) of
the material. These low UV-transparent 96-well microplates were then transferred into the plate
reader at an equilibrated temperature of 45 C where Abs.450 measurements were taken at
5-degree decreases from 45 C to 25 C. The Abs.450 variations between each microplate well
were recorded to 2 standard deviations of the mean (2 σμ).
The volumes of solution/hydrogel supplied to each microplate well had a significant
effect on the reproducibility of data. The addition of 200 µL afforded reproducible data sets,
compared to 100 µL where the data was not as reliable. It is known that decreased volume,
therefore shorter path lengths lead to a significantly greater error than those with increased
volume and therefore a longer pathlength.274

6.1.3.1 Biological experimental238
Cellular growth curve measurements obtained using Thermo Scientific Multiscan Go
1510-0318C plate reader and recorded using the SkanIt Software 4.0.
Preparation of Luria Broth media (LB): Yeast extract (5 g), tryptone (10 g) and sodium
chloride (10 g) were dissolved in dH₂O (1 L) then divided into bottles and autoclaved.
Preparation of Luria Broth (LB) agar plates: Agar (6 g) was added to LB (400 mL) and
autoclaved. Once cool, the LB agar was poured into sterile petri dishes under sterile conditions
and allowed to set. LB plates were stored at 4 °C until use.
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Preparation of McFarland standard: Barium chloride (1 %, 50 µL) was added to sulfuric
acid (1 %, 9.95 mL) and mixed together. The optical density was recorded at 600 nm.
Preparation of antimicrobial compounds for MIC50 calculations: Compounds were
dissolved into 5 % ethanol to make up solutions on the day of experiment. Eight concentrations
ranging were made up using 5 % ethanol.
Preparation of bacterial plates: Sterile LB agar plates were streaked using the desired
bacteria (either Escherichia coli DH10B or USA300 Methicillin-Resistant Staphylococcus aureus)
then incubated at 37 °C overnight.
Preparation of Inoculum: An initial culture was made up by inoculating LB media (5 mL)
with at least 4 single colonies of the desired bacteria under sterile conditions and incubating at
37 °C overnight. The following day, a subculture was made up using LB (5 mL) and the initial
culture (50 µL), then incubated at 37 °C until the culture had reached an optical density of 0.4 at
600 nm. Density was adjusted using sterile dH2O to equal 0.5 McFarland standard
(107-108 cfu/mL), then a 1:10 dilution was carried out using sterile dH2O (900 µL) and the
McFarland adjusted suspension (100 µL). A final dilution (1:100) was carried using the 1:10
suspension (150 µL) and LB (14.85 mL) before use to achieve a final cell concentration of
105 cfu/mL.
Preparation of 96 well microplates for MIC50: The 1:100 cell suspension (150 µL) was
dispensed into individual wells under sterile conditions. Compounds (30 µL) were added to the
wells to equal a total volume of 180 µL in the wells. Six repeats of each concentration for each
compound were created each plate. The plates were sealed using parafilm, then incubated at
37 °C in a microplate reader for 18-25 hours. Absorbance readings were taken at 600 nm every
15 min. Data was used to generate growth curves.
Calculation of MIC50: Growth curves were plotted using OD600 absorbance readings in
Microsoft ® Excel ® 2013. OD600 absorbance readings 900 minutes from the start of each of these
growth cultures for each concentration of drug were plotted in Origin ® 2015. The resultant
curve was normalised and fitted using the Boltzmann fit to define the MIC50 values for each drug.
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Agar well diffusion assay: An initial culture and subsequent subculture was created as
previously described. LB Agar was made up by mixing LB (200 mL) and agar (3 g), then
autoclaved. Once autoclaved, the molten agar was placed in a 50 °C water bath until it had
reached this temperature. The molten agar was then inoculated using the subculture (15 mL),
then swirled to mix. The inoculated agar was added to sterile petri dishes (6 mL) then allowed
to set under sterile conditions. A sterile cutter was used to remove a disk from the inoculated
agar, creating a well in the plate, and the bottom was sealed using fresh agar (5 µL). Once set,
the desired solution or gel required was pipetted into the well (50 µL) and then placed into 37 °C
incubator for 18 hours then imaged using an ESPON perfection V750 PRO.
Surface diffusion assay: An initial culture and subsequent subculture was created as
previously described. LB Agar was made up by mixing LB (200 mL) and agar (3 g), then
autoclaved. Once autoclaved, the molten agar was placed in a 50 °C water bath until it had
reached this temperature. The molten agar was then inoculated using the subculture (15 mL),
then swirled to mix. The inoculated agar was added to sterile petri dishes (6 mL) then allowed
to set under sterile conditions. The molten compound gel solutions were pipetted into an empty
sterile petri dish (50 µL). Once gel had set, this was carefully placed onto the center of the set
agar plates, then placed into 37 °C incubator for 18 hours and imaged using an ESPON perfection
V750 PRO.
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6.2 Synthetic procedures
Compound 42: This compound was synthesised on a 2 mmol scale in line with our
previously published methods,134 the pure product was obtained as a white solid with a yield of
97 % (1.02 g, 1.90 mmol) Proton NMR were found to match our previously published values.134
1

H NMR (400 MHz, 298.15 K, DMSO-d6): δ: 9.26 (s, 1H), 7.56 (d, J = 8.72 Hz, 2H), 7.49 (d, J = 8.72

Hz, 2H), 6.98 (t, J = 5.96 Hz, 1H), 3.93 (d, J = 5.96 Hz, 2H), 3.18 - 3.14 (m, 8H), 1.60 - 1.52 (m, 8H),
1.35 - 1.25 (m, 8H), 0.92 (t, J = 7.36 Hz, 12H).
Compound 43: TBAOH (1N) in methanol (4.0 mL, 4.00 mmol) was added to 2aminoethanesulfonic acid (0.50 g, 4.00 mmol) and taken to dryness. The TBA salt was added to
a stirring solution of 1-isocyanto-4-(trifluoromethyl)benzene (0.58 mL, 4.00 mmol) in chloroform
(25 mL), heated at reflux for 3 hrs and taken to dryness, dissolved in chloroform (50 mL) and
washed with water (50 mL). The organic phase was then taken to dryness. The pure product was
obtained by flash chromatography, 100 % ethyl acetate followed by 100 % methanol. The
methanol fraction was taken to dryness with further addition of TBAOH as necessary to give the
pure product as a white solid with a yield of 60 % (1.34 g, 2.41 mmol); Melting Point: 180 °C; 1H
NMR (400 MHz, 298.15 K, DMSO-d6): δ: 9.35 (s, 1H), 7.60 (d, J = 8.71 Hz, 2H), 7.53 (d, J = 8.81 Hz,
2H), 6.53 (t, J = 5.33 Hz, 1H), 3.38 (t, J = 6.04 Hz, 2H), 3.15 (m, 8H), 2.56 (t, J = 5.92 Hz, 2H), 1.55
(m, 8H), 1.40 - 1.20 (m, 8H), 0.92 (t, J = 7.33 Hz, 12H); 13C{1H} NMR (100 MHz, 298.15 K, DMSOd6): δ: 155.2 (CO), 145.1 (ArC), 126.3 (dd, J = 3.59 Hz, ArCH), 123.8 (ArC), 121.1 (q, J = 31.85 Hz,
CF3), 117.6 (ArCH), 58.0 (CH2), 51.3 (CH2), 36.6 (CH2), 23.5 (CH2), 19.7 (CH2), 13.9 (CH3); IR (film)
cm-1: ν = 3273 (NH stretch), 1691, 1180, 1033, 883; HRMS for the sulfonate-urea ion
(C10H10F3N2O4S-) (ESI-): m/z: act: 311.0311 [M]- cal: 311.0319 [M]Compound 44: TBAOH (1N) in methanol (2.0 mL, 2.00 mmol) was added to 3-amino-1propane sulfonic acid (0.28 g, 2.00 mmol) and taken to dryness.
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The TBA salt was added to a stirring solution of 1-Isocyanto-4-(trifluoromethyl)benzene (0.29
mL, 2.00 mmol) in chloroform (12.5 mL), heated at reflux overnight and taken to dryness,
dissolved in chloroform (50 mL) and washed with water (50 mL). The organic phase was then
taken to dryness. The pure product was obtained by flash chromatography, 100 % ethyl acetate
followed by 100 % methanol. The methanol fraction was taken to dryness with further addition
of TBAOH as necessary to give the pure product as a white solid with a yield of 56 % (0.63g,
1.11 mmol); Melting Point: 180 °C; 1H NMR (400 MHz, 298.15 K, DMSO-d6): δ: 8.93 (s, 1H), 7.52
(dd, J = 21.49, 8.84 Hz, 4H), 6.41 (t, J = 5.75 Hz, 1H), 3.11 (m, 10H), 2.44 - 2.37 (m, 2H), 1.75 1.61 (m, 2H), 1.52 (m, 8H), 1.36 - 1.12 (m, 8H), 0.89 (t, J = 7.34 Hz, 12H); 13C{1H} NMR (100 MHz,
298.15 K, DMSO-d6): δ: 155.4 (CO), 145.1 (ArC), 126.3 (dd, J = 7.49 Hz, 3.60 Hz, ArCH), 123.8
(ArC), 121.9 (q, J = 33.95 Hz, CF3), 117.6 (ArCH), 58.0 (CH2), 49.5 (CH2), 38.7 (CH2), 26.5 (CH2), 23.5
(CH2), 19.7 (CH2), 13.9 (CH3); IR (film) cm-1: ν = 3116 (NH stretch), 1697, 1176, 1031, 879; HRMS
for the sulfonate-urea ion (C11H12F3N2O4S-) (ESI-): m/z: act: 325.9465 [M]- cal: 325.04575 [M]-.
Compound 45: This compound was synthesised on a 2 mmol scale in line with our
previously published methods,135 the pure product was obtained as a white solid with a yield of
94 % (1.04 g, 1.88 mmol). Proton NMR were found to match our previously published values.135
1

H NMR (400 MHz, 333.15 K, DMSO-d6): δ: 10.28 (s, 1H), 8.19 (br s, 1H), 7.87 (br s, 2H), 7.60 (d,

J = 8.24 Hz, 2H), 4.34 (br s, 2H), 3.20 - 3.16 (m, 8H), 1.63 - 1.55 (m, 8H), 1.33 (m, 8H), 0.94 (t, J =
7.33 Hz, 12H).
Compound 46: TBAOH (1N) in methanol (4.0 mL, 4.00 mmol) was added to 2aminoethanesulfonic acid (0.50 g, 4.00 mmol) and taken to dryness. The TBA salt was added to
a stirring solution of 4-(trifluoromethyl) phenyl isothiocyanate (0.82 mL, 4.00 mmol) in
chloroform (25 mL), heated at reflux for 3 hrs and taken to dryness, dissolved in chloroform
(50 mL) and washed with water (50 mL). The organic phase was then taken to dryness. The pure
product was obtained by flash chromatography, 100 % ethyl acetate followed by 100 %
methanol.
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The methanol fraction was taken to dryness with further addition of TBAOH as necessary to give
the pure product as a white solid with a yield of 60 % (2.0 g, 3.30 mmol); Melting Point: 138 °C;
1

H NMR (400 MHz, 298.15 K, DMSO-d6): δ: 10.23 (s, 1H), 8.23 (s, 1H), 7.68 (dd, J = 49.51 Hz, 8.62

Hz, 4H), 3.76 (d, J = 5.33 Hz, 2H), 3.16 (m, 8H), 2.69 (t, J = 12.32 Hz, 2H), 1.66 - 1.42 (m, 8H), 1.42
- 1.12 (m, 8H), 0.93 (t, J = 7.34 Hz, 12H); 13C{1H} NMR (100 MHz, 298.15 K, DMSO-d6): δ: 180.2
(CS), 143.9 (ArC), 126.2 (d, J = 1.85 Hz, ArCH), 126.0 (ArC), 123.6 (q, J = 63.69, 31.90 Hz, CF3),
122.1 (ArCH), 58.0 (CH2), 49.9 (CH2), 41.5 (CH2), 23.5 (CH2), 19.7 (CH2), 13.9 (CH3); IR (film) cm-1:
ν = 3327 (NH stretch), 1610, 1168, 1037, 883; HRMS for the sulfonate-thiourea ion
(C10H10F3N2O3S2-) (ESI-): m/z: act: 327.0090 [M]- cal: 327.3168 [M]Compound 47: TBAOH (1N) in methanol (2.0 mL, 2.00 mmol) was added to 3-amino-1propane sulfonic acid (0.28 g, 2.00 mmol) and taken to dryness. The TBA salt was added to a
stirring solution of 4-(trifluoromethyl) phenyl isothiocyanate (0.41 g, 2.00 mmol) in chloroform
(12.5 mL), heated at reflux overnight and taken to dryness, dissolved in chloroform (50 mL) and
washed with water (50 mL). The organic phase was then taken to dryness. The pure product was
obtained by flash chromatography, 100 % ethyl acetate followed by 100 % methanol. The
methanol fraction was taken to dryness with further addition of TBAOH as necessary to give the
pure product as a white solid with a yield of 76 % (0.89 g, 1.11 mmol); Melting Point: 149 °C; 1H
NMR (400 MHz, 333.15 K, DMSO-d6): δ: 9.95 (s, 1H), 8.25 (s, 1H), 7.77 (d, J = 8.10 Hz, 2H), 7.62
(d, J = 8.66 Hz, 2H), 3.56 (d, J = 5.29 Hz, 2H), 3.21 - 3.10 (m, 8H), 1.94 - 1.75 (m, 2H), 1.56 (m, 8H),
1.39 - 1.20 (m, 8H), 0.93 (t, J = 7.33 Hz, 12H); 13C{1H} NMR (100 MHz, 298.15 K, DMSO-d6): δ:
180.7 (CS), 144.4 (ArC), 126.3 (ArC), 125.8 (d, J = 2.89 Hz, ArCH), 123.5 (q, J = 65.49 Hz, CF3),
121.9 (ArCH), 58.0 (CH2), 49.6 (CH2), 43.3 (CH2), 25.2 (CH2), 23.5 (CH2), 19.7 (CH2), 14.0 (CH3); IR
(film) cm-1: ν = 3323 (NH stretch), 1614, 1170, 1033, 883; HRMS for the sulfonate-thiourea ion
(C11H12F3N2O3S2-) (ESI-): m/z: act: 341.3438 [M]- cal: 341.0247 [M]- .
Compound 48: This compound was synthesised on a 2 mmol scale in line with our
previously published methods,135 the pure product was obtained as a white solid with a yield of
100 % (0.64 g, 2.00 mmol). Proton NMR were found to match our previously published values.135
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1

H NMR (400 MHz, 298.15 K, DMSO-d6): δ: 3.93 (d, J = 5.95 Hz, 2H), 6.87 (t, J = 4.58 Hz, 1H), 7.51

(d, J = 9.16 Hz 2H), 7.56 (d, J = 8.70 Hz, 2H), 9.22 (s, 1H).
Compound 49: This compound was synthesised on a 4 mmol scale in line with our
previously published methods,135 the pure product was obtained as a white solid with a yield of
96 % (1.44 g, 3.84 mmol). Proton NMR were found to match our previously published values.135
1

H NMR (400 MHz, 298.15 K, DMSO-d6): δ: 9.17 (s, 1H), 8.87 (d, J = 4.58 Hz, 2H), 8.45 (t, J = 6.41

Hz, 1H), 7.95 (t, J = 7.33 Hz, 2H), 7.56 (s, 4H), 6.60 (s, 1H), 3.88 (d, J = 5.48 Hz, 2H).
Compound 50: Aminomethanesulfonic acid (0.44 g, 4.00 mmol) was added to a stirring
solution of 1-Isocyanato-4-(trifluoromethyl) benzene (0.58 mL, 4.00 mmol) in anhydrous
pyridine (20 mL) under an inert atmosphere. The mixture was heated to 60 °C overnight. The
pyridinium salt was then removed by filtration. Yield: 82 % (0.56 g, 1.49 mmol). The pyridinium
salt (0.38 g, 1.00 mmol) was dissolved in a solution of TMAOH pentahydrate (0.095 g) and H2O
(0.45 g) to give the pure product as a white solid with a yield of 97 % (0.36 g, 0.97 mmol); Melting
Point: > 200 °C; 1H NMR (400 MHz, 298.15 K, DMSO-d6): δ: 9.18 (s, 1H), 7.55 (s, 4H), 6.68 (s, 1H),
3.89 (d, J = 5.89 Hz, 2H), 3.09 (s, 12H); 13C{1H} NMR (100 MHz, 298.15 K, DMSO-d6): δ: 154.7 (CO),
144.7 (ArC), 126.1 (dd, J = 7.31 Hz, 3.55 Hz, ArCH), 123.8 (ArC), 121.3 (q, J = 31.86 Hz, CF3), 117.7
(ArCH), 56.4 (CH2), 54.9 (CH3); IR (film) cm-1: ν = 3113 (NH stretch), 1697, 1182, 1033, 839; HRMS
for the sulfonate-urea ion (C9H8F3N2O4S-) (ESI-): m/z: act: 297.0164 [M]- cal: 297.0162 [M]-.
Compound 51: This compound was produced with an analogous method to that
described with the synthesis of compound 50. The pyridinium salt (0.38 g, 1.00 mmol) was
dissolved in a solution of TEAOH in H2O (0.26 g, 1.00 mmol) to give the pure product as a white
solid with a yield of 97 % (0.41 g, 0.97 mmol); Melting Point: 165 °C; 1H NMR (400 MHz, 298.15
K, DMSO-d6): δ: 9.33 (s, 1H), 7.78 - 7.18 (m, 5H), 4.01 (s, 2H), 3.18 (d, J = 3.71 Hz, 8H), 1.13 (s,
12H); 13C{1H} NMR (100 MHz, 298.15 K, DMSO-d6): δ: 154.7 (CO), 144.9 (ArC), 126.1 (d, J = 3.01
Hz, ArCH), 123.8 (ArC), 121.2 (q, J = 32.05 Hz, CF3), 117.7 (ArCH), 56.4 (CH2), 51.9 (CH2), 7.5 (CH3);
IR (film) cm-1: ν = 3120 (NH stretch), 1697, 1182, 1037, 842; HRMS for the sulfonate-urea ion
(C9H8F3N2O4S-) (ESI-): m/z: act: 297.0174 [M]- cal: 297.0162 [M]-.
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Compound 52: This compound was produced with an analogous method to that
described with the synthesis of compound 50. The pyridinium salt (0.38 g, 1.00 mmol) was
dissolved in a solution of TPAOH in H2O (0.36 g, 1.00 mmol) to give the pure product as a white
solid with a yield of 97 % (0.47 g, 0.97 mmol); Melting Point: 145 °C; 1H NMR (400 MHz, 298.15
K, DMSO-d6): δ: 9.19 (s, 1H), 7.56 (s, 4H), 6.69 (s, 1H), 3.89 (d, J = 5.87 Hz, 2H), 3.23 - 2.95 (m,
8H), 1.61 (q, J = 14.96 Hz, 7.31 Hz, 8H), 0.89 (t, J = 7.27 Hz, 12H); 13C{1H} NMR (100 MHz, 298.15
K, DMSO-d6): δ: 154.7 (CO), 144.8 (ArC), 126.2 (dd, J = 7.50 Hz, 3.73 Hz, ArCH), 123.8 (ArC), 121.3
(q, J = 31.85 Hz, CF3), 117.6 (ArCH), 59.8 (CH2), 56.4 (CH2), 15.3 (CH2), 11.0 (CH3); IR (film) cm-1: ν
= 3118 (NH stretch), 1697, 1182, 1039, 856; HRMS for the sulfonate-urea ion (C9H8F3N2O4S-) (ESI): m/z: act: 297.0156 [M]- cal: 297.0162 [M]-.
Compound 53: This compound was produced with an analogous method to that
described with the synthesis of compound 50 The pyridinium salt (0.38 g, 1.00 mmol) was
dissolved in a solution of 20 % TPeAOH in H2O (1.58 g, 1.00 mmol) to give the pure product as a
white solid with a yield of 99 % (0.58 g, 0.99 mmol); Melting Point: 90 °C; 1H NMR (400 MHz,
298.15 K, DMSO-d6): δ: 9.20 (s, 1H), 7.48 (dd, J = 23.57 Hz, 8.5 Hz, 4H), 6.89 (s, 1H), 3.88 (d, J =
5.65 Hz, 2H), 3.31 (d, J = 1.11 Hz, 4H), 3.21 - 3.01 (m, 8H), 2.45 (d, J = 1.23 Hz, 2H), 1.52 (s, 1H),
1.39 - 1.02 (m, 17H), 0.83 (t, J = 6.82 Hz, 12H); 13C{1H} NMR (100 MHz, 298.15 K, DMSO-d6): δ:
154.7 (CO), 144.8 (ArC), 126.4 (d, J = 24.22 Hz, ArCH), 123.8 (ArC), 121.3 (q, J = 32.80 Hz, CF3),
117.6 (ArCH), 58.1 (CH2), 56.4 (CH2), 28.4 (CH2), 22.1 (CH2), 21.2 (CH2), 14.3 (CH3); IR (film) cm-1:
ν = 2956 (NH stretch), 1695, 1182, 1031, 841; HRMS for the sulfonate-urea ion (C9H8F3N2O4S-)
(ESI-): m/z: act: 297.0155 [M]- cal: 297.0162 [M]-.
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Compound 54: This compound was produced with an analogous method to that
described with the synthesis of compound 50. The pyridinium salt (0.38 g, 1.00 mmol) was
dissolved in a solution of 40 % THAOH in H2O (0.93 g, 1.00 mmol) to give the pure product as an
oil with a yield of 98 % (0.64 g, 0.98 mmol); 1H NMR (400 MHz, 298.15 K, DMSO-d6): δ: 9.42 (s,
1H), 7.51 (dd, J = 44.67 Hz, 8.27 Hz, 4H), 7.23 (s, 1H), 3.96 (d, J = 5.54 Hz, 2H), 3.15 (d, J = 12.42
Hz, 8H), 1.55 (s, 8H), 1.27 (s, 24H), 0.86 (s, 12H); 13C{1H} NMR (100 MHz, 298.15 K, DMSO-d6): δ:
154.8 (CO), 144.7 (ArC), 126.3 (d, J = 13.13 Hz, ArCH), 123.8 (ArCH), 121.2 (q, J = 108.04 Hz, ArC),
117.6 (ArCH), 58.1 (CH2), 56.4 (CH2), 31.1 (CH2), 25.9 (CH2), 22.4 (CH2), 21.5 (CH2), 14.3 (CH3); IR
(film) cm-1: ν = 3288 (NH stretch), 1695, 1182, 1035, 840; HRMS for the sulfonate-urea ion
(C9H8F3N2O4S-) (ESI-): m/z: act: 297.0141 [M]- cal: 297.0162 [M]-.
Compound 55: Hydrazine hydrate (2.15 mL, 4.29 mmol) and 10 % palladium on carbon
(2 g) were added to a stirring solution of compound 58 (2.21 g, 4.29 mmol) in ethanol (25 mL)
and heated at reflux overnight under an inert atmosphere. Filtered, and the organic layer taken
to dryness to give a brown solid with a yield of 96 % (2.00 g, 4.11 mmol); Melting Point: 189 °C;
1

H NMR (400 MHz, 298.15 K, DMSO-d6): δ: 8.42 (s, 1H), 7.04 (d, J = 8.64 Hz, 2H), 6.51 (d, J = 8.64

Hz, 2H), 6.41 (t, J = 5.92 Hz, 1H), 3.88 (d, J = 5.93 Hz, 2H), 3.28 - 3.01 (m, 8H), 1.73 - 1.40 (m, 8H),
1.29 (m, 8H), 0.92 (t, J = 7.33 Hz, 12H); 13C{1H} NMR (100 MHz, 298.15 K, DMSO-d6): δ: 155.4
(CO), 142.4 (ArC), 131.0 (ArC), 120.1 (ArCH), 115.3 (ArCH), 58.0 (CH2), 56.7 (CH2), 23.5 (CH2), 19.7
(CH2), 14.0 (CH3); IR (film) cm-1: ν = 3227 (NH stretch), 1685, 1213, 1168, 883; HRMS for the
sulfonate-urea ion (C8H10N3O4S-) (ESI-): m/z: act: 244.0394 [M]- cal: 244.0398 [M]-.
Compound 56: This compound was synthesised on a 2 mmol scale in line with our
previously published methods,135 the pure product was obtained as a white waxy solid with a
yield of 72 % (0.72 g, 1.44 mmol). Proton NMR were found to match our previously published
values.135 1H NMR (400 MHz, 298.15 K, DMSO-d6): δ: 8.62 (s, 1H), 8.70 (d, J = 7.27 Hz, 2H), 6.79
(d, J = 9.16 Hz, 2H), 6.50 (t, J = 5.95 Hz, 1H), 3.87 (d, J = 5.95 Hz, 2H), 3.68 (s, 3H), 3.18 - 3.13 (m,
8H), 1.60 - 1.52 (m, 8H), 1.30 (m, 8H), 0.93 (t, J = 7.33 Hz, 12H).
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Compound 57: This compound was synthesised on a 3 mmol scale in line with our
previously published methods,135 the pure product was obtained as a white solid with a yield of
64 % (0.91 g, 1.92 mmol). Proton NMR were found to match our previously published values.135
1

H NMR (400 MHz, 298.15 K, DMSO-d6): δ: 8.76 (s, 1H), 7.36 (d, J = 8.28 Hz, 2H), 7.21 (t, J = 7.32

Hz, 2H), 6.87 (t, J = 7.32 Hz, 1H), 6.47 (t, J = 5.52 Hz, 1H), 3.86 (d, J = 5.92 Hz, 2H), 3.18 - 3.14 (m,
8H), 1.60 - 1.52 (m, 8H), 1.32 (m, 8H), 0.93 (t, J = 7.32 Hz, 12H).
Compound 58: This compound was synthesised on a 4 mmol scale in line with our
previously published methods,135 the pure product was obtained as a pale yellow solid with a
yield of 86 % (1.77 g, 3.44 mmol). Proton NMR were found to match our previously published
values.134 1H NMR (400 MHz, 298.15 K, DMSO-d6): δ: 9.63 (s, 1H), 8.04 (d, J = 9.16 Hz, 2H), 7.58
(d, J = 9.16 Hz, 2H), 7.30 (t, J = 5.96 Hz, 1H), 3.96 (d, J = 5.96 Hz, 2H), 3.18 - 3.14 (m, 8H), 1.60 1.52 (m, 8H), 1.35 - 1.25 (m, 8H), 0.92 (t, J = 7.36 Hz, 12H).
Compound 59: Tin shavings (0.65 g) were added to a stirring solution of compound 62
(0.50 g, 0.94 mmol) in ethanol (10 mL) and concentrated HCl (1 mL) and left to stir for 24 hours
at room temperature. Crude product precipitates out to give a white solid with a yield of 70 %
(0.33 g, 0.66 mmol). IR (film) cm-1: ν = 3219 (NH stretch), 1685, 1203, 1177, 846; HRMS for the
sulfonate-thiourea ion (C8H10N3O3S2-) (ESI-): m/z: act: 260.0271 [M]- cal: 260.3100 [M]-.
Compound 60: TBAOH (1N) in methanol (1.73 mL, 1.73 mmol) was added to 2aminomethanesulfonic acid (0.19 g, 1.73 mmol) and taken to dryness overnight. The TBA salt
was added to a stirring solution of 4-methoxyphenyl isothiocyanate (0.24 mL, 1.73 mmol) in
ethyl acetate (10 mL), heated at reflux overnight under an inert atmosphere, forming an oil. The
oil was decanted, dissolved in chloroform (20 mL) and washed with water (20 mL).
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The organic phase was then taken to dryness to give the pure product as a white solid with a
yield of 50 % (0.45 g, 0.86 mmol); Melting Point: 145 °C; 1H NMR (400 MHz, 333.15 K, DMSO-d6):
δ: 9.79 (s, 1H), 7.56 (s, 1H), 7.36 (d, J = 7.94 Hz, 2H), 6.87 (d, J = 7.89 Hz, 2H), 4.23 (s, 8H), 3.75
(s, 1H), 3.34 - 3.03 (m, 1H), 1.76 - 1.46 (m, 8H), 1.47 - 1.20 (m, 8H), 0.95 (t, J = 7.25 Hz, 12H);
13

C{1H} NMR (100 MHz, 298.15 K, DMSO-d6): δ: 181.1 (CS), 156.6 (ArC), 132.8 (ArC), 125.5 (ArCH),

114.1 (ArCH), 60.9 (CH2), 58.0 (CH2), 55.7 (CH3), 23.5 (CH2), 19.7 (CH2), 14.0 (CH3); IR (film): ν =
3234 (NH stretch), 1550, 1220, 1155, 877; HRMS for the sulfonate-thiourea ion (C9H11N2O4S2-)
(ESI-): m/z: act: 275.0238 [M]- cal: 275.0166 [M]-.
Compound 61: TBAOH (1N) in methanol (1.73 mL, 1.73 mmol) was added to 2aminomethanesulfonic acid (0.19 g, 1.73 mmol) and taken to dryness overnight. Phenyl
isothiocyanate (0.21 mL, 1.73 mmol) was added to a stirring solution of the TBA salt in ethyl
acetate (10 mL), heated at reflux overnight under an inert atmosphere, forming an oil. The oil
was decanted, dissolved in chloroform (20 mL) and washed with water (20 mL). The organic
phase was then taken to dryness to give the pure product as a white solid with a yield of 61 %
(0.51 g, 1.05 mmol); Melting Point: 146 °C; 1H NMR (400 MHz, 333.15 K, DMSO-d6): δ: 9.93 (s,
1H), 7.77 (s, 1H), 7.54 (d, J = 7.84 Hz, 2H), 7.29 (t, J = 7.29 Hz, 2H), 7.07 (t, J = 7.46 Hz, 1H), 4.24
(s, 2H), 3.30 - 2.95 (m, 8H), 1.60 (m, 8H), 1.48 - 1.14 (m, 8H), 0.95 (t, J = 7.27 Hz, 12H); 13C{1H}
NMR (100 MHz, 298.15 K, DMSO-d6): δ: 180.7 (CO), 140.1 (ArC), 128.7 (d, J = 24.30 Hz, ArCH),
124.3 (ArCH), 123.0 (ArCH), 60.8 (CH2), 58.0 (CH2), 23.5 (CH2), 19.7 (CH2), 14.0 (CH3); IR (film): ν
= 3317 (NH stretch), 1651, 1232, 1159, 883; HRMS for the sulfonate-thiourea ion (C8H9N2O3S2-)
(ESI-): m/z: act: 245.0116 [M]- cal: 245.0060 [M]-.
Compound 62: TBAOH (1N) in methanol (4.0 mL, 4.0 mmol) was added to 2aminomethanesulfonic acid (0.44 g, 4.0 mmol) and taken to dryness overnight. To a stirring
solution of the TBA salt in acetonitrile (15 mL), 4-nitrophenyl isothiocyanate (0.73 g, 4.0 mmol)
was added, heated at reflux overnight and taken to dryness, dissolved in ethyl acetate (20 mL)
and left-over night at 2 °C.
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The pure product crystallised out with a yield of 89 % (1.32 g, 3.6 mmol); Melting Point: 145 °C;
1

H NMR (400 MHz, 333.15 K, DMSO-d6): δ: 10.50 (bs, 1H), 8.33 (bs, 1H), 8.14 (d, J = 7.68 Hz, 2H),

7.96 (s, 2H), 4.33 (s, 2H), 3.25 - 3.14 (m, 1H), 1.61 (d, J = 6.69 Hz, 8H), 1.34 (m, 8H), 0.94 (t, J =
6.54 Hz, 12H); 13C{1H} NMR (100 MHz, 298.15 K, DMSO-d6): δ: 180.2 (CS), 147.0 (CO), 142.3 (ArC),
124.5 (d, J = 15.02 Hz, ArCH), 121.7 (ArC), 120.7 (ArCH), 60.6 (CH2), 58.0 (CH2), 23.5 (CH2), 19.7
(CH2), 14.0 (CH3); IR (film): ν = 3224 (NH stretch), 1550, 1228, 1165, 852; HRMS for the sulfonatethiourea ion (C8H8N3O5S2-) (ESI-): m/z: act: 290.0001 [M]- cal: 289.9911 [M]-.
Compound 63: Tert-butyl 2-aminoacetate (0.27 mL, 2.00 mmol) was added to a stirring
solution of 1-Isocyanato-4-(trifluoromethyl) benzene (0.29 mL, 2.00 mmol) in chloroform (10
mL) and left at RT overnight. The mixture was the placed on the rotary-evaporator until 5 mL
remained. Hexane was added dropwise and the precipitate removed by filtration to give the
pure product as a white solid with a yield of 45 % (0.29 g, 0.91 mmol); Melting Point: 110 °C; 1H
NMR (400 MHz, 298.15 K, DMSO-d6): δ: 9.23 (s, 1H), 7.73 - 7.41 (m, 4H), 6.53 (t, J = 5.90 Hz, 1H),
3.77 (d, J = 5.91 Hz, 2H), 1.42 (s, 9H); 13C{1H} NMR (100 MHz, 298.15 K, DMSO-d6): δ: 170.2 (CO),
155.3 (CO), 144.5 (ArC), 126.5 (d, J = 3.79 Hz, ArCH), 123.7 (ArCH), 121.7 (q, J = 31.81 Hz, CF3),
117.8 (ArC), 81.1 (C), 42.4 (CH2), 28.2 (CH3); IR (film): ν = 2993 (NH stretch), 1730, 1442, 1319,
1219; HRMS for the tert-butyl carboxylate-urea (C14H17F3N2O3) (ESI-): m/z: act: 317.1097 [M]- cal:
318.1191 [M]-.
Compound 64: Trifluoroacetic acid (5 mL) was added to a stirring solution of compound
63 (0.15 g, 0.47 mmol) in dichloromethane (10 mL). Additional dichloromethane (10 mL) was
added and washed with sodium hydroxide (20 mL, 6 M). The aqueous phase was then taken to
dryness, dissolved in H2O (20 mL) and hydrochloric acid (2 M) added dropwise until pH neutral,
with the precipitate removed by filtration to give the pure product as a white solid with a yield
of 65 % (0.08 g, 0.31 mmol);
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Melting Point: > 200 °C; 1H NMR (400 MHz, 298.15 K, DMSO-d6): δ: 9.22 (s, 1H), 7.58 (s, 4H), 6.51
(t, J = 5.64 Hz, 1H), 3.79 (d, J = 5.71 Hz, 2H); 13C{1H} NMR (100 MHz, 298.15 K, DMSO-d6): δ: 172.5
(CO), 155.4 (CO), 144.5 (ArC), 144.4 (ArC), 126.5 (d, J = 3.65 Hz, ArCH), 121.4 (q, J = 43.30 Hz,
CF3), 117.8 (ArCH), 41.8 (CH2); IR (film): ν = 2962 (NH stretch), 1685, 1448, 1319, 882; HRMS for
the carboxylic acid-urea (C10H9F3N2O3) (ESI-): m/z: act: 261.0501 [M]- cal: 262.0565 [M]-.
Compound 65: Compound 64 (0.05 g, 0.17 mmol) was dissolved in a solution of TBAOH
(1N) in methanol (0.17 mL) and taken to dryness to give the pure product as a white solid with
a yield of 83 % (0.07 g, 0.14 mmol); Melting Point: > 200 °C; 1H NMR (400 MHz, 298.15 K, DMSOd6): δ: 9.51 (s, 1H), 7.73 (d, J = 8.74 Hz, 2H), 7.42 (d, J = 8.74 Hz, 2H), 6.49 (s, 1H), 3.38 (d, J = 4.00
Hz, 8H), 3.20 - 3.07 (m, 14H), 1.67 - 1.44 (m, 8H), 1.40 - 1.18 (m, 8H), 0.92 (t, J = 7.34 Hz, 12H);
13

C{1H} NMR (100 MHz, 298.15 K, DMSO-d6): δ: 172.2 (CO), 168.6 (CO), 155.2 (d, J = 8.89 Hz,

ArCH), 145.0 (ArC), 130.6 (ArC), 119.5 (q, J = 24.27 Hz, 13.69 Hz, CF3), 116.6 (ArCH), 58.0 (CH2),
44.8 (CH2), 23.5 (CH2), 19.7 (CH2), 14.0 (CH3); IR (film): ν = 2958 (NH stretch), 1734, 1436, 1321,
948; HRMS for the carboxylate-urea ion (C10H8F3N2O3-) (ESI-): m/z: act: 261.0501 [M]- cal:
261.0493 [M]-.
Compound 66: Tert-butyl 2-aminoacetate (0.27 mL, 2.00 mmol) was added to a stirring
solution of 4-(trifluoromethyl)phenyl isothiocyanate (0.41 g, 2.00 mmol) in chloroform (10 mL)
and left at RT overnight. The mixture was the placed on the rotary-evaporator until 5 mL
remained. Hexane was added dropwise and the precipitate removed by filtration to give the
pure product as a white solid with a yield of 77 % (0.52 g, 1.54 mmol); Melting Point: 135 °C; 1H
NMR (400 MHz, 298.15 K, DMSO-d6): δ: 10.27 (bs, 1H), 8.23 (t, J = 5.53 Hz, 1H), 7.71 (dd, J = 26.91
Hz, 8.68 Hz, 4H), 4.18 (d, J = 5.50 Hz, 2H), 1.43 (s, 9H); 13C {1H} NMR (100 MHz, 298.15 K, DMSOd6): δ: 181.6 (CO), 169.0 (CO), 143.5 (ArC), 128.9 (ArC), 126.3 (d, J = 3.47 Hz, ArCH), 123.9 (q, J =
32.02 Hz, 31.89 Hz, CF3), 122.5 (ArCH), 81.4 (C), 46.6 (CH2), 28.2 (CH3); IR (film): ν = 3035 (NH
stretch), 1734, 1508, 1323, 1224; HRMS for the tert-butyl carboxylate-thiourea (C14H17F3N2O2S)
(ESI-): m/z: act: 333.0874 [M]- cal: 334.0963 [M]-.

194 | P a g e

Chapter 6 – General information

Compound 67: Trifluoroacetic acid (5 mL) was added to a stirring solution of Compound
66 (0.30 g, 0.90 mmol) in dichloromethane (10 mL). Additional dichloromethane (10 mL) was
added and washed with sodium hydroxide (20 mL, 6 M). The aqueous phase was then taken to
dryness, dissolved in H2O (20 mL) and hydrochloric acid (2 M) added dropwise until pH neutral.
The precipitate was removed by filtration to give the pure product as a brown solid with a yield
of 83 % (0.21 g, 0.75 mmol); Melting Point: 154 °C; 1H NMR (400 MHz, 298.15 K, DMSO-d6): δ:
12.78 (s, 1H), 10.26 (s, 1H), 8.20 (t, J = 5.38 Hz, 1H), 7.73 (dd, J = 38.27 Hz, 8.60 Hz, 4H), 4.23 (d,
J = 5.32 Hz, 2H); 13C{1H} NMR (100 MHz, 298.15 K, DMSO-d6): δ: 181.3 (CS), 171.3 (CO), 143.6
(ArC), 126.2 (d, J = 4.14 Hz, ArCH), 124.3 (ArC), 124.2 (q, J = 54.66 Hz, 23.28 Hz, CF3), 46.0 (CH2);
IR (film): ν = 2964 (NH stretch), 1691, 1487, 1319, 883; HRMS for the carboxylic acid-thiourea
(C10H9F3N2O2S) (ESI-): m/z: act: 277.0265 [M]- cal: 278.0337 [M]-.
Compound 68: Compound 67 (0.10 g, 0.35 mmol) was dissolved in a solution of TBAOH
(1N) in methanol (0.35 mL) and taken to dryness to give the pure product as a white solid with
a yield of 62 % (0. 11 g, 0.21 mmol); Melting Point: > 200 °C; 1H NMR (400 MHz, 298.15 K, DMSOd6): δ: 12.30 (s, 1H), 8.77 (s, 1H), 8.38 (d, J = 8.09 Hz, 2H), 7.55 (d, J = 8.28 Hz, 2H), 3.73 (s, 2H),
3.22 - 3.01 (m, 8H), 1.66 - 1.43 (m, 8H), 1.43 - 1.15 (m, 8H), 0.92 (t, J = 7.33 Hz, 12H); 13C{1H} NMR
(100 MHz, 298.15 K, DMSO-d6): δ: 178.7 (CS), 170.3 (CO), 145.7 (ArC), 125.5 (d, J = 3.29 Hz, ArCH),
123.8 (ArC), 122.2 (q, J = 31.70 Hz, CF3), 120.3 (ArCH), 58.0 (CH2), 50.0 (CH2), 23.5 (CH2), 19.7
(CH2), 13.9 (CH3); IR (film): ν = 2970 (NH stretch), 1734, 1435, 1323, 983; HRMS for the
carboxylate-thiourea ion (C10H8F3N2O2S-) (ESI-): m/z: act: 277.0261 [M]- cal: 277.0264 [M]-.
Compound 69: This compound was synthesised on a 2 mmol scale in line with our
previously published methods,136 the pure product was obtained as a pale brown solid with a
yield of 44 % (0.46 g, 0.88 mmol). Proton NMR were found to match our previously published
values.136 1H NMR (400 MHz, 298.15 K, DMSO-d6): δ: 8.80 (s, 1H), 8.17 (d, J = 7.99 Hz, 1H), 8.09
(d, J = 5.44 Hz, 1H), 7.88 (d, J = 8.18 Hz, 1H), 7.60 – 7.46 (m, 3H), 7.41 (t, J = 7.89 Hz, 1H), 7.11 (t,
J = 5.68 Hz, 1H), 3.94 (d, J = 5.72 Hz, 2H), 3.21 – 3.05 (m, 8H), 1.64 – 1.40 (m, 8H), 1.41 – 1.21 (m,
8H), 0.92 (t, J = 7.31 Hz, 12H).
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Compound 70: This compound was synthesised on a 2 mmol scale in line with our
previously published methods,136 the pure product was obtained as a yellow solid with a yield of
49 % (0.56 g, 0.98 mmol). Proton NMR were found to match our previously published values.136
1

H NMR (400 MHz, 298.15 K, DMSO-d6): δ: 9.11 (br s, 1H), 8.41 (s, 1H), 8.30 (s, 1H), 8.21 (s, 1H),

7.97 (dd, J = 12.97, 8.00 Hz, 3H), 7.50 – 7.29 (m, 3H), 6.80 (t, J = 5.67 Hz, 1H), 3.98 (t, J = 8.12 Hz,
2H), 3.23 – 3.00 (m, 8H), 1.64 – 1.43 (m, 8H), 1.38 – 1.20 (m, 8H), 0.91 (t, J = 7.32 Hz, 12H).
Compound 71: This compound was synthesised on a 3 mmol scale in line with our
previously published methods,136 the pure product was obtained as a pale yellow solid with a
yield of 61 % (1.11 g, 1.83 mmol). Proton NMR were found to match our previously published
values.136 1H NMR (400 MHz, 298.15 K, DMSO-d6): δ: 10.67 (s, 1H) 8.45 (d, J = 7.77 Hz, 1H), 8.30
(d, J = 7.79 Hz, 1H), 8.15 (d, J = 7.92 Hz, 1H), 7.85 (d, J = 7.72 Hz, 2H), 7.58 (t, J = 7.58 Hz, 1H),
7.47 (tt, J = 11.69, 7.49 Hz, 2H), 7.10 (t, J = 7.52 Hz, 1H), 3.96 (s, 2H), 3.23 – 2.99 (m, 8H), 1.62 –
1.44 (m, 8H), 1.41 – 1.19 (m, 8H), 0.92 (t, J = 7.32 Hz, 12H).
Compound 72: This compound was synthesised on a 4 mmol scale in line with our
previously published methods,136 the pure product was obtained as a pale yellow solid with a
yield of 81 % (2.01 g, 3.24 mmol). Proton NMR were found to match our previously published
values.136 1H NMR (400 MHz, 298.15 K, DMSO-d6): δ: 9.25 (s, 1H), 7.95 – 7.75 (m, 4H), 7.58 (d, J
= 8.74 Hz, 2H), 7.37 – 7.20 (m, 1H), 6.98 (t, J = 5.88 Hz, 1H), 3.96 (d, J = 5.88 Hz, 2H), 3.20 – 3.01
(m, 9H), 2.43 (s, 3H), 1.63 – 1.43 (m, 9H), 1.40 – 1.17 (m, 9H), 0.91 (t, J = 7.32 Hz, 12H).
Compounds 73 and 75-80: One equivalent of hydroxide salt was added to ethane
sulfonic acid (0.22 g, 2.0 mmol) and taken to dryness to give the pure product as a white solid/
clear oil with a yield of 100 %.
Compound 74: One equivalent of pyridine was added to ethane sulfonic acid (0.22 g, 2.0
mmol) and taken to dryness to give the pure product as a white solid with a yield of 100 %.
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Compound 104: Triphosgene (0.31 g, 1.0 mmol) was added to a stirring solution of
4-(6-methylbenzothiazol)aniline (0.50 g, 2.0 mmol) in ethyl acetate (30 mL) and the mixture
heated at reflux for 4 hours. 4-(6-methylbenzothiazol)aniline (0.50 g, 2.0 mmol) was then added
to the reaction mixture and heated at reflux overnight, filtered and the solid washed with ethyl
acetate (10 mL). The impurities were removed through recrystallization, followed by filtration
of the solid from methanol. The filtration was then taken to dryness to give the pure product as
a yellow solid with a yield of 84 % (0.85 g, 1.68 mmol); Melting Point: > 200 °C; 1H NMR (400
MHz, DMSO-d6): δ: 9.19 (s, 2H), 8.02 (d, J = 8.72 Hz, 4H), 7.91 (ds, 4H), 7.69 (d, J = 8.52 Hz, 4H),
7.35 (d, J = 8.44 Hz, 2H), 2.47 (s, 6H); 13C{1H} NMR (100 MHz, DMSO-d6): δ: 166.4 (CO), 152.5
(ArC), 152.3 (ArC), 142.8 (ArC), 135.4 (ArC), 134.8 (ArC), 128.3 (ArCH), 127.1 (ArC), 122.5 (ArCH),
122.2 (ArCH), 118.1 (ArCH), 21.5 (CH3); IR (film): ν = 3270 (NH stretch), 1687, 1100, 995; HRMS
(C29H22N4OS2) (ESI-): m/z: act: 507.8847 [M + H+]- cal: 506.1235 [M].
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