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Abstract 

Reports estimate that globally, antimicrobial resistance directly caused 

1.27 million deaths and indirectly caused 4.95 million deaths in 2019, while 

cancer directly caused 9.9 million deaths in 2020.  With a growing 

resistance to current antibiotics and cancer treatments, there is an 

imperative need for new antimicrobial and anticancer agents to tackle this 

crisis. Supramolecular Self-associating Amphiphiles (SSAs) are a class of 

amphiphilic salts with the ability to undergo hydrogen bonded self-

association and have been previously reported to act as both antimicrobial 

and anticancer agents. The SSA observed to have the greatest antimicrobial 

and anticancer activity was subsequently modified to create eight novel 

SSA compounds. Investigations into the physicochemical and self-

associative properties of these novel compounds were conducted in the 

solid phase, gaseous phase and in solution using various techniques 

including quantitative 1H NMR, mass spectrometry, tensiometry, dynamic 

light scattering, zeta potential and circular dichroism. Initial results showed 

that the novel compounds showed better antimicrobial and anticancer 

activity than the SSA they were derived from. 
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1. Introduction 

1.1. Supramolecular Chemistry 

1.1.1. Definition 

First named by Jean-Marie Lehn in 1969, supramolecular chemistry is 

widely defined as ‘chemistry beyond the molecule’ 1 - an interdisciplinary 

field that studies the highly complex and organised molecular systems that 

result from the interaction of two or more chemical species held together 

by noncovalent interactions. 2–5 A pioneer in the field of supramolecular 

chemistry, Lehn later elaborated further, stating, ‘Beyond molecular 

chemistry based on the covalent bond, there lies the field of supramolecular 

chemistry whose goal is to gain control over the intermolecular bond. It is 

concerned with the next step in increasing complexity beyond the molecule 

towards the supermolecule and organised molecular systems […]’.1,6 

Supramolecular chemistry can be divided into two categories: host-guest 

chemistry and self-assembly. Coined by Donald James Cram, host-guest 

chemistry studies the complexes formed between large ‘host molecules 

and smaller ‘guest’ molecules.7 On the other hand, self-assembly concerns 

the spontaneous formation of a large aggregate from the components of 

one system.8 In both cases, the weak and reversible noncovalent 

interactions serve as a form of molecular recognition between the host and 

guest components, and between the components in the self-assembled 

aggregate respectively, controlled by thermodynamics.5,8 
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1.1.2. History 

Preceding the establishment of supramolecular chemistry as a recognised 

field were the principles and theories of many scientists, beginning with 

Johannes Diderik van der Waals who hypothesised the existence of 

intermolecular forces in his 1873 doctoral thesis.9–11 Shortly after, in 1894, 

Hermann Emil Fischer proposed the lock-and-key concept to explain the 

substrate selectivity of enzymes, which would later serve as the basis for 

host-guest chemistry. Fischer hypothesised that an enzyme’s active site 

(i.e., the lock/host) could only be occupied by a substrate with a specific 

complementary shape (i.e., the key/guest) and that this subsequent 

complex was held together by intermolecular forces.12 By 1920, 

intermolecular forces, particularly the hydrogen bond, were understood in 

more depth due to the work of Wendell Mitchell Latimer and Worth Huff 

Rodebush,13 which was developed from the work of Tom Sidney Moore 

and Thomas Field Winmill.14 These fundamental concepts were then taken 

and applied, providing the breakthroughs that birthed supramolecular 

chemistry and cemented by the 1987 Nobel Prize in Chemistry which was 

awarded to Lehn, Charles John Pedersen and Cram for their work that 

formed the basis of host-guest chemistry (Figure 1).4,15–17  
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Figure 1 - Examples of host-guest complexes developed by 1) Pedersen (dibenzo-18-

crown-6); 2) Lehn ([2.2.2]cryptand); and 3) Cram (spherand). 

 

Supramolecular chemistry evolved further Jean-Pierre Sauvage, Sir 

James Fraser Stoddart and Bernard Lucas Feringa were awarded the 2016 

Nobel Prize in Chemistry for their work in the synthesis and development 

of molecular machines.18 Sauvage took the first step in 1983 when he 

synthesised a catenane (Figure 2a), an assembly consisting of two 

interlocked molecular rings held by mechanical bonds and an example of a 

mechanically interlocked molecular architecture (MIMA) - the two rings 

can move freely with respect to each other but cannot be separated unless 

the bond interlocking them is broken.19 Afterwards, in 1991, Fraser 

Stoddart developed rotaxanes: MIMAs consisting of macrocyclic rings able 

to move on the molecular axles formed between two bulky molecular 

‘stoppers’ when introduced to external stimuli (Figure 2b).20 This was 

particularly important as it showed that supramolecular complexes could 

act as motors and consequently gave way to Feringa’s work, which saw the 

development of molecular motors and the construction of the nanocar in 

1999.21 
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Figure 2 - General graphic representations of a) a catenane and b) a rotaxane. 

 

1.2.  Noncovalent Interactions 

As previously mentioned in Section 1.1.1., supramolecular chemistry is 

dependent on noncovalent interactions because they serve as a form of 

molecular recognition and are weak and reversible, allowing the formation 

of complex supramolecular aggregates (see Section 1.3). Although they are 

weak, an increased number of noncovalent interactions in a system result 

in increased stability.7,8 Noncovalent interactions are mainly intermolecular 

(i.e., they involve the distribution of electrons between two or more 

molecules) and Coulombic (i.e., based on the attraction between two 

opposing charges) in nature, although some exhibit covalent 

characteristics.22 The types of noncovalent interactions include van der 

Waals (vdW) forces, pi–pi (π– π) interactions, hydrogen bonding, ion-dipole 

interactions, and ion-ion interactions.23 

 

 

a) b)
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The weakest form of noncovalent interactions, vdW forces are comprised 

of three interactions that contribute to the overall attraction between the 

molecules in a system:24,25  

a. Permanent dipole-permanent dipole interactions (also referred to 

as Keesom interactions) occur when two molecules with permanent 

dipoles (or polar molecules) close to each other interact, with a 

relative binding strength of ≤ 25 kJ mol-1.24,26  

b. Permanent dipole-induced dipole interactions (also referred to as 

Debye interactions) occur when a polar molecule repels the 

electrons of (and thereby induces a dipole in) a nearby non-polar 

molecule and have a relative binding strength of ≤ 3  kJ mol-1.24,26 

c. Instantaneous dipole-induced dipole interactions (also referred to 

as London dispersion forces or LDFs) occur when the electron 

distribution of a non-polar molecule randomly fluctuates and is 

unsymmetrical. This produces an instantaneous temporary dipole 

that subsequently induces a dipole on another non-polar molecule 

nearby, causing them to attract each other. LDFs can also occur 

between atoms and do not require permanent dipoles. The relative 

binding strength of LDFs is ≤ 45 kJ mol-1 24 however, this depends on 

the size and polarizability of the molecules involved.8,23,26 Compared 

to Keesom and Debye interactions, LDFs tend to make up the 

majority of  vdW attraction forces in a system.24,25 
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π–π interactions are interactions that occur between conjugated π-

systems, predominantly aromatic rings. There are different types but, 

regarding supramolecular chemistry, only two are of main importance:8 

a. π–π interactions are interactions between two conjugated π-

systems with binding strengths ranging between 0 – 50 kJ mol-1,8 

and can arise when the π-systems are in one of three 

conformations (Figure 3a): 

i. Edge-to-face or CH–π interactions arise when a hydrogen 

atom interacts with the centre of a π-system, resulting in a 

charge transfer between the C–H orbital and the delocalised 

π-system.7,27,28 

ii. Offset stacked interactions arise between the centre of one 

π-system and the edge of another. 7,27,28 

iii. Face-to-face stacked interactions arise between the centres 

of two π-systems.7,27,28 Unlike edge-to-face interactions or 

offset stacked interactions, face-to-face interactions tend to 

be electrostatically unfavourable and repulsive, for example 

between two benzene rings. However, the interaction 

between the faces of the electron-rich benzene and the 

electron-poor hexafluorobenzene is attractive.29,30  

b. Cation–π interactions are interactions between a cation and the 

face of a π-system, with binding strengths ranging between 5 – 80 

kJ mol-1 (Figure 3b). 7,8,31  



7 

 

Figure 3 - Illustrations showing a) the three different types of π-π interactions: i. edge-

to-face; ii. offset stacked; iii. face-to-face stacked, and b) an example of cation-π 

interactions between benzene and a potassium ion. 

  

Hydrogen bonding is a specific type of permanent dipole-permanent dipole 

interaction (which also has covalent characteristics) and results from the 

interaction between a proton donor group and a proton acceptor group, 

also known as the hydrogen bond donor (HBD) and the hydrogen bond 

acceptor (HBA) respectively (Figure 4).7,8,24,32,33  

 

 

Figure 4 - An example of hydrogen bonding in water. Here, one of the partially 

positive hydrogen atoms in one water molecule is the HBD, while the partially 

negative oxygen atom in the other water molecule is the HBA, with the hydrogen 

bond represented with a red dashed line. 
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HBD groups consist of a hydrogen atom covalently bonded to a 

more electronegative heteroatom (e.g., fluorine, oxygen, nitrogen, chlorine 

etc.) – this difference in electronegativity creates a permanent dipole and 

positively polarises the hydrogen atom slightly, resulting in a partial charge 

(denoted by the ∂+ symbol). HBA groups consist of either electronegative 

atoms that have a lone pair or the delocalised electron cloud in aromatic 

systems.7,8,23 Additionally, functional groups can form hydrogen bonds, 

either as an HBD, HBA, or both. For example, ketone and nitrile groups can 

be HBAs, while hydroxyl and imine groups can be both HBDs and HBAs. 34 

The strength of hydrogen bonds varies from 4 – 120 kJ mol-1 8 and is 

influenced by the nature of the electronegative atom in the HBA group 

and/or the HBD group, and whether the HBD and HBA groups are already 

participants in other hydrogen bonds. Another influence on the strength of 

hydrogen bonds is the geometry the hydrogen-bonded system adopts as a 

result of the direct interactions between the HBD group and HBA group 

(otherwise known as primary hydrogen bond interactions). Hydrogen 

bonds are typically short, highly directional, and optimise at 180 ° to give a 

linear geometry. However, the longer the distance between the HBD group 

and the HBA group, the less directional the bond and the less linear the 

geometry - the different geometries that can be formed are shown in 

Figure 5.7,8,35,36  
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Figure 5 - The six different hydrogen bonding geometries that can potentially form as 

a result of primary hydrogen bond interactions: a. linear; b. bent; c. donating 

bifurcated; d. accepting bifurcated; e. trifurcated; f. three-centre bifurcated. 

 

In addition to primary bond interactions, there are secondary 

hydrogen bond interactions that occur between neighbouring groups that 

can also affect the strength of the hydrogen bond, either by increasing 

attraction and strengthening the hydrogen bond, or increasing repulsion 

and weakening the hydrogen bond.8 Furthermore, other factors that affect 

the ability of the HBD group to donate a proton and/ or the HBA group to 

accept a proton (such as substituents in an aromatic system, or 

conjugation) or factors that affect the entire system (including 

temperature, pressure, and bond angles) can also affect the strength of the 

hydrogen bond.7,8,35,37,38 
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The last two noncovalent interactions include the presence of ions: ion-

dipole interactions and ion-ion interactions. Ion-dipole interactions occur 

between ions and polar molecules and have strengths ranging between 50 

– 200 kJ mol-1.7,8 Examples include the interactions in the 15-crown-5 

potassium complex and the interactions between sodium ions and water 

molecules (Figures 6a and 6b). Ion-ion interactions are the strongest form 

of noncovalent interactions, occurring between ions of opposite charge 

with strengths ranging from 100 – 350 kJ mol-1, similar to the strength of a 

covalent bond.7,8,23 Examples include tetrabutylammonium chloride (TBA 

Cl) and sodium chloride (Figures 6c and 6d). 

 

 

Figure 6 - Examples of ion-dipole interactions in a) the potassium complex of 15-

crown-5 and b) sodium ions in water, and of ion-ion interactions in c) 

tetrabutylammonium chloride (TBA Cl), and d) sodium chloride. 
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1.3.  Amphiphiles and Supra-amphiphiles 

1.3.1. Amphiphiles  

Amphiphiles are molecules that possess both hydrophilic (water-loving or 

polar) and hydrophobic (fat-loving or non-polar) components covalently 

bound to one another and can self-assemble into a vast range of structures 

when in solution or at an interface. Traditional examples of amphiphiles 

include a hydrophilic head connected to a long hydrophobic hydrocarbon 

chain. However, there are different classes of amphiphiles depending on 

the nature of the hydrophilic head:39  

a. Anionic amphiphiles contain a negatively charged head group with a 

positive counterion (Figure 7, 4, SDS) and are mainly used in 

cleaning products such as washing up liquid and shampoos.40 

b. Cationic amphiphiles contain a positively charged head group, 

typically a quaternary ammonium salt, with a negative counterion 

(Figure 7, 5, CTAB). The presence of the quaternary ammonium salt 

produces properties that are desirable for a variety of applications 

e.g., some possess the ability to reduce surface tension so are used 

as wetting agents, while others possess antimicrobial properties 

and are used in pharmaceuticals.40,41  

c. Nonionic amphiphiles (Figure 7, 6, sorbitan laurate) have a head 

group that possesses no charge (e.g., alcohols, esters, polyethers 

etc.), with vast applications when alone (e.g., as emulsifiers, 

defoaming agents or in pharmaceuticals etc.) or when paired with 
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anionic amphiphiles (typically in household cleaning agents such as 

laundry and dishwasher detergents).39,42  

d. Amphoteric or zwitterionic amphiphiles have both positive and 

negative charges in the head group (Figure 7, 7, SB-8) and possess 

non-toxic and biodegradable properties, allowing use in cosmetic 

and personal care products.43 

 

 

Figure 7 - Examples of the different types of amphiphiles: 4) anionic, 5) cationic, 6) 

nonionic, and 7) zwitterionic. The hydrophilic head is highlighted by a purple circle, 

the anionic area is highlighted in red, and the cationic area is highlighted in green. 
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A main characteristic of amphiphiles is their ability to self-assemble 

and form aggregates upon reaching a certain concentration known as 

either the critical micelle concentration (CMC) or, more accurately, the 

critical aggregate concentration (CAC). However, depending on factors 

such as the pressure, pH, polarity, or temperature of the solvent 

environment the amphiphile is in, the type of aggregate or morphology 

formed may differ (Figure 8).8,39,44,45 For example, with regard to the 

polarity of the solvent environment, micelles and bilayers are formed in 

aqueous solutions as the hydrophilic head favours the polar environment, 

whereas reverse micelles are formed in nonpolar solutions. The structure 

of the amphiphile can also influence the morphology – amphiphiles with a 

single hydrophobic tail commonly form either micelles or reverse micelles 

but amphiphiles with multiple hydrophobic tails commonly form 

bilayers.39,46  

 

 

Figure 8 - Graphic representations showing four of the possible morphologies 

amphiphiles can form in solution: a) micelle, b) reverse micelle, c) bilayer and d) 

vesicle. 
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1.3.2. Supra-amphiphiles  

Supra-amphiphiles are amphiphiles that form supramolecular complexes 

using noncovalent interactions and host-guest molecular recognition.47–49 

For instance, supra-amphiphiles have been formed using charge-transfer 

interactions,50 electrostatic interactions,51,52 hydrogen bonds,53 metal-

ligand interactions,54 and π-π interactions.55 Supra-amphiphiles have also 

been formed using covalent bonds,56 including imine bonds as reported by 

Minkenberg et. al.57 

The formation of supra-amphiphiles using host-guest molecular 

recognition can be done through the use of hydrogen bonding, using the 

urea functional group in particular (Figure 9).  

 

Figure 9 - The general structure of the urea functional group, with red dashed lines 

indicating where hydrogen bonds can form. 

 

The urea group is desirable as it is a strong HBD group due to the 

two NHs and, by incorporating electron-withdrawing groups (EWGs) such 

as aromatic rings, the acidity of the protons increases, thereby increasing 

its strength as an HBD group and its affinity to the guest molecule. 58–60 
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Hiscock et al. used the urea functionality in their design of Supramolecular 

Self-associating Amphiphiles (SSAs) – Figure 10 shows the general structure 

of the SSA consisting of a urea group containing both HBD (the two NHs) 

and HBA (the X group) groups, a hydrophobic region, an anionic hydrophilic 

region with an HBA group (the Y- anion), and a counter cation.61 

 

 

Figure 10 - The general structure of a supramolecular self-associating amphiphile 

(SSA). 

 

Due to the HBD group and the two HBA groups, SSAs can self-

associate via hydrogen bonding and adopt four binding modes but not at 

the same time, resulting in a ‘frustrated system’ (Figure 11).61,62 The 

binding mode adopted depends on the structure of the SSA, the solvent 

system, and the counter cation. 
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Figure 11 - The four possible modes of hydrogen-bonded self-association of SSAs: a) 

urea-anion dimer formation, b) urea-anion stacking, c) anti-urea-urea stacking or d) 

syn-urea-urea stacking. 

 

Using the first SSA as a template, modifications were made to inform 

the design of the next generation of SSAs synthesised, and to establish the 

structure-activity relationship. This was done in a variety of ways:  

• By increasing or decreasing the number of the R groups on the 

aromatic ring and modifying the R groups to include either EWGs or 

electron-donating groups (EDGs).62–66 

• By creating analogues in two ways: using either a urea group or a 

thiourea group in the urea region or using either a carboxylate 

group or sulphonate group as the anion.62,64–67 

• By changing the counter cation used.62,64,66 
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1.4. Project Background, Aim and Objectives 

1.4.1. Project Background 

With the extensive library of SSAs created through these modifications, 

Hiscock et al. conducted antimicrobial and anticancer assays to determine 

whether the SSAs had antimicrobial and/or anticancer properties and, if so, 

which SSA showed the best activity. Subsequently, some SSAs have been 

reported to act as antimicrobial agents against clinically relevant bacteria,66 

antibiotic delivery agents,63,66 antimicrobial efficacy enhancers,68 and 

anticancer agents by enhancing the efficacy of cytotoxic chemotherapies 

such as cisplatin.69 With reports estimating that antimicrobial resistance 

(AMR) caused 4.95 million deaths in 2019,70 and cancer caused 9.9 million 

deaths in 2020,71 the need for new antimicrobial and anticancer agents is 

vital and the continuous development and production of next-generation 

SSAs is proving to be valuable towards this need. 

 

SSAs 8, 9, 10 and 11 (Figure 12) are carboxylate salts that are analogues of 

each other: 

• 8 and 9 possess a urea group, while 10 and 11 possess a thiourea 

group. 

• 8 and 10 possess hydrogen as the counter cation (i.e., have a 

carboxylic acid group), whereas 9 and 11 possess 

tetrabutylammonium (TBA) as the counter cation. 
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Figure 12 - The structures of SSAs 8, 9, 10 and 11.64,66 

 

In 2020, Hiscock et al. reported that 9 was the most effective 

against both the Gram-positive methicillin-resistant Staphylococcus aureus 

(MRSA) USA 300 strain and the Gram-negative Escherichia coli (E. coli) 

DH10B strain compared to 46 varying SSAs (including its analogues 8, 10 

and 11) and 4 quaternary ammonium chloride salts (Table 1).66 Therefore, 

it was established that the presence of both the urea group and TBA cation 

increased antimicrobial activity. 

 

Table 1 - The minimum inhibitory concentration required to decrease microbial 

growth by 50% (MIC50, mM) values determined for 8, 9, 10 and 11 against Gram-

positive MRSA USA 300 and Gram-negative E. coli DH10B strains, with Ampicillin used 

as a control to test the validity of the antimicrobial MIC50 determination methods. Fail 

= compound failed initial antimicrobial screening. [a] = endpoint of experiment 

predicted due to compound solubility.66  
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Consequently, this project aims to use 9 as a backbone for the design of 

the next generation of SSAs to investigate structure-activity relationships 

and determine if the modifications made improve the antimicrobial and 

anticancer activity. Herein, eight novel SSA compounds are characterised 

and studied to assess their self-associative, antimicrobial, and anticancer 

activities. Modifications made included replacing one of the prochiral 

hydrogen atoms in 9 to introduce chirality, then subsequently creating 

analogues of these chiral molecules to introduce a change in functionality 

(Figure 13): 

• Compounds 12 – 15  are derived from the amino acid 

phenylalanine, with the carboxylate group in 12 and 14 being tert-

butyl protected and 13 and 15 having TBA as a counter cation.  

• Compounds 16 – 19  are derived from the amino acid leucine, with 

the carboxylate group in 16 and 18 being tert-butyl protected and 

17 and 19 having TBA as a counter cation.  
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Figure 13 - The structures of the novel SSA compounds 12 – 19 synthesised for this 

project. 

 

1.4.2. Project Aim 

To synthesise and characterise a novel class of supramolecular self-

associating amphiphiles (SSAs) and assess their self-associative, 

antimicrobial, and anticancer activities. 
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1.4.3. Project Objectives 

• To synthesise and characterise the physicochemical properties of 

novel compounds 12 – 19. 

• To assess the self-associative properties of 12 – 19. 

• To investigate the effect the modifications made to 9 to design 12 – 

19 have on antimicrobial and anticancer efficacy.  
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2.  Results and Discussion 

2.1. Introduction 

The self-association of SSAs can be studied in the solid phase, gas phase 

and solution. But, as the assemblies that form are complex, a range of 

techniques are used to complete the physicochemical characterisation and 

observe the self-association of these SSA compounds. This process is 

outlined as a flow chart as shown in Figure 14. The techniques that are 

used for physicochemical characterisation include electrospray ionisation 

mass spectrometry (ESI-MS), Fourier-transform infrared spectroscopy 

(FTIR), melting point and NMR (1H, 13C and DEPT). To observe self-

association, multiple techniques can be used in the solid, gaseous, and 

liquid phases. In the solid phase, single-crystal X-ray diffraction (XRD) is 

used to detect self-association (Section 2.1), while ESI-MS is used to 

additionally observe self-association in the gaseous phase (Section 2.2).61 In 

solution (Section 2.3), multiple techniques are used to detect self-

association in either organic solvents, aqueous solvents, or both – these 

techniques include quantitative 1H NMR (qNMR), tensiometry (to obtain 

the CAC), dynamic light scattering (DLS), zeta potential (ZP), self-association 

studies and diffusion ordered NMR spectroscopy (DOSY). Other techniques 

are also used, such as circular dichroism (CD) and membrane fluidity. 
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Figure 14 - A flow chart showing all the techniques used to characterise novel SSA 

compounds. A blue box represents an action and a red box represents a decision to 

make if an issue arises. 
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2.2. Self-association in the Solid Phase 

Single-crystal XRD is a non-destructive analytical technique, first developed 

by Max von Laue.72 The technique was further developed by Walter 

Friedrich and Paul Knipping who were consequently awarded the 1914 

Nobel Prize in Physics.73 Single-crystal XRD is commonly used in 

supramolecular chemistry to obtain and identify three-dimensional (3D) 

structures of repeating units within a single crystal.74 The novel single 

crystal x-ray structures obtained and discussed in this section were 

obtained by Dr Jennifer R. Hiscock. 

Single crystals of 12, 14, 16 and 18 were obtained through selective 

precipitation using chloroform and hexane - they do not contain an anionic 

functionality, as the anionic group is protected by a tert-butyl ester, 

however they still exhibit hydrogen bonded self-association. For isomers 12 

and 14, three bonds were formed between the urea N-H, the urea oxygen, 

and the oxygen of the protected carboxylic acid, with one urea N-H forming 

two bonds with the urea oxygen and the oxygen of the protected 

carboxylic acid (see Figure 15). However, while 16 and 18 also showed self-

association through hydrogen bonds between the urea N-H and the oxygen 

of the protected carboxylic acid, only two bonds are formed (see Figure 

16). 
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Figure 15 - Single crystal X-ray structure of 12, where red = oxygen, green = fluorine, 

blue = nitrogen, white = hydrogen, and grey = carbon. TBA cation omitted for clarity. 

 

 

Figure 16 - Single crystal X-ray structure of 16, where red = oxygen, green = fluorine, 

blue = nitrogen, white = hydrogen, and grey = carbon. TBA cation omitted for clarity. 
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All single crystal X-ray structures for 12, 14, 16 and 18 are presented in 

the appendix (see Section 7.7.). Single crystals could not be obtained for 

SSAs 13, 15, 17 and 19 upon completion of this project, but efforts are 

ongoing to obtain these. 

 

2.3. Self-association in the Gaseous Phase 

ESI-MS is comprised of two techniques: electrospray ionisation (ESI) and 

mass spectrometry (MS). MS is an analytical technique used to measure 

the mass-to-charge ratio (m/z) of ions but can also be used to calculate 

molecular weight to identify unknown samples or to identify the structural 

and chemical properties of molecules.75 This technique requires the 

components in the sample to have an electrical charge and this is done 

through ionisation of the sample. There are two types of ionisation – hard 

ionisation uses greater amounts of energy to ionise the sample which 

causes more of the bonds in the molecules to break and creates fragments, 

while soft ionisation uses lesser amounts of energy to ionise the sample, 

creating little to no fragments (or none at all) compared to hard 

ionisation.76,77 ESI is a soft ionisation that uses an electrospray to apply a 

high voltage to a liquid sample to create an aerosol. As a soft ionisation 

technique, ESI is often used to analyse fragile macromolecules and 

supramolecular complexes due to the lack of fragmentation and the 

preservation of noncovalent interactions in the gaseous phase.75,78,79  
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In this project, ESI-MS was used to both characterise and determine 

whether self-association is present in the anionic component of the novel 

compounds. Each compound was run at a concentration of  ~ 1 x 10-6 mol 

in methanol (MeOH). The data obtained showed that 12 – 19 exist as 

anionic monomeric [M]- species and 13, 15, 17 and 19 also exist as 

protonated self-associated dimeric [M + M + H]- species (Table 2). As 12, 

14, 16 and 18 are tert-butyl protected, there are no anionic or ionisable 

components which explains why protonated dimeric species were not 

observed for these compounds. 

 

Table 2 - High-resolution electrospray ionisation mass spectrometry (ESI-MS) 

theoretical and experimentally derived values. 

 

 

Using 13 as an example, the theoretical [M]-  m/z value was 

calculated to be 351.0962 while the theoretical [M + M + H]-  m/z value was 

calculated to be 703.1996 (351.0962 + 351.0962 + 1.0072). The ESI-
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spectrum in Figure 17 shows the presence of the [M]- species with an 

actual m/z of 351.0952, and the presence of the [M + M + H]-  species with 

an actual m/z of 703.1859. 

 

 

Figure 17 - The ESI-MS spectrum of 13, showing both a) the anionic monomeric 

species [M]-  with an m/z of 351.0952 and b) the protonated dimeric species [M + M + 

H]-  with an m/z of 703.1859. 

 

To summarise, it was observed that self-association occurs in the gas 

phase providing there is an anionic or ionisable component, indicating that 

the noncovalent interactions that form in the dimers are strong enough to 

withstand ionisation. The exact strength of these interactions cannot be 

determined in the gaseous phase therefore these compounds were further 

explored in the solution state using different techniques. All ESI-MS spectra 

for 12 – 19 are presented in the appendix (see Section 7.8.). 
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2.4. Self-association in Solution 

The study of self-association in the solid and gaseous phases allows 

observation without the need for a solvent. Nevertheless, solvent 

interactions must be considered when studying self-association as the 

binding modes of SSAs depend on the solvent environment. For example, it 

has been shown previously that SSAs tend to form dimers in dimethyl 

sulfoxide (DMSO) but form spherical aggregates in water with 5 % ethanol 

(EtOH).61–65,67,80,81 This is because of the influence the hydrophobicity, 

hydrophilicity and hydrogen bonding nature of the solvent has on the 

formation of self-associated complexes e.g., both water and DMSO interact 

with SSAs due to their HBD and HBA groups but because they have a 

different number of HBDs/HBAs, their interactions with SSAs differ.82,83 As 

a result, a range of techniques were used to observe the self-association of 

the novel SSAs in solution. 

 

2.4.1. Quantitative 1H NMR Studies 

Quantitative 1H NMR (qNMR) is a technique used to quantify the 

concentration of molecules with low molecular weight (LMW) and 

produces initial evidence of species such as dimers and larger aggregates.84 

Based on this, the Hiscock group have applied qNMR to quantify the 

concentration of various molecular components visible to solution-state 

NMR against an internal standard to determine if SSAs form aggregates 

that adopt solid-like properties, which leave them unobservable using 
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solution-state NMR.65 In this project, qNMR was used to quantify the 

concentration of 13, 15, 17 and 19 using an organic solvent system and an 

aqueous solvent system: deuterated DMSO (DMSO-d6) doped with 1.0 % 

dichloromethane (DCM) at 112 mM, and deuterated water (D2O) doped 

with 5 % EtOH at 5.56 mM respectively. DCM and EtOH are the internal 

standards used as both solvents are miscible in their respective main 

solvents and their NMR signals do not overlap or appear near any signals 

attributed to the compounds being studied. The doped solvent signal is 

comparatively integrated against the anionic component and, if present, 

the cationic component of the SSA to calculate the apparent percentage 

‘loss’ of the compound. Using 13 as an example (Equation 1), the ratio of 

13 to DCM is first calculated, before the actual value of the signal is taken 

away from the expected value based on the characteristic 1H spectrum and 

this resultant value is divided by the expected value and multiplied by 100 

to give a percentage ‘loss’ of 6 % of the anionic component and 4 % of the 

cationic component (Figure 18). This calculation process is then repeated 

for in EtOH, the dopant used in D2O (Figure 19). 

 

Equation 1 – The process for calculating percentage ‘loss’ for the qNMR conducted in 

DMSO-d6/ 1.0 % DCM: the ratio of DCM (0.08 mM) to 13 (0.0556 mM in 0.50 mL) is 

found to be 1.43 per proton but, as DCM has two protons, the peak at 5.75 ppm 

integrates for 2.86. With this integration, the percentage ‘loss’ of the anionic and 

cationic components is calculated. 
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Figure 18 - 1H NMR spectrum (d1 = 60 s) of compound 13 (112 mM) in DMSO-d6/1.0 % 

DCM. Comparative integration indicates no loss of the anionic component and 0.53 % 

of the cationic component of 13 has become NMR silent. 
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Figure 19 - 1H NMR spectrum (d1 = 60 s) of compound 13 (5.56 mM) in D2O/5.0 % 

EtOH. Comparative integration indicates 77 % of the anionic component and 47 % of 

the cationic component of 13 has become NMR silent.  

 

In DMSO-d6, there is no apparent percentage ‘loss’ of signal for the 

anionic component of 13, but little apparent percentage ‘loss’ of signal for 

the anionic and cationic components of compounds 15, 17 and 19, as 

shown in Table 3. However, the ‘loss’ seen in 15, 17 and 19 may be due to 

the temperature the experiments were conducted in. Given the volatile 

nature of DCM, the ‘loss’ may have occurred due to the evaporation of the 

dopant at temperatures even slightly higher than room temperature (RT) 

before the study was carried out. This is further corroborated by the results 
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obtained from the 1H NMR DOSY studies (see Section 2.4.3.), which show 

no indication of the formation of large self-associated aggregates. To 

investigate this, the qNMR studies for 15, 17 and 19 in DMSO-d6 must be 

repeated however, this could not be completed within the time allocated 

for this project. 

In D2O, 13, 15, 17 and 19 all show percentage ‘loss’ for both the 

anionic and cationic components - because of this ‘loss’ of signal of the 

compound, the self-association of the SSAs cannot be observed or studied 

further using this solvent system with solution-state NMR. The ‘loss’ of 

signal is due to the formation of larger higher-order self-associated 

aggregates that have solid-like characteristics in a predominantly aqueous 

solution that are ‘invisible’ to the NMR i.e., they are NMR silent. As 13, 15, 

17 and 19 showed little ‘loss’ of signal in DMSO-d6, all of the compounds 

can continue to be observed using solution state NMR in this solvent, 

allowing determination of self-association constants (1H self-association 

studies, see Section 2.4.2.) and the sizes of the aggregates found (1H NMR 

DOSY, see Section 2.4.3.). On the other hand, as all the compounds showed 

a ‘loss’ of signal in D2O, different studies must be carried out to determine 

the size (DLS, see section 2.4.5.) and stability (ZP, see Section 2.4.6.) of 

these aggregates in this solvent. 

Table 3 - Overview of results of qNMR studies. Values given in % represent the 

observed proportion of the anionic component of the compound that has become 

NMR silent. SSAs were at concentrations of 111.12 mM in DMSO-d6, and 5.56 mM in 

D2O for 13, 15, 17 and 19. 
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All qNMR spectra for 13, 15, 17 and 19 are presented in the appendix (see 

Section 7.2.). 

 

2.4.2. 1H NMR Self-association Studies 

If there is no observable “loss” of signal in qNMR, the next step is to 

conduct 1H self-association studies (as shown in Figure 14). NMR can 

observe weak and non-covalent interactions,85 such as halogen bonding,86 

hydrogen bonding,65,87–89 and π-π interactions.90,91 To directly monitor the 

hydrogen bonds that form between the HBD urea N-Hs and the HBAs in the 

SSAs, a series of 1H NMR dilution studies were conducted in a DMSO-d6/ 

0.5 % H2O solution - this allows for the direct observation of the HBD urea 

N-H resonances in a competitive solvent system. Binding constants were 

also calculated by fitting data to two binding models using Bindfit.92,93 The 

equal K (EK) model presumes all association events are equal, while the co-

operative equal K (CoEK) model presumes the first association event differs 

from that of any subsequent events that are identical.94,95 However, both 

models assume that only one component, one dimensional (1D) 

homogenous aggregates are formed, meaning that data showing evidence 
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of more than one species/ type of association event cannot be fitted to 

these models.96 

 The results from these self-association studies show that as the 

concentration of SSA decreases, the signals for the N-H protons shift 

upfield (Figures 20 and 21, using 13 as an example) - this change in 

chemical shift is due to the formation of the hydrogen bond. Kumar et al. 

suggested that the greater the chemical shift, the greater the strength of 

the hydrogen bond formed.88  

 

Figure 20 - Enlarged 1H NMR stack plot of compound 13 in a DMSO-d6 / 0.5 % H2O 

solution. Samples were prepared in series with an aliquot of the most concentrated 

solution undergoing serial dilution.  
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Figure 21 - Graph illustrating the 1H NMR down-field change in chemical shift of urea 

N-H resonances with increasing concentration of compound 13 in DMSO-d6 0.5% H2O 

(298 K). 

 

The changes in chemical shift from these studies were then fitted to 

the EK and CoEK models on Bindfit to quantify the strength of the 

hydrogen bonds formed during self-association events (Table 4). While the 

constants Ke and Kdim are similar for isomers 13 and 15 in both models (2 % 

difference), this is not the case for isomers 17 and 19 (29 % difference). 

This is unusual as the physical properties of enantiomers (excluding optical 

rotation) should be identical, unless interactions with another enantiomer 

are involved. This discrepancy is also seen for 17 and 19 in the DLS and ZP 

studies and is further discussed in depth in Section 2.4.9. 
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Table 4 - The self-association constants (M-1) calculated for 13, 15, 17 and 19 in 

DMSO-d6/ 0.5% H2O solution at 298 K. Constants were obtained for the EK and CoEK 

models by fitting 1H NMR self-association data to Bindfit v0.5. 

 

All 1H NMR self-association spectra and Bindfit links for 13, 15, 17 

and 19 are presented in the appendix (see Section 7.4.). 

 

2.4.3. 1H NMR DOSY Studies 

After the 1H NMR self-association studies, NMR diffusion ordered NMR 

spectroscopy (DOSY) is conducted. NMR DOSY is a technique that 

separates the NMR signals of a sample depending on the diffusion 

coefficient (D) of each molecule present in it, allowing mixtures of 

compounds to be analysed.97 The diffusion coefficient is then converted 

into the hydrodynamic diameter (dH) via the Stokes-Einstein equation 

(Equation 2).98 

Equation 2 – The Stokes-Einstein equation, which enables the calculation of the 

hydrodynamic diameter (dH) using the diffusion coefficient. 
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However, the use of the Stokes-Einstein equation to calculate dH is 

a limitation of the NMR DOSY technique, as the equation assumes the 

molecules are spherical. Therefore, the calculated dH of molecules using 

this technique and equation must be considered estimations. 

 

 To obtain dH for 13, 15, 17 and 19, 1H NMR DOSY studies were 

carried out at 55.56 mM in a DMSO-d6/ 0.5 % H2O solution, and the 

obtained D was applied to the Stokes-Einstein equation. Using 13 as an 

example (Figure 22), it was observed that the anionic component diffused 

at different rates compared to the cationic component, meaning that dH is 

different for each component. As the anionic components and cationic 

components differ in diffusion rate, this shows that the cationic component 

(TBA) does not co-ordinate strongly with the anionic SSA component when 

in solution. 
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Figure 22 - 1H DOSY NMR of compound 13 (55.56 mM) in a DMSO-d6/ 0.5 % H2O 

solution conducted at 298 K and a table reporting the diffusion constants calculated 

for each peak used to determine the hydrodynamic diameter (dH) of the anionic 

component. The anionic component is highlighted in blue and corresponds to peaks 1-

5, while the cationic component is highlighted in red and corresponds to peaks 6-9. dH 

= 1.70 nm. 
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Table 5 – The calculated dH for 13, 15, 17 and 19 using the Stokes-Einstein equation. 

 

 

Overall, the results obtained from the DOSY studies show no 

indication that large self-associated aggregates form in a DMSO-d6/ 0.5% 

H2O solution as the dH of the anionic components are less than or equal to 

1.70 nm (Table 5) – this diameter is hypothesised to be indicative of lower-

order complex aggregates such as monomers, dimers, and trimers. 

All 1H NMR DOSY spectra for 13, 15, 17 and 19 are presented in the 

appendix (see Section 7.3.). 

 

2.4.4. Tensiometry Studies and CAC Determination 

Because there was a ‘loss’ of compound in the qNMR studies conducted in 

the D2O/ 5.0 % EtOH solvent system, the larger aggregates can no longer 

be observed using NMR, as they are beyond the scope of the NMR 

instrument. Consequently, different techniques must be employed in order 

to observe the larger aggregates in solution, including techniques to 
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determine CAC, dynamic light scattering (DLS) and zeta potential (ZP), as 

shown in Figure 14. 

The main characteristic of amphiphiles is the ability to self-assemble 

and form aggregates upon reaching a certain concentration (see Section 

1.3.1.). The morphology of the aggregate formed depends on various 

factors, but the most common morphology seen is the micelle, where the 

hydrophilic head favours and seeks to interact with an aqueous 

environment while the hydrophobic tail is packed internally to the 

structure, isolated from the aqueous environment.8,99 A surface-active 

agent, or surfactant, is a specific type of amphiphile that lowers the surface 

tension of the environment it is present in.8 At low concentrations, a 

dynamic equilibrium occurs where the surfactants either aggregate or 

gather and adsorb at the surface, disrupting the cohesive energy and 

lowering the surface tension. Increasing amphiphile concentration 

increases adsorption until the surface is fully saturated and there is no 

longer an effect on surface tension (Figure 23)100–103   – this point is defined 

as the CAC.  Once the CAC is reached, any further increase in concentration 

results in continuous formation of the self-assembled morphologies in the 

bulk of the solution. This concentration is more commonly referred to as 

the CMC however, this limits the aggregate morphology formed to micelles 

or spherical aggregates only when other morphologies can be formed, 

therefore the term CAC is preferred.  
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In this project, compounds 13, 15, 17, 19 and the racemic mixtures 

of isomers 13+15 and isomers 17+19 were studied using pendant drop 

tensiometry measurements to determine the CAC and surface tension of 

serially diluted solutions of each compound, with a top concentration of 

5.56 mM in EtOH:H2O (1:19) solution. Unfortunately, the CAC and surface 

tension could not be obtained due to solubility issues – the surface tension 

continued to decrease at 5.56 mM and no further measurements could be 

obtained due to the solubility limit (5.56 mM in 1 mL of EtOH:H2O (1:19)). 

As a result, dynamic light scattering (DLS) and zeta potential (ZP) studies 

were conducted at 5.56 mM. 

 

 

Figure 23 – Graphical representation of CAC determination by Williams et al.102: a) 

surfactants adsorb at the surface in equilibrium with aggregate formation, b) surface 

CAC
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is fully saturated and CAC is reached, and c) continued aggregate formation as 

concentration increases after CAC. 

 

2.4.5. Dynamic Light Scattering Studies 

Once the CAC for each compound and the racemic mixtures, the 

next technique to use is dynamic light scattering (DLS). DLS is a non-

invasive technique normally used to characterise nanoparticles, determine 

the size of macromolecules, or detect aggregates in macromolecular 

solutions.104–106 This technique uses the Brownian motion of particles (i.e., 

particles are continuously colliding with solvent molecules) and light 

scattering to calculate the size of the particles in solution - the size of the 

particles affects the intensity of scattered light.106 The Stokes-Einstein 

equation (Equation 2) can be used to calculate dH,107 but this calculation is 

limited to a range of 1 – 1000 nm,105 meaning that while low-order 

aggregates will be visible, their sizes cannot be calculated. Additionally, 

with the use of the Stokes-Einstein equation,  there is an assumption that 

all aggregates formed are spherical (as previously mentioned in Section 

2.4.3.). The results from these DLS studies are intensity distribution graphs 

weighted by size, so therefore cannot be treated as comparative numbers. 

Because the compounds observed within this project are novel, the 

refractive indices are unknown, thus number or volume distribution of the 

compounds cannot be obtained however, the polydispersity index (PDI) 
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can be considered instead - the higher the PDI, the larger the size of the 

aggregate. 

 

To obtain dH, samples of 13, 15, 17, 19, and racemic mixtures of isomers 

13+15 and isomers 17+19 at 5.56 mM in EtOH:H2O (1:19) solution were 

first annealed (heated to 313 K and cooled down to 298 K) to guarantee 

any self-associated aggregates present had achieved a thermodynamic 

minimum. Then, the average intensity particle size distribution was 

obtained from 10 DLS measurements. Evidence of large aggregates was 

first obtained through the qNMR studies conducted in 1 EtOH:H2O (1:19) 

solution for compounds 13, 15, 17 and 19 in Section 2.4.1. The data from 

the DLS studies in EtOH:H2O (1:19) solution corroborate this evidence, with 

dH (equal to the peak maxima) ranging between 100 – 300 nm (Table 6). 

Additionally, with PDI ranging between 13 – 23 %, the lower PDI indicates 

that the aggregates formed are similar in size, thus have increased 

homogeneity. 

 

Table 6 - The peak maxima obtained from the average intensity particle size 

distribution (calculated from 10 DLS runs) for compounds 13, 15, 17 and 19, and 

racemic mixtures of isomers 13+15 and isomers 17+19 obtained at 5.56 mM in 

EtOH:H2O (1:19). An annealing process was applied in which the samples were heated 

to approximately 313 K before being cooled down to a measurement temperature of  
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at 298  K. [a] 1:1 mixture. Error = standard error of the mean and given to 1 decimal 

place.  

 

 

As mentioned previously in Section 2.4.2., discrepancies were 

observed between the Ke and Kdim  values for isomers 17 and 19. The 

differences between the dH values obtained by DLS were also observed –

there’s a difference of 11 % between isomers 13 and 15, and a difference 

of 29 % between isomers 17 and 19. As there are also discrepancies in the 

ZP studies between isomers 17 and 19 (see Section 2.4.6.), investigations 

into the significance of this difference in dH are being conducted but could 

not be completed within the time allocated for this project. This is 

discussed further in Section 2.4.9. 

All DLS data for 13, 15, 17 and 19, and racemic mixtures of isomers 

13+15 and isomers 17+19 are presented in the appendix (see Section 7.5.). 
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2.4.6. Zeta Potential Studies 

Zeta potential (ZP) is a technique that defines the electrical potential of a 

colloid particle and is frequently used to define the stability of colloidal 

particles or aggregates in solution.107,108 ZP is a good indication of colloidal 

stability: measurements between ± 0 – 10 mV are considered unstable, 

while measurements between ± 10 – 20 mV are considered moderately 

stable, and measurements greater than ± 30 mV are considered 

stable.109,110 However, this is simply a general indication as factors such as 

environmental conditions are not taken into consideration e.g., liposomes 

in the cell have a ZP of – 10 to – 40 mV and are considered to be stable.111 

 ZP was measured for 13, 15, 17 and 19, and racemic mixtures of 

isomers 13+15 and isomers 17+19 at 5.56 mM in EtOH:H2O (1:19) solution 

(Table 7). All have a ZP greater than ± 30 mV, meaning they can be 

considered ‘stable’ aggregates. 

Table 7 - Summary of the zeta potential (mV) for compounds 13, 15, 17 and 19, and 

the racemic mixtures of isomers 13+15 and isomers 17+19 at 5.56 mM in EtOH:H2O 

(1:19). [a] 1:1 mixture.  

 

Zeta Potential 
(mV)

SSA

- 63.9556

- 62.5557

- 65.7556 + 57[a]

- 68.8172

- 56.6473

- 60.2972 + 73[a]
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As mentioned previously in Sections 2.4.2. and 2.4.5, differences 

were observed between the Ke, Kdim and dH values for isomers 17 and 19. 

There are also discrepancies in the ZP measurements, with a 19 % 

difference in ZP between 17 and 19. An investigation into the significance 

of these reoccurring differences is ongoing but could not be completed 

within the allocated project time. This is discussed further in Section 2.4.9.  

All ZP data for 13, 15, 17 and 19, and racemic mixtures of isomers 

13+15 and isomers 17+19 are presented in the appendix (see Section 7.6.). 

 

2.4.7. Circular Dichroism Studies 

Circular dichroism (CD) spectroscopy is a technique that measures the 

difference in absorbance of right and left circularly polarised (RCP and LCP 

respectively) light.112–114 When in solution, chiral molecules present CD 

signals at wavelengths where light is absorbed, and this difference in 

absorbance can be measured as optically active molecules absorb RCP and 

LCP light differently – if the molecule is achiral, no CD signals will be 

observed.112 CD spectroscopy is a desirable technique for several different 

reasons including its sensitivity to asymmetry, the use of low sample 

concentrations (thereby circumventing any issues with solubility) and the 

ability to test molecules of any size with either flexible or rigid systems to 

name a few.112 For these reasons, CD spectroscopy is widely used to study 

the structures of biological molecules, predominantly macromolecules such 
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as proteins, nucleotides and peptides etc.112,114 However, in this project, CD 

was used to confirm that the novel compounds 13, 15, 17 and 19 are chiral, 

and the isomeric pairs (13 and 15, and 17 and 19) are enantiomers. The CD 

studies were run with the appropriate SSA in EtOH:H2O (1:19) solution at a 

concentration of 1 mM. Enantiomers will absorb circularly polarised light 

the same way (i.e., the CD signals for both isomers should have identical 

traces) but show opposite absorbances, appearing as mirror images. Using 

13 and 15 as examples (Figure 24), the CD signals for each isomer were 

plotted on the same graph. This data shows that the CD signal traces are 

identical with opposite absorbances, thus confirming they are enantiomers 

of each other.  

 

 

Figure 24 - The graph comparing the circular dichroism (CD) signal traces of isomers 

13 (blue) and 15 (orange) at 1 mM in EtOH:H2O (1:19) solution. 

All CD graphs for 13, 15, 17 and 19 are presented in the appendix 

(see Section 7.9.). 
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2.4.8. Membrane Fluidity 

Though it lacks an exact definition, membrane fluidity generally refers to 

the mobility of the cell membrane, specifically the semi-permeable 

phospholipid bilayer.115–117 The phospholipid bilayer (Figure 8c) is the result 

of lipid molecules self-assembling and forming a semi-permeable bilayer 

that sees the hydrophilic lipid head interacting with the aqueous 

environment surrounding the cell, while the hydrophobic fatty acid tails are 

held in the interior of the bilayer. This bilayer structure acts as a barrier to 

regulate the transport and passive diffusion of small neutral molecules 

(e.g., CO2, O2 or H2O) across the cell membrane while preventing the 

transport of larger polar molecules (e.g., glucose) and ions (e.g., Na+, K+ or 

Cl-).118,119 The phospholipid bilayer has various components interposed 

within it that aid regulation through different molecular transport events 

(e.g., transport protein pumps, carbohydrates, peripheral proteins, other 

lipids such as cholesterol etc.),118–120 however the properties that 

membrane fluidity is concerned with are mainly due to the structure of the 

lipid, particularly the fatty acid tails.116,121,122 Any structural modifications 

made to the fatty acid tail (i.e., length of and/or saturation in the tail)121 or 

the R group in the phospholipid head group,123 in addition to 

environmental factors (e.g., temperature or osmotic stress)116,121 affect the 

membrane fluidity, which can consequently affect membrane permeability 

and certain functions such as enzyme activity.117 This must be taken into 

account when designing novel antimicrobial and anticancer therapeutic 

agents, as the phospholipid bilayer could either aid in drug delivery,124–126 
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or produce cellular resistance.127,128 Thus, novel technologies that aim to 

target and alter membrane fluidity have been developed accordingly.115,129 

Examples include the design of a class of novel compounds called 

cyclotides by Craik et al. which have been identified as anticancer 

agents,130 or the class of SSAs developed by the Hiscock group which have 

previously been reported to permeate bacterial and cancer cell 

membranes.63,67–69,131 

One method used to measure membrane fluidity is fluorescence 

polarisation (FP). In this technique, the lipid bilayer is first intercalated or 

’labelled’ with a hydrophobic fluorescent dye, commonly 1,6-diphenyl-

1,3,5-hexatriene (DPH).122 Next, the ’labelled’ sample is excited with 

polarised UV light and emits polarised light/ fluorescence that is then 

measured by separating the emitted fluorescence into either perpendicular 

or parallel waves according to the polarisation of excited light.132,133 If there 

is a decrease in FP values, there is an increase in membrane fluidity and 

vice versa. This technique was previously used by the Hiscock group, who 

observed a decrease in FP for 9 when used with synthesised polar 

phospholipid membranes and concluded that ‘the presence of a 

carboxylate ion results in selective increases in membrane fluidity for model 

bacterial cell membranes.’134  

 

For this project, fluorescence polarisation measurements were to be 

obtained, however due to time restraints, these could not be completed 
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within the time allocated for this project. Further work would include the 

investigation into whether the novel SSA compounds (13, 15, 17 and 19) 

and their isomeric pairs (13+15 and 17+19) have an effect on membrane 

fluidity via this technique (see Section 4). 

 

2.4.9. Further Discussion - Compounds 17 and 19 

Enantiomers have identical physical properties and form the same 

products when reacting with optically inactive reagents -any difference 

between enantiomers only arises either when interacting with other chiral 

molecules or plane-polarised light, with optical rotation being the only 

physical property that is not identical for enantiomers.135–137 Therefore, it is 

expected that data from the physicochemical characterisation and self-

association studies are the same for the isomeric pairs, or at least similar 

considering any errors that may have been made during the process – the 

only exception is any study completed using racemic mixtures, as the 

sample is no longer 100 % enantiomerically pure but a 1:1 mixture of both 

isomers. However, notable differences were observed between the data 

obtained for isomers 17 and 19 in three studies: 1H NMR self-association 

(Section 2.4.2), DLS (Section 2.4.5) and ZP (Section 2.4.6). Under the same 

conditions, the data for isomers 13 and 15 from these studies do not show 

such major discrepancies, with the biggest difference being 11 % between 

their dH values compared to the 29 % difference for both the Kdim and dH 

values of 17 and 19 (Table 8). 
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Table 8 - An overview of the self-association constant (M-1, fit to the EK model), the 

hydrodynamic diameter (dH, nm) and the zeta potential (mV) for compounds 13, 15, 

17 and 19, and the percentage differences between the relevant values between the 

respective isomers. 

 

  

There are two hypotheses as to why these discrepancies are seen, one 

being the presence of a contaminant that was not properly removed during 

the synthesis of 17 and/ or 19. If true, it is thought to be an inorganic 

contaminant that could not be detected via 1H or 13C characterisation NMR, 

as there was no indication of contamination throughout the 

physicochemical characterisation process. A potential contaminant is zinc 

bromide, which was used in the synthetic method  to remove the tert-butyl 

protecting group from 12, 14, 16 and 18 to form the corresponding 

carboxylic acidsand  synthesise 13, 15, 17 and 19 respectively by then 

adding TBA hydroxide (Scheme 1; see Section 5.3 for the full synthetic 

method used).  

 

Zeta Potential 
(mV)

dH (nm)Kdim (M-1)Compound

- 63.95118.5427.7613

- 62.55132.5022.9515

2 %11 %2 %
Percentage 
difference

- 68.81296.71121.3617

- 56.64221.3090.2719

19 %29%29 %
Percentage 
difference
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Scheme 1 – The deprotection of the tert-butyl protected compounds 12, 14, 16 and 

18 to then synthesise 13, 15, 17 and 19 upon addition of TBA hydroxide. 

 

Another hypothesis is that, during the physicochemical 

characterisation studies (involving 1H, 13C and DEPT NMR, FTIR, ESI-MS and 

melting point; see Section 2.1, Figure 14), 17 and/ or 19 underwent a 

phenomenon in which the trifluoromethyl group (-CF3) on the aromatic 

ring is converted to a carboxylic acid (-COOH) functionality. Hiscock et al. 

previously reported this unusual phenomenon with 9, as it had occurred 

during crystallisation of 9 over many weeks to produce crystals for single 

crystal XRD studies. However, instead of obtaining single crystal X-ray 

structures of 9, the structure of 9a/9b (Figures 25 and 26) was observed .64 

High resolution mass spectrometry studies were subsequently carried out 

using the remaining crystallised sample, which confirmed the presence of 

9a but not the presence of 9. This occurrence was unusual and, while 

investigations into what influences this conversion are still ongoing, it was 

found that storing 9 at -18 °C prevents this process from occurring, 

suggesting that temperature may potentially drive the conversion. During 
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the physicochemical characterisation processes, 17 and 19 were stored at 

room temperature so it is possible that the same phenomenon occurred 

for one of or both of the isomers. However, it is important to note that this 

is only a hypothesis and there is no evidence to support or refute this, 

especially considering single crystal X-ray structures could not be obtained 

for 13, 15, 17 and 19 within the allocated project time.  

 

 

Figure 25 – The irreversible conversion of the -CF3 group in 9 to the -COOH group, 

forming compound 9a as reported by Hiscock et al. Note that 9a may be in an 

equilibrium in which the counter cation for the two carboxylate groups changes 

between a proton and TBA, forming 9b .64  
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Figure 26 – The single crystal X-ray structure of 9a/b crystallised from a solution of 9 

as reported by Hiscock et al.64 TBA cation omitted for clarity. 

  

To investigate this, 17 and 19 were to be resynthesised using a new 

method and new ZP measurements would be obtained to compare to the 

initial data acquired, while storing the compounds at -18 °C . First, a new 

deprotection method using trifluoroacetic acid (TFA) was used during the 

synthesis of 19 (Scheme 2). The 1H characterisation NMR was repeated to 

confirm the absence of any organic contaminants (Figure 27), before 

repeating the ZP measurement to compare to the initial ZP measurement 

(Table 9; Section 7.6.1. Figure S93) and determine whether the issue was 

with the initial batch of 19 and, if so, whether 19 was contaminated or had 

been ‘breaking down’. The new 1H characterisation NMR showed no 

evidence of contamination, and the new ZP measurement obtained for 19 

(- 58.09 mV) was similar to the initial ZP measurement (- 56.64 mV).  
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Scheme 2 – The new method for deprotection of compound 19. 

 

 

Figure 27 – 1H NMR of compound 19 in DMSO-d6 conducted at 298 K. 

 

Table 9 – The zeta potential (ZP) for the initial and newly synthesised batches of 

compound 19 at 5.56 mM in EtOH:H2O (1:19) solution. 

 

 

Unfortunately, this process could not be completed for 17 within 

the allocated time, however the 1H characterisation NMR was repeated on 

the initial batch of 17 to observe whether anything had changed since its 
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synthesis. Although small, new signals in the aromatics region of the 

spectrum were found (Figure 28), which may be an indication that 17 had 

been undergoing this phenomenon during the physicochemical 

characterisation and the self-association studies. However, this  remains a 

hypothesis and cannot be considered true until thorough investigation 

provides more evidence and the cause for these discrepancies is identified. 

 

 

Figure 28 – Enlarged 1H NMR of compound 17 in DMSO-d6 conducted at 298 K. New 

signals not seen in previous 1H spectra are encircled in green. 

 

2.5. Antimicrobial, Anticancer and Toxicity Assays 

2.5.1. Introduction 

In 2019, it was estimated that antimicrobial resistance directly caused 1.27 

million deaths and indirectly caused 4.95 million deaths,70 with cancer 

estimated to have directly caused 9.9 million deaths in 2020.71  Resistance 

to current antibiotics and cancer treatments is rapidly increasing, 
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highlighting the urgent need for new and more efficient antimicrobial and 

anticancer agents to tackle this crisis.  

As mentioned previously in Section 1.4.1., Hiscock et al. made 

various modifications to the anionic component and/or the counter cation 

to build a comprehensive library of SSAs. Tests were then carried out to 

ascertain whether the SSAs had antimicrobial and/or anticancer properties 

and, if so, which SSA showed the best activity. Some were found to act as 

antimicrobial agents against clinically relevant bacteria,66 antibiotic delivery 

agents,63,66 antimicrobial efficacy enhancers,68 and anticancer agents by 

enhancing the efficacy of current cytotoxic chemotherapies (e.g. 

cisplatin).69 Consequently, Hiscock et al. proposed the following as the 

mode of action for both antimicrobial and anticancer activity: in its self-

associated form, the SSA travels to the cell surface and, upon arrival, the 

monomeric components selectively interact with polar phospholipids like 

phosphatidylethanolamine (PE) that are present in higher proportions in 

bacterial and cancer cell membranes than eukaryotic cell membranes. This 

then disrupts the membrane, allowing internalisation of the SSA (and, 

when used, the antimicrobial or anticancer drug) and consequently 

inhibiting growth.66,69,134  

 

To test the therapeutic activity of 13, 15, 17, 19, and the racemic mixtures 

of the isomers (13+15 and 17+19), antimicrobial and anticancer assays 

were conducted (Sections 2.5.2 and 2.5.3.), with investigations into toxicity 
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and haemolysis also being conducted (Section 2.5.4.). Despite the 

discrepancies observed for some of their physical properties, isomers 17 

and 19 were still tested for their therapeutic, toxic, and haemolytic 

properties as differences in results are to be expected once they are 

introduced to the chiral environment in cells.138,139 As explained in Section 

2.4.9., more investigation is needed in order to determine the exact cause 

of the discrepancies observed however, the physicochemical 

characterisation studies provided no initial evidence to suggest presence of 

any impurities, so it was deemed fit to continue with the following assays 

for 17 and 19 due to the allocated time given for this project. 

 

2.5.2. Antimicrobial Assays 

To test the antimicrobial activity of the novel compounds, the lowest 

concentration required to inhibit the growth of bacteria, or the minimum 

inhibitory concentration (MIC), was calculated for 9, 13, 15, 17, 19 and 

racemic mixtures of the isomers (13+15 and 17+19) against seven different 

Gram-positive bacteria strains (Table 10). Each sample tested was either 

the appropriate SSA, cisplatin or TBA chloride (5.56 mM) in a 1:3 mixture of 

EtOH:H2O (1:19) solution to TSB respectively, with a final top concentration 

of 1.39 mM for each compound. These assays were conducted by Kira 

Hilton, Dr Jennifer R. Hiscock, and Dr Charlotte Hind. 
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Table 10 – The minimum inhibitory concentration (MIC) values determined for 9, 13, 

15, 17, 19 and racemic mixtures of the isomers (13+15 and 17+19) against 7 different 

Gram-positive Staphylococcus aureus (S. aureus), Enterococcus faecalis (E. faecalis) 

and Enterococcus faecium (E. faecium) bacteria strains. [a] racemic (1:1) mixture.  

 

 

 The results show that the racemic mixture of 13 and 15 is the most 

effective against all seven bacteria strains, while 9 was the least effective. 

Interestingly, 13, 15, 17, 19 and their respective racemic mixtures show the 

same effect for the S. aureus 13616 strain but for the S. aureus 9144 strain, 

there are noticeable trends in the data i.e., the L isomers (13 and 17) have 

lower MIC values compared to the D isomers (15 and 19), however the 

racemic mixture of 13 and 15 had the same MIC as 13 while the racemic 

mixture of 17 and 19 have the same MIC as 19. This suggests the mode of 

action includes chiral selectivity - in this case, the preference of the L 

configuration over the D configuration for the S. aureus 9144 strain. 

Overall, the chiral compounds and their racemic mixtures were either more 
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or just as effective as 9 for the seven bacteria strains, showing that the 

addition of a chiral centre improves antimicrobial efficacy. 

 

2.5.3. Anticancer Assays 

To test the anticancer activity of the novel SSA compounds, the 

concentration required to inhibit cellular growth by 50 % (GI50) is being 

determined for 9, 13, 15, 17, 19, racemic mixtures of the isomers (13+15 

and 17+19), cisplatin and TBA chloride against non-cancerous RPE-1 cells, 

ovarian cancer cells (A780) and cisplatin-resistant ovarian cancer cells 

(A2780 CisR). Each sample tested is either the appropriate SSA, cisplatin or 

TBA chloride (10 mM) in a 1:5 mixture of EtOH:H2O (1:19) solution to 

Iscove’s modified Dulbecco’s medium (IMDM) with 10 % fetal bovine 

serum (FBS) respectively, with a final top concentration of 1.67 mM for 

each compound. These assays are ongoing and are being conducted by 

Chandni Manwani and Dr Michelle Garrett, however any data obtained so 

far is presented in Table 11.  

 

Table 11 –  The concentration of compound required to reduce/ inhibit cellular 

growth by 50% (GI50) determined for 9, 13, 15, 17, 19 , racemic mixtures of the 

isomers (13+15 and 17+19), cisplatin and TBA chloride against non-cancerous RPE-1 

cells, ovarian cancer cells (A2780) and cisplatin resistant ovarian cancer cells (A2780 

CisR). [a] racemic (1:1) mixture.  – not yet determined. 
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From the available data, it shows that the racemic mixture of 13 and 15 is 

the most effective against the ovarian cancer cells and cisplatin-resistant 

ovarian cancer cells. There is also evidence of chiral selectivity – 15 is more 

effective as an anticancer agent than an antimicrobial agent, while 13 is 

more effective as an antimicrobial agent than an anticancer agent. This 

suggests that there’s a difference in protein selectivity when the SSAs 

approach and interact with a cancer cell membrane compared to a 

bacterial cell membrane. Overall, 15 and the racemic mixture of 13 and 15 

were more effective as 9 against the ovarian and cisplatin-resistant ovarian 

cancer cell lines, however 13 was less effective, showing that while the 

addition of a chiral centre improves anticancer efficacy, the D configuration 

or the racemic combination of both the L and D configurations are 

preferred by the cancer cell membrane in some way. 
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2.5.4. Toxicity and Haemolysis Assays 

Toxicity assays were conducted on 9, 13, 15, 17, 19 and racemic mixtures 

of the isomers (13+15 and 17+19) by injecting galleria moth caterpillars 

with 10 µL of the appropriate compound and incubating them for five days 

at 310 K (Table 12). Each sample tested was a the appropriate SSA, cisplatin 

or TBA chloride (5.56 mM)  in a 1:3 mixture of EtOH:H2O (1:19) solution to 

phosphate buffered saline (PBS) solution respectively, giving a final top 

concentration of 1.39 mM for each compound. Based on the number of 

deaths after five days, compound 19 was found to be the least toxic while 

the racemic mixture of isomers 17 and 19 was the most toxic. Additionally, 

a pattern can be observed, where the compounds with the D configuration 

(15 and 19) are less toxic compared to their enantiomers with the L 

configuration (13 and 17), similar to what was observed in the anticancer 

assays conducted. 

 

Table 12 –  The toxicity of 9, 13, 15, 17, 19 and racemic mixtures of the isomers 

(13+15 and 17+19) determined by observing the number of Galleria moth larvae that 

survived out of 10 after injection of compound. PBS and EtOH:H2O (1:19) solution 

were used as controls. [a] racemic (1:1) mixture.  
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Haemolysis assays were conducted to determine whether red blood 

cells would lyse after contact with the compounds at a top concentration 

of 1.39 mM in EtOH:H2O (1:19) solution (Table 13) – it was observed that 

none of the compounds caused lysis of red blood cells. 

 

Table 13 - The haemolysis of red blood cells determined for 9, 13, 15, 17, 19 and 

racemic mixtures of the isomers (13+15 and 17+19) obtained at 1.39 mM. EtOH:H2O 

(1:19) solution was used as a control. [a] racemic (1:1) mixture.  
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Both the toxicity and haemolysis assays were conducted by Kira Hilton, Dr 

Jennifer R. Hiscock, and Dr Charlotte Hind. 

 

2.5.5. DLS and ZP Studies in Biological Media 

DLS and ZP measurements were conducted to estimate the size and 

stability of the SSA compounds and the racemic mixtures in the three 

different media used for the antimicrobial, anticancer and toxicity assays. 

The three media used were TSB ( Table 14) for the antimicrobial assays, 

IMDM with 10 % FBS (Table 15) for the anticancer assays, and PBS (Table 

16) for the toxicity assays.  

 

Table 14 - A summary of the average intensity particle size distribution calculated 

from 10 DLS runs and ZP for 9, 13, 15, 17, 19 and racemic mixtures of the isomers 

(13+15 and 17+19) obtained at 1.39 mM in a 1:3 SSA (5.56 mM in 1:19 

EtOH/H2O):TSB. An annealing process was applied in which the samples were heated 

to approximately 313 K before being cooled down to a measurement temperature of 

298 K. [a] 1:1 mixture. Error = standard error of the mean and given to 1 decimal 

place.  
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Table 15 – A summary of the average intensity particle size distribution calculated 

from 10 DLS runs for 13, 15, 17 and 19, and racemic mixtures of isomers 13+15 and 

isomers 17+19 obtained at 1.67 mM in a 1:5 solution of 5 % EtOH in H2O: IMDM with 

10 % FBS.  An annealing process was applied in which the samples were heated to 

approximately 313 K before being cooled down to a measurement temperature of 

298 K. [a] 1:1 mixture. Error = standard error of the mean and given to 1 decimal 

place.  
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Table 16 - A summary of the average intensity particle size distribution calculated 

from 10 DLS runs and ZP for 9, 13, 15, 17, 19 and racemic mixtures of the isomers 

(13+15 and 17+19) obtained at 1.39 mM in a 1:3 SSA (5.56 mM in 1:19 

EtOH/H2O):PBS. An annealing process was applied in which the samples were heated 

to approximately 313 K before being cooled down to a measurement temperature of 

298 K. [a] 1:1 mixture. Error = standard error of the mean and given to 1 decimal 

place.  

 

 

The results show that larger aggregates were formed in the PBS 

solution for all compounds compared to the aggregates formed in the TSB, 

IMDM with 10 % FBS media, and EtOH:H2O (1:19) solution (see Section 

2.4.5.). However, the aggregates formed in the different media are not as 

stable as those formed in EtOH:H2O (1:19) solution (see Section 2.4.6.). 

However, this data should be treated with caution as not only are there 

limitations to these techniques in general (see Sections 2.4.5. and 2.4.6.), 

but different concentrations of compound and different ratios of 

compound to medium were used depending on the medium used. This 

data was obtained to give an indication on the size and stability of any 
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aggregates formed by the compounds in the different media using the 

same techniques used for the solution-state self-association studies of the 

novel SSAs.  

All DLS and ZP data for 13, 15, 17 and 19, and racemic mixtures of 

isomers 13+15 and isomers 17+19 in TSB, IMDM with 10 % FBS and PBS are 

presented in the appendix (Sections 7.5.3. to 7.5.8. and 7.6.3. to 7.6.8. 

respectively). 

 

3. Conclusions 

In conclusion, eight novel compounds were designed and synthesised 

based on the structure of compound 9. These novel compounds were 

characterised, and self-association was studied in the solid phase, gaseous 

phase and in solution using a wide range of methods. As enantiomers, the 

isomeric pairs should show no difference in physical properties, however 

discrepancies in the data for isomers 17 and 19 were observed, suggesting 

either the presence of an inorganic contaminant or that the -CF3 group is 

being converted into a -COOH group, a phenomenon previously reported 

by the Hiscock group that occurred to compound 9.64 Further investigation 

into these hypotheses and repeats of physicochemical characterisation and 

self-association studies are required to identify the cause of the 

discrepancies found in the data for the isomers 17 and 19. 
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The antimicrobial and anticancer assays conducted showed that the 

four novel compounds of interest (13, 15, 17 and 19) and racemic mixtures 

of the isomers (13+15 and 17+19) had greater antimicrobial and anticancer 

activity than 9, with the racemic mixture of isomers 13 and 15 showing the 

best activity in both assays so far. Chiral selectivity was also observed as 

the L isomers (13 and 17) were more effective antimicrobial agents than 

the D isomers (15 and 19). The opposite of this was then seen when 

observing the available data for the anticancer assays, which showed that 

15 was more effective as an anticancer agent than 13. This suggests the 

mode of action of the chiral SSAs when interacting with bacterial cells 

compared to cancer cells depend on the configuration of the isomer for 

greater efficacy, however, the anticancer assays need to be completed 

before a final conclusion is drawn from these findings. 

 

4. Future Work 

1. The continued investigation into the inconsistencies in data for 

compounds 17 and 19 and how significant they are (as discussed in 

Section 2.4.9), including obtaining single crystal X-ray structures of 

compounds 13, 15, 17 and 19 to observe how they self-associate 

and whether the ‘ same phenomenon previously seen in compound 

9 also occurs. 

2. The completion of the anticancer assays and determination of the 

structure-activity relationships seen. 
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3. Fluorescence polarisation measurements for compounds 13, 15, 17 

and 19, and their respective racemic mixtures to determine 

whether they have an effect on the membrane fluidity of cell 

membranes.  

4. An investigation into the mode of action of the compounds when 

interacting with bacterial and cancer cells and whether there’s a 

protein the compounds target that inhibits cell growth. 

 

5. Experimental Techniques and Synthesis 

5.1. Chemical Experimental Techniques 

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 Bruker AV2 400 MHz or AVNEO 400 MHz 

spectrometer. The data was processed using TopSpin 4.1.4. 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). 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 these measurements. The melting 

point for each compound was measured using Stuart SMP10 melting point 
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apparatus. 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. Infrared spectra 

were obtained using Shimadzu IR-Affinity-1 model Infrared spectrometer. 

The data was analysed in wavenumbers (cm-1) using IRsolution software. 

DLS and Zeta Potential studies were carried out using an Anton Paar 

Litesizer
TM 500 and processed using KalliopeTM professional. 

 

1H NMR Diffusion Ordered Spectroscopy (DOSY): The hydrodynamic 

diameter was derived from diffusion rates obtained from 1H NMR DOSY 

measurements using the Stokes-Einstein equation. The viscosity value used 

for the calculation was 0.00199 mPa (DMSO). 

 

Quantitative 1H NMR (qNMR): A 1H NMR spectrum was obtained with a 

delay (d1 = 60 s) for an SSA (112 mM) in DMSO-d6/ 1.0 % DCM and/or an 

SSA (5.56 mM) in D2O/ 5.0 % EtOH. Through comparative integration of the 

SSA anionic and cationic component signals with the ethanol signal, the 

proportion of these SSA components to become ‘lost’ from solution, 

through the adoption of solid-like characteristics can be calculated. 
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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.  

 

Tensiometry Studies: 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 313 K before being allowed to cool 

to RT, allowing each sample to reach a thermodynamic minimum. 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 CAC.  

 

Mass Spectrometry: 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 injected directly into 

a flow of 10 mM ammonium acetate in 95 % water (flow rate = 0.02 

mL/min).  

 

Dynamic Light Scattering (DLS) Studies: All solvents used were filtered to 

remove any particulates that may interfere with the results obtained. All 

samples underwent an annealing process, in which they were heated to 
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313 K before being allowed to cool to 298 K to allow each sample to reach 

a thermodynamic minimum. A series of 10 runs were recorded at 298 K.  

 

Zeta Potential (ZP) Studies: All solvents used were filtered to remove any 

particulates that may interfere with the results obtained. All samples 

underwent an annealing process in which they were heated to 313 K 

before being allowed to cool to 298 K to allow each sample to reach a 

thermodynamic minimum. The final ZP value given is an average of the 

number of experiments conducted at 298 K.  

 

Crystal X-ray Studies: Single crystals were produced through selective 

precipitation using chloroform and hexane. A suitable crystal was selected 

and mounted on a Rigaku Oxford Diffraction Supernova diffractometer. 

Data were collected using Cu Kα radiation at 100 K. Structures were solved 

with the ShelXT1 or ShelXS structure solution programs via Direct Methods 

and refined with ShelXL1 by least Squares minimisation. Olex2 was used as 

an interface to all ShelX programs (CCDC 2122929). 

 

Circular Dichroism (CD) Studies: All circular dichroism experiments were 

performed on the JASCO J-175 spectropolarimeter using a 1 mm 

pathlength quartz cuvette. Far UV-spectra were obtained between 200-260 

nm with an average of 4 scans at 100 nm/min, 0.5 nm step resolution, 1.0 
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second response and 0.5 nm bandwidth. Samples were prepared between 

1 mM in 400 μL of EtOH:H2O (1:19).  

 

5.2. Biological Experimental Techniques 

Preparation of bacterial plates: Sterile TSB agar plates were streaked using 

the desired bacteria [Staphylococcus aureus (9144, 13616, USA 300 and 

1199B), Enterococcus faecalis (NCTC 775 and 12201) and Enterococcus 

faecium (NCTC 12204)] and incubated at 37 °C overnight. 

 

Preparation of Inoculum: An initial culture was made up by inoculating TSB 

(5 mL) with 3 single colonies of the desired bacteria under sterile conditions 

and incubated at 37 °C overnight. The optical density at 600 nm (OD600) was 

adjusted using sterile distilled H2O (dH2O) to equal ~1 x 106 bacteria/mL.  

 

Preparation of 96 well microplate for MIC: A solution of each compound in 

EtOH:H2O (1:19) was made at a top concentration of 5.56 mM on the day of 

experiment. The compound solution (200 µL) was added to and diluted 

50:50 down the plate. The bacterial suspension (100 µL) was dispensed into 

each well under sterile conditions. The plates were sealed using parafilm and 

incubated at 37 °C for 20 hours, after which the OD600 was measured.  
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Haemolysis assay: Protocol modified from Travis et al.140 Heparinised 

human red blood cells collected from a volunteer and washed three times in 

PBS (pH 7.4). SSAs were serial diluted using PBS buffer across a 96-well V 

bottom Greiner plate. Negative control (100 µL PBS), and positive control 

(100 µL 0.1% (v/v) Triton-X-100) were added to the plate. 100 µL of 10% (v/v) 

of blood suspension added to all wells. Plates were incubated for 60 minutes 

at 37 oC. After incubation, plates were centrifuged for 15 mins at 4680 rpm. 

The resultant supernatant was then transferred to a 96-well flat bottom 

plate and absorbance read at 540 nm (Fluostar Omega). Percent haemolysis 

was calculated using the formula as shown in Equation S1. 

Equation S1 - Percentage haemolysis calculation. 

Haemolysis (%) =
𝐴𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐴𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒

𝐴𝑇𝑟𝑖𝑡𝑜𝑛 − 𝐴𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒
 𝑋 100 

 

G. mellonella treatment assay: G. mellonella larvae were purchased from 

Livefood UK Ltd. (Rooks Bridge, UK) and maintained on wood chips in the 

dark at 15 oC until use. Galleria larvae were injected with 10 µL of SSA in 

EtOH:H2O (1:19), incubated at 37 oC for 5 days and the deaths counted. 

Groups of 10 Galleria were injected per compound. 

 

Cell culture: The RPE-1 retinal pigment epithelial, A2780 human ovarian 

carcinoma, and A2780 CisR cisplatin resistant human ovarian carcinoma 

cell lines were purchased from the Health Protection Agency (Salisbury, 
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UK) and American Type Culture Collection (ATCC, USA) respectively. The 

A2780 and A2780 CisR cell lines were cultured in IMDM supplemented with 

10% FBS at 37 C and 5% CO2, while the RPE-1 cell line was cultured in a 1:1 

mixture of Dulbecco's Modified Eagle Medium and Ham’s F-12 Nutrient 

Mixture (DMEM/F-12) at 37 C and 5% CO2. 

 

SRB Assay: Cells were seeded into 96-well plates at 800 cells per well 

[(cpw), A2780], 1600 cpw (A2780 CisR) or 400 cpw (RPE-1) in cell culture 

medium and cultured for 48 hours followed by addition of each compound  

over an eight-point concentration range (each concentration in triplicate). 

Plates were then cultured for a further 96 hours, after which the cell 

culture medium was removed from each well and the cells fixed with 

addition of 70 L/well of 10% (w/v) trichloroacetic acid (TCA) in distilled 

water followed by incubation for 30 minutes at RT. Each plate was then 

washed with distilled water five times before addition of 70 L SRB dye 

(0.4% (w/v) SRB dye (ThermoFisher Scientific, USA) solubilised in 1% (v/v) 

acetic acid/distilled water) and incubation for 30 minutes at RT, followed 

by washing three times with 1% (v/v) acetic acid and drying in a 37 C oven 

overnight. Once dry, 100 μl of 10 mM Tris-base (ThermoFisher Scientific, 

USA) was added to each well and plates put on a microplate shaker for 10 

minutes at 200 rpm to solubilize the dye. Absorbance values were then 

read at wavelength 490 nm on a Victor X4 multi-label plate reader 
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(PerkinElmer Life Sciences, USA), data analysed using Microsoft Excel and 

graphs produced using GraphPad Prism 6.0 and the GI50 value calculated.  

 

5.3. Synthesis 

Compound 9: This compound was synthesised in line with previously 

published methods.64 1H NMR (400 MHz, 298 K, DMSO-d6): δ: 9.86 (s, 1H), 

7.63 (d, J = 8.60 Hz, 2H), 7.50 (d, J = 8.72 Hz, 2H), 6.56 (s, 1H), 3.17 - 3.13 

(m, 8H), 1.60 - 1.52 (m, 8H), 1.35 - 1.26 (m, 8H), 0.93 (t, J = 14.68 Hz, 12H). 

 

Compound 12: 1-Isocyanato-4-(trifluoromethyl) benzene (0.29 mL, 2.00 

mM) was added to a stirring solution of L-Phenylalanine tert-butyl ester 

hydrochloride (0.52 g, 2 mM) in pyridine (10 mL) and left at RT overnight. 

The mixture was the placed on the rotary-evaporator, dried and dissolved 

in chloroform (5 mL). Hexane was added dropwise, and the precipitate 

removed by filtration. The pure product was collected via flash column 

chromatography as a white solid with a yield of 61 % (0.50 g, 1.22 mM); 

melting point: > 200 °C; 1H NMR (400 MHz, 298 K, DMSO-d6): δ: 9.12 (s, 

1H), 7.56 (s, 4H), 7.32 - 7.21 (m, 5H), 6.54 (d, J = 7.88 HZ, 1H), 4.42 (q, J = 

21.16 Hz, 1H), 3.00 (d, J = 6.84 Hz, 2H), 1.35 (s, 9H); 13 C{1H} NMR (100 MHz, 

298 K, DMSO-d6): δ: 171.5 (CO), 154.7 (CO), 144.2 (d, J = 1.17 Hz, ArC), 

137.2 (C), 129.8 (ArCH), 128.7 (ArCH), 127.0 (ArCH), 126.5 – 126.3 (m, 

ArCH) 121.7 (q, J = 95.4 Hz, CF3), 123.7 (ArC), 117.7 (ArCH), 81.4 (C), 54.6 
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(CH), 37.9 (CH2), 27.9 (CH3); HRMS for the carboxylate urea (C21H23F3N2O3) 

(ESI- ): m/z: act: 408.1227 [M] - cal: 408.1661 [M]-. 

 

Compound 13: Zinc bromide (2.25 g, 10 mM) was added to a stirring 

solution of compound 12 (0.50 g, 1.22 mM) in dichloromethane (5 mL) and 

stirred at RT for 24 hours. Water (20 mL) was added, and the mixture was 

stirred at RT for 4 hours, before removal of the precipitate via filtration. 

TBA hydroxide (1 M) in methanol (0.41 mL) was added to the precipitate 

and taken to dryness. The pure product was collected via flash column 

chromatography as a brown solid with a yield of 54 % (0.27 g, 0.45 mM); 

melting point: 160 °C; 1H NMR (400 MHz, 298 K, DMSO-d6): δ: 9.81 (s, 1H), 

7.64 (d, J = 8.60 Hz, 2H), 7.49 (d, J = 8.72 Hz, 2H), 7.14 - 7.04 (m, 5H), 6.60 

(d, J = 5.00 Hz, 1H), 3.96 (q, J = 15.60 Hz, 1H), 3.17 - 2.97 (m, 10 H), 1.59 – 

1.51 (m, 8H), 1.34 – 1.25 (m, 8H), 0.92 (t, J = 14.64 Hz, 12H); 13 C{1H} NMR 

(100 MHz, 298 K, DMSO-d6): δ: 173.2 (CO), 155.2 (CO), 146.0 (d, J = 1.1 Hz, 

ArC), 140.3 (C), 130.1 (ArCH), 127.9 (ArCH), 126.1 – 125.7 (m, CF3), 124.0 

(ArC), 120.3 (ArCH), 119.9 (ArCH), 117.3 (ArCH), 57.9 (t, J = 5 Hz, CH2); 56.7 

(CH2), 39.1 (CH2), 23.5 (CH2), 19.7 (CH2), 13.9 (CH3); IR (film): ν = 2962 (NH 

stretch), 1693, 1487, 1319, 881; HRMS for the carboxylate urea 

(C17H14F3N2O3
-) (ESI- ): m/z: act: 351.0952 [M]- cal: 351.0962 [M]-. 

 

Compound 14: 1-Isocyanato-4-(trifluoromethyl) benzene (0.29 mL, 2.00 

mM) was added to a stirring solution of D-phenylalanine tert-butyl ester 
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hydrochloride (0.52 g, 2 mM) in pyridine (10 mL) and left at RT overnight. 

The mixture was then taken to dryness and dissolved in chloroform (5 mL), 

followed by dropwise additions of hexane, resulting in precipitation. The 

precipitate removed by filtration and the pure product was collected via 

flash column chromatography with a 3:2 mixture of hexane: ethyl acetate 

as a white solid with a yield of 62 % (0.51 g, 1.25 mM) melting point: 166 

°C; 1H NMR (400 MHz, 298 K, DMSO-d6): δ: 9.12 (s, 1H), 7.56 (s, 4H), 7.32 – 

7.21 (m, 5H), 6.54 (d, J = 7.84, 1H), 4.42, (q, J =21.12, 1H), 3.00 (d, J = 6.84, 

2 H), 1.35 (s, 9H); 13 C{1H} NMR (100 MHz, 298 K, DMSO-d6): δ: 171.5 (CO), 

154.7 (CO), 144.3 (d, J = 10 Hz, ArC), 137.3 (C), 129.8 (ArCH), 128.7 (ArCH), 

127.1 (ArCH), 126.5 – 126.4 (m, ArCH), 123.7 (ArC), 121.8 (q, J = 95.3 Hz, 

CF3), 117.1 (ArCH), 81.5 (C), 54.6 (CH), 37.9 (CH2), 28.0 (CH3); HRMS for the 

carboxylate urea (C21H23F3N2O3) (ESI- ): m/z: act: 408.1502 [M] - cal: 

408.1661 [M]-. 

 

Compound 15: Zinc bromide (2.25 g, 10 mM) was added to a stirring 

solution of compound 14 (0.51 g, 1.25 mM) in dichloromethane (5 mL) and 

stirred at RT for 24 hours. Water (20 mL) was added, and the mixture was 

stirred at RT for 4 hours, before removal of the precipitate via filtration. 

TBA hydroxide (1 M) in methanol (0.51 mL) was added to the precipitate 

and taken to dryness. The pure product was collected via flash column 

chromatography with 100 % ethyl acetate followed by 100 % methanol as a 

brown solid with a yield of 54 % (0.28 g, 0.47 mM); melting point: > 200 °C; 
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1H NMR (400 MHz, 298 K, DMSO-d6): δ: 9.39 (s, 1H), 7.57 (d, J = 8.84 Hz, 

2H), 7.50 (d, J = 9.00 Hz, 2H), 7.17 - 7.06 (m, 5H), 6.40 (d, J = 6.4 Hz, 1H), 

3.86 (q, J = 15.12 Hz, 1H), 3.18 - 3.02 (m, 10 H), 1.60 – 1.51 (m, 8H), 1.35 – 

1.25 (m, 8H), 0.92 (t, J = 14.68 Hz, 12H); 13 C{1H} NMR (100 MHz, 298 K, 

DMSO-d6): δ: 173.2 (CO), 155.2 (CO), 145.9 (ArC), 140.2 (C), 130.1 (ArCH), 

127.9 (ArCH), 126.1 – 125.7 (m, CF3), 123.9 (ArC), 120.3 (ArCH), 120.0 

(ArCH), 117.3 (ArCH), 57.9 (t, J = 4.99 Hz, CH2); 56.7 (CH2), 39.1 (CH2), 23.5 

(CH2), 19.7 (CH2), 13.9 (CH3); IR (film): ν = 2962 (NH stretch), 1695, 1487, 

1319, 881; HRMS for the carboxylate urea (C17H14F3N2O3
-) (ESI- ): m/z: act: 

351.0937 [M]- cal: 351.0962 [M]-. 

 

Compound 16: 1-Isocyanato-4-(trifluoromethyl) benzene (0.29 mL, 2.00 

mM) was added to a stirring solution of L-Leucine tert-butyl ester 

hydrochloride (0.45 g, 2 mM) in pyridine (10 mL) and left at RT overnight. 

The mixture was the placed on the rotary-evaporator, dried and dissolved 

in chloroform (5 mL). Hexane was added dropwise, and the precipitate 

removed by filtration. The pure product was collected via flash column 

chromatography as a white solid with a yield of 53 % (0.40 g, 1.07 mM); 

melting point: > 200 °C; 1H NMR (400 MHz, 298 K, DMSO-d6): δ: 8.98 (s, 

1H), 7.58 (s, 4H), 6.57 (d, J = 8.16 Hz, 1H), 4.14 (q, J = 22.76 Hz, 1H), 1.71 – 

1.64 (m, 1 H), 1.50 (m, 2H), 1.41 (s, 9H); 13 C{1H} NMR (100 MHz, 298 K, 

DMSO-d6): δ: 172.8 (CO), 154.9 (CO), 144.3 (d, J = 1.13 Hz, ArC), 129.8 

(ArCH), 129.1 (ArCH), 126.5 (q, J = 11.5 Hz, ArCH), 123.7 (ArC), 121.7 (q, J = 
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95.3 Hz, CF3), 117.7 (ArCH), 81.1 (C), 51.8 (CH), 41.2 (CH2), 28.1 (CH3), 24.8 

(CH3), 23.1 (CH3), 22.1 (CH3); HRMS for the carboxylate urea (C18H25F3N2O3) 

(ESI- ): m/z: act: 374.1739 [M] - cal: 374.1817 [M]-. 

 

Compound 17: Zinc bromide (2.25 g, 10 mM) was added to a stirring 

solution of compound 16 (0.40 g, 1.07 mM) in dichloromethane (5 mL) and 

stirred at RT for 24 hours. Water (20 mL) was added, and the mixture was 

stirred at RT for 4 hours, before removal of the precipitate via filtration. 

TBA hydroxide (1 M) in methanol (0.40 mL) was added to the precipitate 

and taken to dryness. The pure product was collected via flash column 

chromatography as a brown solid with a yield of 62 % (0.25 g, 0.45 mM); 

melting point: 131 °C; 1H NMR (400 MHz, 298 K, DMSO-d6): δ: 10.89 (s, 1H), 

7.82 (d, J = 8.60 Hz, 2H), 7.44 (d, J = 8.72 Hz, 2H), 7.21 (d, J = 6.84, 1H), 3.84 

(q, J = 20.04 Hz, 1H), 3.17 – 3.12 (m, 8H), 1.80 – 1.67 (m, 1H), 1.59 – 1.49 

(m, 9H), 1.46 – 1.37 (m, 1H), 1.35 – 1.22 (m, 8H), 0.93 – 0.87 (m, 18H); 

13C{1H} NMR (100 MHz, 298 K, DMSO-d6): δ: 174.9 (CO), 155.4 (CO), 146.3 

(ArC), 126.7 (C), 125.9 (d, J = 3.7 Hz, ArCH), 124.0 (ArC), 120.1 (CF3), 119.8 

(CF3), 117.2 (ArCH), 57.9 (CH2), 54.2 (CH), 44.5 (CH2), 25.0 (CH3), 23.7 (CH3), 

23.5 (CH2), 23.4 (CH3), 19.6 (CH2), 13.9 (CH3); IR (film): ν = 2960 (NH 

stretch), 1697, 1458, 1319, 877; HRMS for the carboxylate urea 

(C14H16F3N2O3
-) (ESI- ): m/z: act: 317.1110 [M]- cal: 317.1118 [M]-. 
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Compound 18: 1-Isocyanato-4-(trifluoromethyl) benzene (0.29 mL, 2.00 

mM) was added to a stirring solution of D-Leucine tert-butyl ester 

hydrochloride (0.45 g, 2 mM) in pyridine (10 mL) and left at RT overnight. 

The mixture was the placed on the rotary-evaporator, dried and dissolved 

in chloroform (5 mL). Hexane was added dropwise, and the precipitate 

removed by filtration. The pure product was collected via flash column 

chromatography as a white solid with a yield of 75 % (0.56 g, 1.50 mM); 

melting point: > 200 °C; 1H NMR (400 MHz, 298 K, DMSO-d6): δ: 8.96 (s, 

1H), 7.57 (s, 4H), 6.55 (d, J = 8.12 Hz, 1H), 4.13 (q, J = 22.80 Hz, 1H), 1.70 – 

1.62 (m, 1 H), 1.52 – 1.48 (m, 2H), 1.41 (s, 9H); 13 C{1H} NMR (100 MHz, 298 

K, DMSO-d6): δ: 172.8 (CO), 154.9 (CO), 144.3 (d, J = 1.19 Hz, ArC), 129.1 

(ArCH), 126.5 (q, J = 11.2 Hz, ArCH), 123.7 (ArC), 121.7 (q, J = 94.9Hz, CF3), 

117.7 (ArCH), 81.1 (C), 51.8 (CH), 41.2 (CH2), 28.1 (CH3), 24.8 (CH3), 23.1 

(CH3), 22.1 (CH3); HRMS for the carboxylate urea (C18H25F3N2O3) (ESI- ): m/z: 

act: 374.1763 [M] - cal: 374.1817 [M]-. 

 

Compound 19: Zinc bromide (2.25 g, 10 mM) was added to a stirring 

solution of compound 18 (0.56 g, 1.50 mM) in dichloromethane (5 mL) and 

stirred at RT for 24 hours. Water (20 mL) was added, and the mixture was 

stirred at RT for 4 hours, before removal of the precipitate via filtration. 

TBA hydroxide (1 M) in methanol (0.56 mL) was added to the precipitate 

and taken to dryness. The pure product was collected via flash column 

chromatography as a brown solid with a yield of 68 % (0.38 g, 0.68 mM); 
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melting point: 120 °C; 1H NMR (400 MHz, 298 K, DMSO-d6): δ: 11.07 (s, 1H), 

7.85 (d, J = 8.56 Hz, 2H), 7.43 (d, J = 8.68 Hz, 2H), 7.29 (d, J = 6.76, 1H), 3.84 

(q, J = 20.00 Hz, 1H), 3.17 – 3.12 (m, 8H), 1.80 – 1.70 (m, 1H), 1.58 – 1.50 

(m, 9H), 1.45 – 1.38 (m, 1H), 1.34 – 1.24 (m, 8H); 0.93 – 0.88 (m, 18H); 

13C{1H} NMR (100 MHz, 298 K, DMSO-d6): δ: 174.9 (CO), 155.4 (CO), 146.3 

(ArC), 126.7 (C), 125.9 (d, J = 3.7 Hz, ArCH), 124.0 (ArC), 120.1 (CF3), 119.8 

(CF3), 117.2 (ArCH), 57.9 (CH2), 54.2 (CH), 44.5 (CH2), 25.0 (CH3), 23.7 (CH3), 

23.5 (CH2), 23.4 (CH3), 19.6 (CH2), 13.9 (CH3); IR (film): ν = 2960 (NH 

stretch), 1697, 1458, 1319, 877; HRMS for the carboxylate urea 

(C14H16F3N2O3
-) (ESI- ): m/z: act: 317.1160 [M]- cal: 317.1118 [M]-. 
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7. Appendix 

7.1. Characterisation NMR 

 

 

Figure S1 - 1H NMR spectrum of compound 9 in DMSO-d6 conducted at 298 K. 

 

 

Figure S2 - 1H NMR spectrum of compound 12 in DMSO-d6 conducted at 298 K. 
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Figure S3 - 1H NMR spectrum of compound 13 in DMSO-d6 conducted at 298 K. 

 

 

 

Figure S4 - 1H NMR spectrum of compound 14 in DMSO-d6 conducted at 298 K. 
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Figure S5 - 1H NMR spectrum of compound 15 in DMSO-d6 conducted at 298 K. 

 

 

 

Figure S6 - 1H NMR spectrum of compound 16 in DMSO-d6 conducted at 298 K. 
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Figure S7 - 1H NMR spectrum of compound 17 in DMSO-d6 conducted at 298 K. 

 

 

 

Figure S8 - 1H NMR spectrum of compound 18 in DMSO-d6 conducted at 298 K. 
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Figure S9 - 1H NMR spectrum of compound 19 in DMSO-d6 conducted at 298 K. 

 

7.2. Quantitative 1H NMR Studies 

7.2.1. DMSO-d6/ 1.0 % DCM 

 

Figure S10 - 1H NMR spectrum (d1 = 60 s) of compound 13 (112 mM) in DMSO-d6/1.0 
% DCM. Comparative integration indicates no loss of the anionic component and 0.53 
% of the cationic component of 13 has become NMR silent. 
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Figure S11- 1H NMR spectrum (d1 = 60 s) of compound 15 (112 mM) in DMSO-d6/1.0 % 
DCM. Comparative integration indicates 6 % of the anionic component and 4 % of the 
cationic component of 15 has become NMR silent.  

 

Figure S12- 1H NMR spectrum (d1 = 60 s) of compound 17 (112 mM) in DMSO-d6/1.0 % 
DCM. Comparative integration indicates 2 % of the anionic component and 4 % of the 
cationic component of 17 has become NMR silent.  
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Figure S13 - 1H NMR spectrum (d1 = 60 s) of compound 19 (112 mM) in DMSO-d6/1.0 
% DCM. Comparative integration indicates 15 % of the anionic component and 18 % 
of the cationic component of 19 has become NMR silent. 
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7.2.2. D2O/ 5.0 % EtOH 

 

Figure S14 - 1H NMR spectrum (d1 = 60 s) of compound 13 (5.56 mM) in D2O/5.0 % 
EtOH. Comparative integration indicates 77 % of the anionic component and 47 % of 
the cationic component of 13 has become NMR silent. 

 

 

 

Figure S15 - 1H NMR spectrum (d1 = 60 s) of compound 15 (5.56 mM) in D2O/5.0 % 
EtOH. Comparative integration indicates 81 % of the anionic component and 56 % of 
the cationic component of 15 has become NMR silent. 
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Figure S16 - 1H NMR spectrum (d1 = 60 s) of compound 17 (5.56 mM) in D2O/5.0 % 
EtOH. Comparative integration indicates 48 % of the anionic component and 47 % of 
the cationic component of 17 has become NMR silent. 

 

 

Figure S17 - 1H NMR spectrum (d1 = 60 s) of compound 19 (5.56 mM) in D2O/5.0 % 
EtOH. Comparative integration indicates 51 % of the anionic component and 49 % of 
the cationic component of 19 has become NMR silent. 
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7.3. 1H DOSY NMR Studies 

 

 

 

Figure S18 – 1H DOSY NMR of compound 13 (55.56 mM) in a DMSO-d6/ 0.5 % H2O 
solution conducted at 298 K and a table reporting the diffusion constants calculated 
for each peak used to determine the hydrodynamic diameter (dH) of the anionic 
component. The anionic component is highlighted in blue and corresponds to peaks 1-
5, while the cationic component is highlighted in red and corresponds to peaks 6-9. dH 
= 1.70 nm. 
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Figure S19 – 1H DOSY NMR of compound 15 (55.56 mM) in a DMSO-d6/ 0.5 % H2O 
solution conducted at 298 K and a table reporting the diffusion constants calculated 
for each peak used to determine the hydrodynamic diameter (dH) of the anionic 
component. The anionic component is highlighted in blue and corresponds to peaks 1-
5, while the cationic component is highlighted in red and corresponds to peaks 6-9. dH 
= 1.67 nm. 
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Figure S20- 1H DOSY NMR of compound 17 (55.56 mM) in a DMSO-d6/ 0.5 % H2O 
solution conducted at 298 K and a table reporting the diffusion constants calculated 
for each peak used to determine the hydrodynamic diameter (dH) of the anionic 
component. The anionic component is highlighted in blue and corresponds to peaks 1-
5 and 7, while the cationic component is highlighted in red and corresponds to peaks 
6 and 8-10. dH = 1.66 nm. 
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Figure S21 - 1H DOSY NMR of compound 19 (55.56 mM) in a DMSO-d6/ 0.5 % H2O 
solution conducted at 298 K and a table reporting the diffusion constants calculated 
for each peak used to determine the hydrodynamic diameter (dH) of the anionic 
component. The anionic component is highlighted in blue and corresponds to peaks 1-
5 and 7, while the cationic component is highlighted in red and corresponds to peaks 
6 and 8-10. dH = 1.70 nm. 
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7.4. 1H NMR Self-association Studies 

 

Figure S22 – 1H NMR stack plot of compound 13 in a DMSO-d6 / 0.5 % H2O solution. 
Samples were prepared in series with an aliquot of the most concentrated solution 
undergoing serial dilution. 

 

 

Figure S23 - Enlarged 1H NMR stack plot of compound 13 in a DMSO-d6 / 0.5 % H2O 
solution. Samples were prepared in series with an aliquot of the most concentrated 
solution undergoing serial dilution.  
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Figure S24 – Graph illustrating the 1H NMR down-field change in chemical shift of urea 
NH resonances with increasing concentration of compound 13 in DMSO-d6 0.5% H2O 
(298 K). 

Equal K/Dimerization model:  

Ke = 55.52 M-1 ± 4.2402 % Kdim = 27.76 M-1 ± 2.1201 % 

http://app.supramolecular.org/bindfit/view/3bb6b512-7ffd-4fb2-
b22c-3423a512b003 

CoEK model: 

Ke = 21.17 M-1 ± 6.1138% Kdim = 10.58 M-1 ± 3.0569 %  

p = 2.86 ± 14.5893 %  

http://app.supramolecular.org/bindfit/view/0d92b6d7-4c95-488c-
bc2d-3fe43e1e4cb7  

http://app.supramolecular.org/bindfit/view/3bb6b512-7ffd-4fb2-b22c-3423a512b003
http://app.supramolecular.org/bindfit/view/3bb6b512-7ffd-4fb2-b22c-3423a512b003
http://app.supramolecular.org/bindfit/view/0d92b6d7-4c95-488c-bc2d-3fe43e1e4cb7
http://app.supramolecular.org/bindfit/view/0d92b6d7-4c95-488c-bc2d-3fe43e1e4cb7
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Figure S25 – 1H NMR stack plot of compound 15 in a DMSO-d6 / 0.5 % H2O solution. 
Samples were prepared in series with an aliquot of the most concentrated solution 
undergoing serial dilution.  

 

 

Figure S26 - Enlarged 1H NMR stack plot of compound 15 in a DMSO-d6 / 0.5 % H2O 
solution. Samples were prepared in series with an aliquot of the most concentrated 
solution undergoing serial dilution.  
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Figure S27 – Graph illustrating the 1H NMR down-field change in chemical shift of urea 
NH resonances with increasing concentration of compound 15 in DMSO-d6 0.5% H2O 
(298 K). 

Equal K/Dimerization model: 

Ke = 45.90 M-1 ± 5.0312 % Kdim = 22.95 M-1 ± 2.5156 % 

http://app.supramolecular.org/bindfit/view/3abcecc0-ffc9-4e4e-
917f-14958fbcf026  

CoEK model: 

Ke = 17.84 M-1 ± 8.5196 % Kdim = 8.92 M-1 ± 4.2598 %  

p = 2.62 ± 19.6152 % 

http://app.supramolecular.org/bindfit/view/91f0f17f-4882-4fec-
bd09-cfce15a99d6b  

http://app.supramolecular.org/bindfit/view/3abcecc0-ffc9-4e4e-917f-14958fbcf026
http://app.supramolecular.org/bindfit/view/3abcecc0-ffc9-4e4e-917f-14958fbcf026
http://app.supramolecular.org/bindfit/view/91f0f17f-4882-4fec-bd09-cfce15a99d6b
http://app.supramolecular.org/bindfit/view/91f0f17f-4882-4fec-bd09-cfce15a99d6b
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Figure S28 - 1H NMR stack plot of compound 17 in a DMSO-d6 / 0.5 % H2O solution. 
Samples were prepared in series with an aliquot of the most concentrated solution 
undergoing serial dilution.  

 

 

Figure S29 - Enlarged 1H NMR stack plot of compound 17 in a DMSO-d6 / 0.5 % H2O 
solution. Samples were prepared in series with an aliquot of the most concentrated 
solution undergoing serial dilution.  
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Figure S30 – Graph illustrating the 1H NMR down-field change in chemical shift of urea 
NH resonances with increasing concentration of compound 17 in DMSO-d6 0.5% H2O 
(298 K). 

Equal K/Dimerization model: 

Ke = 242.72 M-1 ± 3.8023 % Kdim = 121.36 M-1 ± 1.9011 % 

http://app.supramolecular.org/bindfit/view/51ce652b-7b2b-4974-
8812-79d1ae73fc4f  

CoEK model: 

Ke = 560.90 M-1 ± 5.2131 % Kdim = 280.45 M-1 ± 2.6065 %  

p = 2.29 ± 9.2496 

http://app.supramolecular.org/bindfit/view/c48548c8-ee64-4855-
8686-7c76c927c103  

http://app.supramolecular.org/bindfit/view/51ce652b-7b2b-4974-8812-79d1ae73fc4f
http://app.supramolecular.org/bindfit/view/51ce652b-7b2b-4974-8812-79d1ae73fc4f
http://app.supramolecular.org/bindfit/view/c48548c8-ee64-4855-8686-7c76c927c103
http://app.supramolecular.org/bindfit/view/c48548c8-ee64-4855-8686-7c76c927c103
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Figure S31 – 1H NMR stack plot of compound 19 in a DMSO-d6 / 0.5 % H2O solution. 
Samples were prepared in series with an aliquot of the most concentrated solution 
undergoing serial dilution.  

 

Figure S32 - Enlarged 1H NMR stack plot of compound 19 in a DMSO-d6 / 0.5 % H2O 
solution. Samples were prepared in series with an aliquot of the most concentrated 
solution undergoing serial dilution.  
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Figure S33 – Graph illustrating the 1H NMR down-field change in chemical shift of urea 
NH resonances with increasing concentration of compound 19 in DMSO-d6 0.5% H2O 
(298 K). 

Equal K/Dimerization model: 

Ke = 180.55 M-1 ± 6.4767 % Kdim = 90.27 M-1 ± 3.2384 % 

http://app.supramolecular.org/bindfit/view/b8b3ad35-c95a-4b43-
ab01-9424006b8cf2  

CoEK model: 

Ke = 351.80 M-1 ± 7.1786 Kdim = 175.90 M-1 ± 3.5893  

p = 3.41 ± 12.6925 

http://app.supramolecular.org/bindfit/view/3c8e5c40-cd1e-4e18-
9c93-530cc3f7c71c  

http://app.supramolecular.org/bindfit/view/b8b3ad35-c95a-4b43-ab01-9424006b8cf2
http://app.supramolecular.org/bindfit/view/b8b3ad35-c95a-4b43-ab01-9424006b8cf2
http://app.supramolecular.org/bindfit/view/3c8e5c40-cd1e-4e18-9c93-530cc3f7c71c
http://app.supramolecular.org/bindfit/view/3c8e5c40-cd1e-4e18-9c93-530cc3f7c71c
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7.5. DLS Studies 
7.5.1. Size Distribution Data in EtOH:H2O (1:19) 

 

Figure S34 – The average intensity particle size distribution of aggregates formed by 
compound 13 (5.56 mM) in 1:19 EtOH:H2O calculated using 10 DLS runs at 298 K. 

 

Figure S35 – The correlation function data for 10 DLS runs of compound 13 (5.56 mM) 
in 1:19 EtOH:H2O at 298 K. 
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Figure S36 – The average intensity particle size distribution of aggregates formed by 
compound 15 (5.56 mM) in 1:19 EtOH: H2O calculated using 10 DLS runs at 298 K. 

 

 

Figure S37 – The correlation function data for 10 DLS runs of compound 15 (5.56 mM) 
in 1:19 EtOH: H2O at 298 K. 
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Figure S38 - The average intensity particle size distribution of aggregates formed by a 
1:1 mixture of compounds 13 and 15 (5.56 mM) in 1:19 EtOH:H2O calculated using 10 
DLS runs at 298 K. 

 

 

Figure S39 - The correlation function data for 10 DLS runs of a 1:1 mixture of 
compounds 13 and 15 (5.56 mM) in 1:19 EtOH:H2O at 298 K. 
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Figure S40 – The average intensity particle size distribution of aggregates formed by 
compound 17 (5.56 mM) in 1:19 EtOH:H2O calculated using 10 DLS runs at 298 K. 

 

 

Figure S41 – The correlation function data for 10 DLS runs of compound 17 (5.56 mM) 
in 1:19 EtOH:H2O at 298 K. 
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Figure S42 – The average intensity particle size distribution of aggregates formed by 
compound 19 (5.56 mM) in 1:19 EtOH:H2O calculated using 10 DLS runs at 298 K. 

 

 

Figure S43 – The correlation function data for 10 DLS runs of compound 19 (5.56 mM) 
in 1:19 EtOH:H2O at 298 K. 
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Figure S 44 - The average intensity particle size distribution of aggregates formed by a 
1:1 mixture of compounds 17 and 19 (5.56 mM) in 1:19 EtOH:H2O calculated using 10 
DLS runs at 298 K. 

 

 

Figure S45 - The correlation function data for 10 DLS runs of a 1:1 mixture of 
compounds 17 and 19 (5.56 mM) in 1:19 EtOH:H2O at 298 K. 
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7.5.2. Summary 
 

Table S1 – The average intensity particle size distribution calculated from 10 DLS runs 
for 13, 15, 17 and 19, and 1:1 mixtures of isomers 13+15 and isomers 17+19 obtained 
at 5.56 mM in EtOH:H2O (1:19). An annealing process was applied in which the 
samples were heated to approximately 313 K before being cooled down to a 
measurement temperature of 298 K. [a] 1:1 mixture. Error = standard error of the 
mean and given to 1 decimal place.  

 

 

 

7.5.3. Size Distribution Data in TSB 

 

Figure S46 - The average intensity particle size distribution of aggregates formed by 
compound 9 (1.39 mM) in a 1:3 solution of 5 % EtOH in H2O:TSB calculated using 10 
DLS runs at 298 K. dH = 285.38 nm. 
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Figure S47 - The correlation function data for 10 DLS runs of compound 9 (1.39 mM) 
in a 1:3 solution of 5 % EtOH in H2O:TSB at 298 K.  

 

 

Figure S  48 - The average intensity particle size distribution of aggregates formed by 
compound 13 (1.39 mM) in a 1:3 solution of 5 % EtOH in H2O:TSB calculated using 10 
DLS runs at 298 K. dH = 227.49 nm. 
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Figure S49 - The correlation function data for 10 DLS runs of compound 13 (1.39 mM) 
in a 1:3 solution of 5 % EtOH in H2O:TSB at 298 K.  

 

 

Figure S50 - The average intensity particle size distribution of aggregates formed by 
compound 15 (1.39 mM) in a 1:3 solution of 5 % EtOH in H2O:TSB calculated using 10 
DLS runs at 298 K. dH = 215.37 nm. 
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Figure S51 - The correlation function data for 10 DLS runs of compound 15 (1.39 mM) 
in a 1:3 solution of 5 % EtOH in H2O:TSB at 298 K.  

 

 

Figure S52 - The average intensity particle size distribution of aggregates formed by a 
1:1 mixture of compounds 13 and 15 (1.39 mM) in a 1:3 solution of 5 % EtOH in 
H2O:TSB calculated using 10 DLS runs at 298 K. dH = 226.14 nm. 
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Figure S53 - The correlation function data for 10 DLS runs of a 1:1 mixture of 
compounds 13 and 15 (1.39 mM) in a 1:3 solution of 5 % EtOH in H2O:TSB at 298 K. 

 

 

Figure S54 - The average intensity particle size distribution of aggregates formed by 
compound 17 (1.39 mM) in a 1:3 solution of 5 % EtOH in H2O:TSB calculated using 10 
DLS runs at 298 K. dH = 276.19 nm. 
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Figure S55 - The correlation function data for 10 DLS runs of compound 17 (1.39 mM) 
in a 1:3 solution of 5 % EtOH in H2O:TSB at 298 K.  

 

 

Figure S56 - The average intensity particle size distribution of aggregates formed by 
compound 19 (1.39 mM) in a 1:3 solution of 5 % EtOH in H2O:TSB calculated using 10 
DLS runs at 298 K. dH = 213.25 nm. 
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Figure S57 - The correlation function data for 10 DLS runs of compound 19 (1.39 mM) 
in a 1:3 solution of 5 % EtOH in H2O:TSB at 298 K. 

 

 

Figure S 58 - The average intensity particle size distribution of aggregates formed by a 
1:1 mixture of compounds 17 and 19 (1.39 mM) in a 1:3 solution of 5 % EtOH in 
H2O:TSB calculated using 10 DLS runs at 298 K. dH = 226.14 nm. 
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Figure S 59 - The correlation function data for 10 DLS runs of a 1:1 mixture of 
compounds 17 and 19 (1.39 mM) in a 1:3 solution of 5 % EtOH in H2O:TSB at 298 K. 

 

7.5.4. Summary 
 

Table S2 - The average intensity particle size distribution calculated from 10 DLS runs 
for 13, 15, 17 and 19, and racemic mixtures of isomers 13+15 and isomers 17+19 
obtained at 1.39 mM in a 1:3 solution of 5% EtOH in H2O:TSB. An annealing process 
was applied in which the samples were heated to approximately 313 K before being 
cooled down to a measurement temperature of 298 K. [a] 1:1 mixture. Error = 
standard error of the mean and given to 1 decimal place.  
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7.5.5. Size Distribution Data in IMDM with 10 % FBS 
 

 

Figure S60 - The average intensity particle size distribution of aggregates formed by 
compound 9 (1.67 mM) in a 1:5 solution of 5 % EtOH in H2O: IMDM with 10 % FBS 
calculated using 10 DLS runs at 298 K. dH = 16.98 nm. 

 

 

Figure S61 - The correlation function data for 10 DLS runs of compound 9 (1.67 mM) 
in a 1:5 solution of 5 % EtOH in H2O: IMDM with 10 % FBS at 298 K.  
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Figure S62 - The average intensity particle size distribution of aggregates formed by 
compound 13 (1.67 mM) in a 1:5 solution of 5 % EtOH in H2O: IMDM with 10 % FBS 
calculated using 10 DLS runs at 298 K. dH = 181.42 nm. 

 

 

Figure S63 - The correlation function data for 10 DLS runs of compound 13 (1.67 mM) 
in a 1:5 solution of 5 % EtOH in H2O: IMDM with 10 % FBS at 298 K.  
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Figure S64 - The average intensity particle size distribution of aggregates formed by 
compound 15 (1.67 mM) in a 1:5 solution of 5 % EtOH in H2O: IMDM with 10 % FBS 
calculated using 10 DLS runs at 298 K. dH = 194.28 nm. 

 

 

Figure S65 - The correlation function data for 10 DLS runs of compound 15 (1.67 mM) 
in a 1:5 solution of 5 % EtOH in H2O: IMDM with 10 % FBS at 298 K.  
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Figure S66 – The average intensity particle size distribution of aggregates formed by a 
1:1 mixture of compounds 13 and 15 (1.67 mM) in a 1:5 solution of 5 % EtOH in H2O: 
IMDM with 10 % FBS calculated using 10 DLS runs at 298 K. dH = 208.27 nm. 

 

 

Figure S67 - The correlation function data for 10 DLS runs of a 1:1 mixture of 
compounds 13 and 15 (1.67 mM) in a 1:5 solution of 5 % EtOH in H2O: IMDM with 10 
% FBS at 298 K.  
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Figure S68 - The average intensity particle size distribution of aggregates formed by 
compound 17 (1.67 mM) in a 1:5 solution of 5 % EtOH in H2O: IMDM with 10 % FBS 
calculated using 10 DLS runs at 298 K. dH = 159.59 nm. 

 

 

Figure S69 - The correlation function data for 10 DLS runs of compound 17 (1.67 mM) 
in a 1:5 solution of 5 % EtOH in H2O: IMDM with 10 % FBS at 298 K. 
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Figure S70 -  The average intensity particle size distribution of aggregates formed by 
compound 19 (1.67 mM) in a 1:5 solution of 5 % EtOH in H2O: IMDM with 10 % FBS 
calculated using 10 DLS runs at 298 K. dH = 175.01 nm. 

 

 

Figure S71 - The correlation function data for 10 DLS runs of compound 19 (1.67 mM) 
in a 1:5 solution of 5 % EtOH in H2O: IMDM with 10 % FBS at 298 K.  
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Figure S72 - The average intensity particle size distribution of aggregates formed by a 
1:1 mixture of compounds 17 and 19 (1.67 mM) in a 1:5 solution of 5 % EtOH in H2O: 
IMDM with 10 % FBS calculated using 10 DLS runs at 298 K. dH = 172.44 nm. 

 

 

Figure S73 - The correlation function data for 10 DLS runs of a 1:1 mixture of 
compounds 17 and 19 (1.67 mM) in a 1:5 solution of 5 % EtOH in H2O: IMDM with 10 
% FBS at 298 K.  
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7.5.6. Summary 
 

Table S3 –  The average intensity particle size distribution calculated from 10 DLS runs 
for 13, 15, 17 and 19, and racemic mixtures of isomers 13+15 and isomers 17+19 
obtained at 1.67 mM in a 1:5 solution of 5 % EtOH in H2O: IMDM with 10 % FBS.  An 
annealing process was applied in which the samples were heated to approximately 
313 K before being cooled down to a measurement temperature of  at 298 K. [a] 1:1 
mixture. Error = standard error of the mean and given to 1 decimal place.  

 

 

7.5.7. Size Distribution Data in PBS 

 

Figure S74 - The average intensity particle size distribution of aggregates formed by 
compound 9 (1.39 mM) in a 1:3 solution of 5 % EtOH in H2O:PBS calculated using 10 
DLS runs at 298 K. dH = 439.80 nm. 
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Figure S75 - The correlation function data for 10 DLS runs of compound 9 (1.39 mM) 
in a 1:3 solution of 5 % EtOH in H2O:PBS at 298 K.  

 

Figure S76 - The average intensity particle size distribution of aggregates formed by 
compound 13 (1.39 mM) in a 1:3 solution of 5 % EtOH in H2O:PBS calculated using 10 
DLS runs at 298 K. dH = 191.38 nm. 
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Figure S77 - The correlation function data for 10 DLS runs of compound 13 (1.39 mM) 
in a 1:3 solution of 5 % EtOH in H2O:PBS at 298 K.  

 

 

Figure S78 - The average intensity particle size distribution of aggregates formed by 
compound 15 (1.39 mM) in a 1:3 solution of 5 % EtOH in H2O:PBS calculated using 10 
DLS runs at 298 K. dH = 355.86 nm. 
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Figure S79 - The correlation function data for 10 DLS runs of compound 15 (1.39 mM) 
in a 1:3 solution of 5 % EtOH in H2O:PBS at 298 K.  

 

 

Figure S80 - The average intensity particle size distribution of aggregates formed by a 
1:1 mixture of compounds 13 and 15 (1.39 mM) in a 1:3 solution of 5 % EtOH in 
H2O:PBS calculated using 10 DLS runs at 298 K. dH = 355.32 nm. 
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Figure S81 – The correlation function data for 10 DLS runs of a 1:1 mixture of 
compounds 13 and 15 (1.39 mM) in a 1:3 solution of 5% EtOH in H2O:PBS at 298 K.  

 

 

Figure S82 - The average intensity particle size distribution of aggregates formed by 
compound 17 (1.39 mM) in a 1:3 solution of 5 % EtOH in H2O:PBS calculated using 10 
DLS runs at 298 K. dH = 319.84 nm. 
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Figure S83 - The correlation function data for 10 DLS runs of compound 17 (1.39 mM) 
in a 1:3 solution of 5 % EtOH in H2O:PBS at 298 K.  

 

 

Figure S84 - The average intensity particle size distribution of aggregates formed by 
compound 19 (1.39 mM) in a 1:3 solution of 5 % EtOH in H2O:PBS calculated using 10 
DLS runs at 298 K. dH = 359.73 nm. 
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Figure S85 - The correlation function data for 10 DLS runs of compound 19 (1.39 mM) 
in a 1:3 solution of 5 % EtOH in H2O:PBS at 298 K. 

 

 

Figure S86 - The average intensity particle size distribution of aggregates formed by a 
1:1 mixture of compounds 17 and 19 (1.39 mM) in a 1:3 solution of 5 % EtOH in 
H2O:PBS calculated using 10 DLS runs at 298 K. dH = 275.00 nm. 
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Figure S87 - The correlation function data for 10 DLS runs of a 1:1 mixture of 
compounds 17 and 19 (1.39 mM) in a 1:3 solution of 5 % EtOH in H2O:PBS at 298 K. 

 

 

7.5.8. Summary 
 

Table S4 - The average intensity particle size distribution calculated from 10 DLS runs 
for 13, 15, 17 and 19, and racemic mixtures of isomers 13+15 and isomers 17+19 
obtained at 1.39 mM in a 1:3 solution of 5 % EtOH in H2O:PBS. An annealing process 
was applied in which the samples were heated to approximately 313 K before being 
cooled down to a measurement temperature of 298 K. [a] 1:1 mixture. Error = 
standard error of the mean and given to 1 decimal place.  
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7.6. Zeta Potential Studies 
7.6.1. Zeta Potential in EtOH:H2O (1:19) 

 

 

Figure S88 – The average zeta potential distribution for compound 13 (5.56 mM) in 
1:19 EtOH:H2O calculated using 10 runs at 298 K. Average measurement value: - 63.95 
mV. 

 

 

Figure S89 – The average zeta potential distribution for compound 15 (5.56 mM) in 
1:19 EtOH:H2O calculated using 10 runs at 298 K. Average measurement value: - 62.55 
mV. 
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Figure S90 - The average zeta potential distribution for a 1:1 mixture of compounds 13 
and 15 (5.56 mM) in 1:19 EtOH:H2O calculated using 10 runs at 298 K. Average 
measurement value: - 65.75 mV. 

 

 

Figure S91 – The average zeta potential distribution for compound 17 (5.56 mM) in 
1:19 EtOH:H2O calculated using 10 runs at 298 K. Average measurement value: - 68.81 
mV. 
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Figure S92 – The average zeta potential distribution initially obtained for compound 
19 (5.56 mM) in 1:19 EtOH:H2O calculated using 10 runs at 298 K. Average 
measurement value: - 56.64 mV. 

 

 

Figure S93 – The repeated average zeta potential distribution for compound 19 (5.56 
mM) in 1:19 EtOH:H2O calculated using 10 runs at 298 K. Average measurement 
value: - 58.09 mV. 
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Figure S94 - The average zeta potential distribution for a 1:1 mixture of compounds 17 
and 19 (5.56 mM) in 1:19 EtOH:H2O calculated using 10 runs at 298 K. Average 
measurement value: -  60.29 mV. 

 

 

7.6.2. Summary 
 

Table S5 - Summary of  the zeta potential (ZP) for compounds 13, 15, 17 and 19, and 
racemic mixtures of isomers 13+15 and isomers 17+19 at 5.56 mM in EtOH:H2O 
(1:19). [a] 1:1 mixture. 

 

 

 



151 

7.6.3. Zeta Potential in TSB 
 

 

Figure S95 - The average zeta potential distribution for compound 9 (1.39 mM) in a 
1:3 solution of 5 % EtOH in H2O:TSB calculated using 10 runs at 298 K. Average 
measurement value: - 6.76 mV. 

 

 

Figure S96 - The average zeta potential distribution for compound 13 (1.39 mM) in a 
1:3 solution of 5 % EtOH in H2O:TSB calculated using 10 runs at 298 K. Average 
measurement value: - 23.11 mV. 
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Figure S97 - The average zeta potential distribution for compound 15 (1.39 mM) in a 
1:3 solution of 5 % EtOH in H2O:TSB calculated using 10 runs at 298 K. Average 
measurement value: - 24.00 mV. 

 

 

Figure S98 - The average zeta potential distribution for a 1:1 mixture of compounds 13 
and 15 (1.39 mM) in a 1:3 solution of 5 % EtOH in H2O:TSB calculated using 10 runs at 
298 K. Average measurement value: - 22.72 mV. 
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Figure S99 - The average zeta potential distribution for compound 17 (1.39 mM) in a 
1:3 solution of 5 % EtOH in H2O:TSB calculated using 10 runs at 298 K. Average 
measurement value: - 21.71 mV. 

 

 

 

Figure S100 - The average zeta potential distribution for compound 19 (1.39 mM) in a 
1:3 solution of 5 % EtOH in H2O:TSB calculated using 10 runs at 298 K. Average 
measurement value: - 21.13 mV. 
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Figure S101 - The average zeta potential distribution for a 1:1 mixture of compounds 
17 and 19 (1.39 mM) in a 1:3 solution of 5 % EtOH in H2O:TSB calculated using 10 runs 
at 298 K. Average measurement value: - 20.15 mV. 

 

7.6.4. Summary  
 

Table S6 - Summary of the zeta potential (ZP) for compounds 13, 15, 17 and 19, and 
racemic mixtures of isomers 13+15 and isomers 17+19 at 1.39 mM in a 1:3 solution of 
5 % EtOH in H2O:TSB at 298 K. [a] 1:1 mixture.  
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7.6.5. Zeta Potential in IMDM with 10 % FBS 

 

Figure S102 - The average zeta potential distribution for compound 9 (1.67 mM) in a 
1:5 solution of 5 % EtOH in H2O: IMDM with 10 % FBS calculated using 10 runs at 298 
K. Average measurement value: - 6.20 mV. 

 

 

Figure S103 - The average zeta potential distribution for compound 13 (1.67 mM) in a 
1:5 solution of 5% EtOH in H2O: IMDM with 10 % FBS calculated using 10 runs at 298 
K. Average measurement value: - 14.13 mV. 
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Figure S104 - The average zeta potential distribution for compound 15 (1.67 mM) in a 
1:5 solution of 5 % EtOH in H2O: IMDM with 10 % FBS calculated using 10 runs at 298 
K.  Average measurement value: - 14.70 mV. 

 

 

Figure S105 -  The average zeta potential distribution for a 1:1 mixture of compounds 
13 and 15 (1.67 mM) in a 1:5 solution of 5 % EtOH in H2O: IMDM with 10 % FBS 
calculated using 10 runs at 298 K. Average measurement value: - 15.80 mV. 
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Figure S106 - The average zeta potential distribution for compound 17 (1.67 mM) in a 
1:5 solution of 5 % EtOH in H2O: IMDM with 10 % FBS calculated using 10 runs at 298 
K.  Average measurement value: - 12.91 mV. 

 

 

Figure S107 - The average zeta potential distribution for compound 19 (1.67 mM) in a 
1:5 solution of 5 % EtOH in H2O: IMDM with 10 % FBS calculated using 10 runs at 298 
K. Average measurement value: - 12.38 mV. 
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Figure S108 - The average zeta potential distribution for a 1:1 mixture of compounds 
17 and 19 (1.67 mM) in a 1:5 solution of 5 % EtOH in H2O: IMDM with 10 % FBS 
calculated using 10 runs at 298 K. Average measurement value: - 13.91 mV. 

 

 

7.6.6. Summary 
 

Table S7 - Summary of the zeta potential (ZP) for compounds 13, 15, 17 and 19, and 
racemic mixtures of isomers 13+15 and isomers 17+19 at 1.67 mM in a 1:5 solution of 
5 % EtOH in H2O: IMDM with 10 % FBS at 298 K. [a] 1:1 mixture.  
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7.6.7. Zeta Potential in PBS 

 

Figure S109 -  The average zeta potential distribution for compound 9 (1.39 mM) in a 
1:3 solution of 5 % EtOH in H2O:PBS calculated using 10 runs at 298 K. Average 
measurement value: - 9.05 mV. 

 

 

Figure S110 - The average zeta potential distribution for compound 13 (1.39 mM) in a 
1:3 solution of 5 % EtOH in H2O:PBS calculated using 10 runs at 298 K. Average 
measurement value: -31.47 mV. 
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Figure S111 - The average zeta potential distribution for compound 15 (1.39 mM) in a 
1:3 solution of 5 % EtOH in H2O:PBS calculated using 10 runs at 298 K. Average 
measurement value: -41.64 mV. 

 

 

Figure S112 - The average zeta potential distribution for a 1:1 mixture of compounds 
13 and 15 (1.39 mM) in a 1:3 solution of 5 % EtOH in H2O:PBS calculated using 10 runs 
at 298 K .Average measurement value: - 28.84 mV. 
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Figure S113 – The average zeta potential distribution for compound 17 (1.39 mM) in a 
1:3 solution of 5 % EtOH in H2O:PBS calculated using 10 runs at 298 K. Average 
measurement value: -27.11 mV. 

 

 

Figure S114 - The average zeta potential distribution for compound 19 (1.39 mM) in a 
1:3 solution of 5 % EtOH in H2O:PBS calculated using 10 runs at 298 K. Average 
measurement value: -20.90 mV. 
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Figure S115 – The average zeta potential distribution for a 1:1 mixture of compounds 
17 and 19 (1.39 mM) in a 1:3 solution of 5 % EtOH in H2O:PBS calculated using 10 runs 
at 298 K. Average measurement value: - 23.16 mV. 

 

7.6.8. Summary 
 

Table S8 – Summary of the zeta potential (ZP) for compounds 13, 15, 17 and 19, and 
racemic mixtures of isomers 13+15 and isomers 17+19 at 1.39 mM in a 1:3 solution of 
5 % EtOH in H2O:PBS at 298 K. [a] 1:1 mixture.  

 

 

 



163 

7.7. Single Crystal X-ray Structures 
 

 

Figure S116 - Single crystal X-ray structure of 12: red = oxygen; green = fluorine; blue = 
nitrogen; white = hydrogen; grey = carbon. CCDC 2205765, C21H23F3N2O3 (M = 408.41): 
orthorhombic, space group P 21 21 21, a = 5.7353(4) Å, b = 18.3597(18) Å, c = 
19.4042(15) Å, α = 90°, β = 90°, γ = 90°, V = 2043.2(3) Å3, Z = 4, T = 100(1) K, CuK\α = 
1.5418 Å, Dcalc = 1.328 g/cm3, 13037 reflections measured (9.114 ≤ 2Θ ≤ 144.834), 
3930 unique (Rint = 0.0790, Rsigma = 0.0731) which were used in all calculations. The 
final R1 was 0.0717 (I > 2σ(I)) and wR2 was 0.1927 (all data). 
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Figure S117 – Single crystal X-ray structure of 14: red = oxygen; green = fluorine; blue 
= nitrogen; white = hydrogen; grey = carbon. CCDC 2205765, C21H23F3N2O3 (M = 
408.41): orthorhombic, space group P 21 21 21, a = 5.7453(6) Å, b = 18.227(3) Å, c = 
19.3974(16) Å, α = 90°, β = 90°, γ = 90°, V = 2036.8(4) Å3, Z = 4, T = 100(1) K, CuK\α = 
1.5418 Å, Dcalc = 1.332 g/cm3, 4808 reflections measured (9.118 ≤ 2Θ ≤ 144.298), 
3301 unique (Rint = 0.1545, Rsigma = 0.1629) which were used in all calculations. The 
final R1 was 0.1056 (I > 2σ(I)) and wR2 was 0.3038 (all data). 
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Figure S118 – Single crystal X-ray structure of 16: red = oxygen; green = fluorine; blue 
= nitrogen; white = hydrogen; grey = carbon. CCDC 2205765, C18H25F3N2O3 (M = 
374.40): orthorhombic, space group P 21 21 21, a = 5.5098(7) Å, b = 18.427(4) Å, c = 
18.838(3) Å, α = 90°, β = 90°, γ = 90°, V = 1912.6(6) Å3, Z = 4, T = 100(1) K, CuK\α = 
1.5418 Å, Dcalc = 1.300 g/cm3, 12906 reflections measured (9.390 ≤ 2Θ ≤ 148.174), 
3720 unique (Rint = 0.1367, Rsigma = 0.1210) which were used in all calculations. The 
final R1 was 0.0591 (I > 2σ(I)) and wR2 was 0.1361 (all data). 
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Figure S119 – Single crystal X-ray structure of 18: red = oxygen; green = fluorine; blue 
= nitrogen; white = hydrogen; grey = carbon. CCDC 2205765, C18H25F3N2O3 (M = 
374.40): orthorhombic, space group P 21 21 21, a = 5.5068(4) Å, b = 18.3998(17) Å, c = 
18.8406(14) Å, α = 90°, β = 90°, γ = 90°, V = 1909(3) Å3, Z = 4, T = 100(1) K, CuK\α = 
1.5418 Å, Dcalc = 1.303 g/cm3, 12686 reflections measured (9.388 ≤ 2Θ ≤ 143.696), 
3691 unique (Rint = 0.0935, Rsigma = 0.0908) which were used in all calculations. The 
final R1 was 0.0663 (I > 2σ(I)) and wR2 was 0.1531 (all data). 
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7.7.1. Hydrogen Bonding Tables  
 

Table S9 - Hydrogen bond distances and angles observed for 12, 14, 16 and 18, 
calculated from the single crystal X-ray structure shown in Figures S50 - S53. 

 

 

7.8. Mass Spectroscopy  
 

 

Figure S120 – A high-resolution mass spectrum (ESI-) obtained for compound 12 in 

methanol, m/z [M]-.   
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Figure S121 - A high-resolution mass spectrum (ESI-) obtained for compound 13 in 

methanol, m/z [M]-.   

 

 

Figure S122 - A high-resolution mass spectrum (ESI-) obtained for dimeric species of 

compound 13 in methanol, m/z [M + M + H]-. 

 

 

Figure S123 - A high-resolution mass spectrum (ESI-) obtained for compound 14 in 

methanol, m/z [M]-.   
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Figure S124 - A high-resolution mass spectrum (ESI-) obtained for compound 15 in 

methanol, m/z [M]-.   

 

 

Figure S125 - A high-resolution mass spectrum (ESI-) obtained for dimeric species of 

compound 15 in methanol, m/z [M + M + H]-. 

 

 

Figure S126 - A high-resolution mass spectrum (ESI-) obtained for compound 16 in 

methanol, m/z [M]-.   
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Figure S127 - A high-resolution mass spectrum (ESI-) obtained for compound 17 in 

methanol, m/z [M]-.   

 

 

Figure S128 - A high-resolution mass spectrum (ESI-) obtained for dimeric species of 

compound 17 in methanol, m/z [M + M + H]-. 

 

Figure S129 - A high-resolution mass spectrum (ESI-) obtained for compound 18 in 

methanol, m/z [M]-.   
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Figure S130 - A high-resolution mass spectrum (ESI-) obtained for compound 19 in 

methanol, m/z [M]-.   

 

 

Figure S131 - A high-resolution mass spectrum (ESI-) obtained for dimeric species of 

compound 13 in methanol, m/z [M + M + H]-.  

 

7.8.1. Summary 
 

Table S10 – Summary of high-resolution electrospray ionisation mass spectrometry 
(ESI-MS) theoretical and experimentally derived values. 
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7.9. Circular Dichroism Studies 
 

 

Figure S132 - The circular dichroism spectrum for 13 and 15 at 1 mM in EtOH:H2O 
(1:19).  

 

 

Figure S133 - The circular dichroism spectrum for 17 and 19 at 1 mM in EtOH:H2O 
(1:19).  
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7.10. Biological Assays 
7.10.1. Antimicrobial (MIC) Data 

 

Table S11 – The minimum inhibitory concentration (MIC) values determined for 9, 13, 
15, 17, 19 and racemic mixtures of the isomers (13+15 and 17+19) against 7 different 
Gram-positive Staphylococcus aureus (S. aureus), Enterococcus faecalis (E. faecalis) 
and Enterococcus faecium (E. faecium) bacteria strains. [a] racemic (1:1) mixture.  

 

 

 

7.10.2. Anticancer (GI50) Data 
 

Table S12 - The concentration of compound required to reduce/ inhibit cellular 
growth by 50% (GI50) determined for 9, 13, 15, 17, 19 , racemic mixtures of the 
isomers (13+15 and 17+19), cisplatin and TBA chloride against non-cancerous RPE-1 
cells, ovarian cancer cells (A2780 SRB) and cisplatin resistant ovarian cancer cells 
(A2780 CisR SRB). [a] racemic (1:1) mixture.  – not yet determined. 
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7.10.3. Toxicity and Haemolysis Data 
 

Table S13 – The toxicity of 9, 13, 15, 17, 19 and racemic mixtures of the isomers 
(13+15 and 17+19) determined by observing the number of Galleria moth larvae that 
survived out of 10 after injection of compound. PBS and EtOH:H2O (1:19) solution 
were used as controls. [a] racemic (1:1) mixture.  

 

 

Table S14 – The haemolysis of red blood cells determined for 9, 13, 15, 17, 19 and 
racemic mixtures of the isomers (13+15 and 17+19) obtained at 1.39 mM. EtOH:H2O 
(1:19) solution was used as a control. [a] racemic (1:1) mixture.  
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