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Abstract 

Antimicrobial resistance has become a growing threat over the last decade to the health and 

safety of the human populous, with the task of developing new antimicrobials having become the 

responsibility of academic researchers. Current antimicrobials are largely based on those that 

interact with specific proteins, but these are becoming increasingly less and less effective as 

microbials develop resistance to the antimicrobials currently in circulation. Work published by 

Hiscock et al. has developed a novel class of amphiphilic antimicrobials that target the phospholipid 

membrane rather than common protein targets. Building on the past work within the Hiscock group 

and extending this research is the basis for the work described herein. Amphiphilic antimicrobial 

calix[4]arene derived compounds have been synthesised and amphiphilic urea-sulfonate salts have 

been designed, the properties of which have been studied in the solid, liquid and gas states. 

The study of the urea-sulfonate salts in the solid state showed that the compound tends to 

form extended structures with several different binding modes. In the gas phase, low level 

complexes are visible which indicate the bonds formed between the structures are strong as they 

survive the experimental conditions. Studies in the solution state show that the compounds form 

larger structures in DMSO, whilst one compound formed larger structures in an H2O: EtOH 19:1 

solution. The results obtained thus far prove the compounds to be amphiphilic, but do not indicate 

antimicrobial activity, so, further study is required. 

The detection of anions in the environment is an ever-growing concern in modern society as 

the world becomes more aware of the impact that anionic pollutants are having upon the Earth. 

Anionic receptors are molecules designed to detect, respond to, and recognise species carrying a 

negative charge. The application of anionic receptors to modern day science is varied and includes 

organocatalysts which may be catalysed through hydrogen bond formation, in the separation of 

anionic mixtures in industrial or radioactive waste as well as applications in biology, for the 

treatment of ion channel based diseases such as cystic fibrosis.1 Novel fluorescent anionic receptors 
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have been designed and synthesised based on works published by Hiscock et al., with properties 

studied in the solid, liquid and gas state also. 

Studies in the solid state showed the formation of intramolecular bonds with two of the 

compounds synthesised, along with the formation of intermolecular bonds between one 

compound and water that is used to stabilise the extended crystal structure. In the gas phase, one 

compound showed the presence of low-level complexes. In the solution state all the receptors 

detected the presence of anions and showed selectivity to specific anions also, where the order of 

selectivity showed an inverse in the Hofmeister series. 
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Abbreviations 

Carbon (NMR) 13
C 

Acetone Ace 

Acetonitrile ACN 

Association constant K
a
 

Broad doublet (NMR) br d 

Cooperative equal K CoEK 

Copper catalysed azide-alkine cycloaddition CuAAC 

Coupling constant (NMR) J 

Critical micelle concentration CMC 

Deuterated DMSO DMSO-
d6

 

Deuterated water D
2
O 

Dichloromethane DCM 

Diffusion-ordered spectroscopy DOSY 

Dimethylformamide DMF 

Dimethylsulfoxide DMSO 

Doublet (NMR) d 

Dynamic light scattering DLS 

Electronegativity E
min

 

Electropositivity E
max

 

Electrospray ionisation mass spectroscopy ESI-MS 

Electrostatic potential maps ESMPs 

Equal K EK 

Escherichia coli E.coli 
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Ethanol EtOH 

Ethyl acetate EtOAc 

Hydrodynamic diameter d
H
 

Hydrogen bond acceptor HBA 

Hydrogen bond donor HBD 

Infra-red IR 

Inner filter effect IFE 

Mass to charge ratio m/z 

Methanol MeOH 

Methicillin-resistant Staphylococcus aureus MRSA 

Minimum inhibitory concentration MIC
50

 

Multiplet (NMR) m 

Nitric acid HNO
2
 

Nuclear magnetic resonance spectroscopy NMR 

Palladium on carbon Pd/C 

Potassium carbonate K
2
CO

3
 

Proton 1
H 

Quartet (NMR) q 

Silicon dioxide SiO
2
 

Single crystal X-ray diffraction SCXRD 

Singlet (NMR) s 

Sodium hydride NaH 

Sodium hydroxide NaOH 

Sodium nitrite NaNO
2
 

Staphylococcus aureus S.aureus 

Sulphuric acid H
2
SO

4
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Tetrabutylammonium TBA 

Triplet (NMR) t 

Ultra-violet UV 

Ultra-violet visible spectroscopy UV-vis 
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1.0 Introduction 

1.1 History of Chemistry 

The term supramolecular chemistry originated in 1969 when Jean-Marie Lehn first proposed 

ǘƘŜ ǘŜǊƳ άǎǳǇŜǊƳƻƭŜŎǳƭŜέΦ2 Lehn ŘŜŦƛƴŜŘ ǎǳǇǊŀƳƻƭŜŎǳƭŀǊ ŎƘŜƳƛǎǘǊȅ ŀǎ άŎƘŜƳƛǎǘǊȅ ōŜȅƻƴŘ ǘƘŜ 

ƳƻƭŜŎǳƭŜέ, where focus was placed on the association of two or more chemical species that are 

held together through intermolecular forces.3,4 The introduction of this field to chemistry led to the 

award of a Nobel Prize in 1987 to three of its pioneers: John-Marie Lehn, Charles Pederson and 

Donald Cram.5 

When compared to other areas of chemistry, as they are known today, supramolecular 

chemistry is a relatively new discipline. However, its fundamental concepts have long been 

recognised and date back to the beginning of modern chemistry, when the idea of intermolecular 

bonds were first introduced by Johannes Diderik van der Waals in 1873.6 Chemistry, as it is 

recognised today, was first discovered by German chemist Friedrich Wöhler, when he first 

synthesised urea from ammonium cyanate in 1828.7 This discovery was ground breaking, as the 

process did not obey the laws of vitalism, which stated that organic compounds could not be 

synthesised in a laboratory from inorganic components because there was a certain essence of life 

missing.7 This paved the way for the synthesis of many other organic compounds and how they may 

be developed without the use of organic reactants and so, vitalism was disproved.8,9 

As organic chemistry continued to develop over the coming decades, there was still one area 

of the subject under debate, this was how atoms bond. This became clearer in 1916 when Gilbert 

bŜǿǘƻƴ [Ŝǿƛǎ ƛƴǘǊƻŘǳŎŜŘ ǘƘŜ ƛŘŜŀ ƻŦ ŎƻǾŀƭŜƴǘ ōƻƴŘƛƴƎ ǘƘǊƻǳƎƘ ǘƘŜ ǘƘŜƻǊȅ ƻŦ ΨǾŀƭŜƴŎŜΩΣ ǿƘŜǊŜ ƘŜ 

used dot and cross diagrams (Figure 1) to explain this.10 Gilbert N. Lewis proposed two different 

types of covalent bonding, polar and non-polar. Where polar involved the transfer of electrons and 

non-polar bonds were formed through sharing electrons.11,12 
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Figure 1 ς Example of a dot and cross diagram showing a covalent bond in a methane molecule: A) A carbon atom with 

four unpaired electrons and four hydrogen atoms with one unpaired electron each, B) The hydrogen atoms are bonded 

to the carbon atom through the sharing of unpaired electrons. 

 

1.2 Non-Covalent interactions 

The existence of non-covalent interactions was first suggested in 1873 by Johannes Diderik van 

der Waals, forces which are today known as van der Waals interactions.13ς15 This ground breaking 

work by van der Waals paved the way for new and exciting research, leading Emil Fischer in 1894 

to propose a key principle ŦƻǊ ŜƴȊȅƳŜ ŀŎǘƛǾƛǘȅΣ ƪƴƻǿƴ ŀǎ ǘƘŜ ΨƭƻŎƪ ŀƴŘ ƪŜȅΩ ǇǊƛƴŎƛǇƭŜΦ16 He stated 

that a substrate of a specific shape, like a key, could fit into the cavity of an enzyme, which he 

likened to a lock in order for the reaction to proceed17 (Figure 2). This discovery could be argued as 

the first description of supramolecular chemistry as it is known today. 

 

Figure 2 ς Illustration depicting the lock and key principle of enzyme-substrate fitting. They must have complimentary 

shapes to form a complex and are held together through non-covalent interactions. 
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Later, in 1912, Moore and Winmill hypothesised the existence of the hydrogen bond,18,19 which 

would be supported in the future by works published by Latimer and Rodebush.20 The ideas 

presented at this time lead to the novel synthesis of several host complexes which selectively bind 

to guest molecules; included in this series of molecules were those synthesised by: Donald J. Cram, 

who synthesised the macrocyclic cyclophane, Charles J. Pederson who synthesised the crown ether, 

and cryptands which were synthesised by Jean-Marie Lehn (Figure 3).21,22 There have been 

significant advancements in the field of supramolecular chemistry within the last decade, with the 

2016 Nobel Prize being jointly awarded to Jean-Pierre Sauvage, Sir J. Fraser Stoddart and Ben L. 

Feringa, for their pioneering contributions to the initiation and development of synthetic 

supramolecular machines.23,24 Sauvage developed a mechanically-interlocked architecture 

consisting of two or more interlocked macrocycles called catenanes (Figure 3).25 

 

Figure 3 ς The series of host-guest complexes synthesised by: A) Cram (spherand), B) Pederson (crown ether), C) Lehn 

(cryptate) and D) Jean-Pierre (catenane). 

Supramolecular complexes can be designed to either self-organise, preorganise or both. Self-

organisation is the process by which the molecules of a complex are arranged into more complex 

structures through the presence of intermolecular, non-covalent interactions.26 Whilst 

preorganisation is the process where a molecule has been designed to interact only with specific 

and complimentary molecules through non-covalent interactions.27 Preorganisation in molecules is 

beneficial as it has been shown to increase the binding affinity of molecules in host: guest chemistry 

by lowering the energy required to bind the guest molecules to the receptor.28 Although, other 

factors such a steric interactions play into the binding affinity also, where the steric structure of a 
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molecule is optimised for specific guest binding, preorganisation of the host molecules have led to 

higher binding affinities for host: guest complexes. Molecules like this include the carborane cages 

which are carbon, boron and hydrogen based cages that poses planar preorganized cavities in an 

uncomplexed state.29,30 Whereas, traditional macrocycles such as the crown ether do not poses 

preorganized cavities.  

There is a fine balance occurring between electrostatic interactions and solvent interactions in 

a system that enables the formation of a supramolecular complex, where the predominance of one 

type of interaction may alter the formation of the complex. There are several types of non-covalent 

interactions, the most commonly considered are as follows: the dipole-ŘƛǇƻƭŜ ƛƴǘŜǊŀŎǘƛƻƴΣ ˉ-ˉ 

interaction, ion-ion interactions and lastly the hydrogen bond,31 which can also be considered as a 

mixture of covalent and electrostatic interactions. 

The dipole-dipole interactions are the weakest type of interaction, with energies of < 5-20 

kJ/mol, and are formed through the attraction of one dipole to another (Figure 4A).32 Due to the 

nature of these type of interactions, there is a repulsive effect that increases as distance between 

the molecules decrease. Eventually, a point is reached where the effect of the repulsive forces 

overshadow the attractive forces, and the distance between the molecules begins to increase.33 ̄ -

ˉ ƛƴǘŜǊŀŎǘƛƻƴǎ ƻŎŎǳǊ ōŜǘǿŜŜƴ ŀǊƻƳŀǘƛŎ ǊƛƴƎ ǎȅǎǘŜƳǎ ǘƘǊƻǳƎƘ ǘƘŜ ŜƭŜŎǘǊƻǇƻǎƛǘƛǾŜ ŀƴŘ 

electronegative regions, and have energies of 0-50 kJ/mol.34 There are three ways the ring systems 

can stack: face to face (Figure 4B), edge to face (Figure 4C) or offset (Figure 4D).35 

 

Figure 4 ς Illustrations of non-covalent interactions: A) dipole-ŘƛǇƻƭŜΣ .ύ ˉ-ˉ ŦŀŎŜ ǘƻ ŦŀŎŜΣ /ύ ˉ-ˉ ŜŘƎŜ ǘƻ ŦŀŎŜΣ 5ύ ˉ-ˉ ƻŦŦǎŜǘΦ 
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The strongest non-covalent interactions are the ion-ion interaction. These types of interactions 

have bond energies similar to a covalent bond, with values of 100-350 kJ/mol. A covalent bond will 

have an energy of < 150 kJ/mol.36 Within this type of interaction fall the ion-dipole interactions, 

these types of interactions occur between a charged ion and a dipole from a polar molecule. There 

are also cation-ˉ ŀƴŘ anion-ˉ ƛƴǘŜǊŀŎǘƛƻƴǎΦ /ŀǘƛƻƴ-ˉ ƛƴǘŜǊŀŎǘƛƻƴǎ ƻŎŎǳǊ ōŜǘǿŜŜƴ ŎŀǘƛƻƴƛŎ ǎǇŜŎƛŜǎ 

and electron rich aromatic ring systems,37 anion-ˉ ƛƴǘŜǊŀŎǘƛƻƴǎ ƻŎŎǳǊ ōŜǘǿŜŜƴ ŀƴƛƻƴƛŎ ǎǇŜŎƛŜǎ ŀƴŘ 

electron deficient aromatic ring systems38 (Figure 5). 

 

Figure 5 ς Illustration of non-covalent interactions: A) ion-dipole, B) cation-ˉΣ /ύ ŀƴƛƻƴ-ˉΦ 

The final non-covalent interaction discussed here is the hydrogen bond, which has been 

studied in great depth since its discovery.39ς41 With an energy range of 63 ς 167 kJ/mol for covalent 

interactions, 17 ς 63 kJ/mol for strong interactions such as electrostatic interactions and <17 kJ/mol 

for weak electrostatic interactions.42ς45 Hydrogen bond lengths range from 1.5 Å to 3.5 Å.46,47 

Hydrogen bonds are formed between an electropositive hydrogen atom containing group and an 

electronegative atom. 

The hydrogen atom containing group acts as the hydrogen bond donor (HBD) with the other 

electronegative atom acting as the hydrogen bond acceptor (HBA).48 When compared to covalent 

interactions, non-covalent interactions are weak, however, the effects of individual interactions are 

additive and can be strong enough to stabilise molecular structures and complexes. Hydrogen 

bonds are able to adopt several different geometrical structures, including: linear, bent, bifurcated 
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(accepting and donating), trifurcated and three centred bifurcated (Figure 6).49 Optically formed 

hydrogen bonds are those that are short range, selective and directional. The selectivity and 

directionality increases with the strength of the bond formed.43,48 

 

Figure 6 ς Examples of geometric structures formed through hydrogen bonding: 1) Linear, 2) Bent, 3) Accepting 

bifurcated, 4) Donating bifurcated, 5) Trifurcated, 6) Three-centre bifurcated. 

Supramolecular complexes are often seen in biological systems and play a vital role in the 

progression of life. A varied and important example of this is proteins, but more specifically, 

enzymes. These are often complex protein structures folded through non-covalent interactions that 

can catalyse chemical reactions within the body,50 these protein structures also exhibit selectivity 

to substrates forming tightly bound complexes, such as an antibody bound to its target infection.  

An antibody is a specialised structure designed to detect foreign particles within the body and 

defend against these particles.51 These final structures are formed through several steps, initially 

the primary structure is formed and consists of a chain of amino acids, followed by the secondary 

structure which is the first step of self-ŀǎǎŜƳōƭȅ ǘƘǊƻǳƎƘ ƘȅŘǊƻƎŜƴ ōƻƴŘƛƴƎΣ ŦƻǊƳƛƴƎ ʰ-helixes and 

-̡sheets.52 The tertiary structure then forms, which is where the secondary structure self-

assembles further through several non-covalent interactions such as further hydrogen bonding, 

ionic interactions, sulfonate bridges and hydrophobic interactions.53 The final step involves the self-

assembly of two or more tertiary units to form the quaternary units (Figure 7). These structures are 

held together using the same non-covalent interactions as present in the tertiary structures.54 
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Figure 7 ς Illustration of the steps in protein formation: A) Primary protein, the amino-acid chain held together through 

peptide bonds, B) Secondary protein, eg h -helix and ̡ -sheets held together through hydrogen bonding, C) Tertiary protein 

formed from the folding of the secondary structure through hydrogen bonds, ionic bonds, hydrophobic interactions and 

disulphide bridge formation in order to compact the structure, D) Quaternary structure formed from the assembly of two 

or more tertiary units held together through hydrogen bonds and van der Waals interactions between non-polar side 

chains. 

A complex example of a biological system containing non-covalent interactions is the cell 

membrane (Figure 8). This naturally occurring structure contains many non-covalent interactions, 

including those previously discussed.55 Most notably are the presence of hydrophobic interactions 

as part of the main body of the cell membrane, the phospholipid bilayer.56,57 Hydrophobic 

interactions are non-covalent interactions that occur between water molecules and low water 

soluble molecules called hydrophobes, such as phospholipids.58 The phospholipid bilayer is a thin 
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polar membrane comprised of two layers of phospholipid molecules. These structures exist as 

components of almost every organism and many viruses too.59 Their presence is not limited to the 

cell membrane, but also exist around sub-cellular structures such as liposomes. The bilayers 

responsibilities include: the protection of the cell, enabling extracellular communication through 

the transport of substances in and out of the cell and to facilitate the exchange of ions through the 

cell wall.60 

 

Figure 8 ς Illustration of a cell membrane. 

The phospholipid bilayer enables the transportations of proteins into the cell. This occurs due 

to the presence of structures such as membrane proteins.61 These work by forming complexes with 

extracellular proteins that when bound, trigger specific reactions either within the cell membrane 

or within the cell itself.62 Molecules may also enter the cell through the action of being directly 

delivered through the membrane and into the cell. In order to achieve effective penetration of the 

ŎŜƭƭ ƳŜƳōǊŀƴŜ ƭƻƴƎ ŀƭƪȅƭ ŎƘŀƛƴǎ ŀǊŜ ǊŜǉǳƛǊŜŘ ƛƴ ƻǊŘŜǊ ǘƻ ŀŎƘƛŜǾŜ ǘƘƛǎ ŘǳŜ ǘƻ ǘƘŜƛǊ ΨƻƛƭȅΩ ƭƛƪŜ ƴŀǘǳǊŜ 

when interacting with the phospholipid bilayer. These molecules must also possess the ability to 

store molecules within their structures, usually bound through non-covalent interactions. An 

example of molecules that are able to store molecules within their structure, and have the ability 
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to easily append long alkyl chains are cyclic oligomer derivatives, called calixarenes. These may be 

the perfect type of compound to act both as a carrier and as delivery device.63  

 

1.3 Calixarenes 

Calixarene molecules are cyclic compounds composed of repeating units of phenol, and usually 

range in size from 4-20 repeating units, although other sizes have been synthesised. It has been 

over 140 years since the first rudimentary calixarene compound was first discovered in 1872 by 

Adolf von Baeyer.64 Baeyer discovered simplistic versions of these compounds when he heated 

aqueous formaldehyde with phenol. 

Years later in the early 1900s, Leo Baekeland refined this process and marketed the resinous 

product as Bakelite65 (Figure 9)66; he referred to these structures as [1n]metacyclophanes.67 Later, 

Zinke and Ziegler began the synthesis of modern calixarenes in 194168 through the synthesis of p-

tert-butylphenol and formaldehyde to form what today is called p-tert-butylcalix[4]arene.69 Later, 

the compounds were fully characterised by C. D. Gutsche as calixarenes in the late 1900s.70  

 

Figure 9 ς The synthesis of Bakelite produced as a resinous solid from phenol and formaldehyde. 

¢ƘŜ ǿƻǊŘ ŎŀƭƛȄŀǊŜƴŜ ŘŜǊƛǾŜǎ ƛǘǎ ƳŜŀƴƛƴƎ ƛƴ ǘǿƻ ǎŜŎǘƛƻƴǎΦ ¢ƘŜ ŦƛǊǎǘ ōŜƛƴƎ ΨŎŀƭƛȄΩ ŦǊƻƳ ŀ DǊŜŜƪ 

ǿƻǊŘ ƳŜŀƴƛƴƎ ŎƘŀƭƛŎŜΣ ƻǊ ŎǳǇ ƭƛƪŜΣ ŀƴŘ ΨŀǊŜƴŜΩ ǿƘƛŎƘ ǎƛƎƴƛŦƛŜǎ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŀǊƻƳŀǘƛŎ rings.71 
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Calixarenes are classified as cyclic oligomers, which are macrocycles comprised of two sections, a 

narrow, lower endo rim and a wider, upper exo rim (Figure 10).72,73 They are synthesised through 

the reactions of phenol and aldehyde in the presence of a strong acid,72 or a base74 for larger ring 

systems. However, the work up from these syntheses are often time consuming and difficult.75 This 

may be largely due to the presence of reaction side products and conformers of the desired 

product. The existence of these species may alter the desired compounds affinity for specific 

solvents, which increasingly makes purification difficult. 

 

Figure 10 ς Illustration of R-calix[4]arene: A) Simplified model, B) Cyclic model displaying exo and endo regions. 

The presence of a methylene bridge at the ortho position on the benzene allows for easy 

maneuverability around this point.76 This leads to the formation of several kinds of conformers 

(Figure 11). Functionalization at the upper and lower rim can induce or lock the calixarene into one 

of these conformations.77 Calix[n]arenes, where [n] is larger than 4, have reduced conformational 

energy barriers allowing greater access to alternative conformations during their synthesis.72 

Alternative conformations may lead to induced effects, such as increased efficacy in coordination 

properties.72 
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Figure 11: Conformations of p-tert-Butylcalix[4]arene: A) cone conformation, B) partial cone conformation, C) 1,3-

alternate conformation, D) 1,2-alternate conformation. 

Modification occurs either through, but is not limited to, the derivatisation of the OH group 

and through the electrophilic substitution of the benzene ring following the removal of the R group 

in the para position (Figure 12).78,79 Replacement of the hydroxyl group with specifically selected 

substituents is a simple route to locking conformation. Alkyl chain-based substituents are popular 

and often allow for further derivation if it is required. However, modification sites also include the 

methylene bridges.78 Modifications in this position may produce yet more conformers, which may 

occur through standard ring inversion. Conformers produced at these modification sites, with one 

site substitution are axial and equatorial based, those with two site substitutions produce cis and 

trans isomers (Figure 12).76 The group which is appended to the methylene bridge may also 
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influence which position the functional group sits. For instance, alkyl groups appear to have an 

increased preference for the equatorial position when compared to aryl groups.76  

 

Figure 12 ς Examples of different modifications and conformers: A) Examples of modifications in the para and ortho 

positions, B) Examples of axial and equatorial isomers where one methyl bridge is modified, C) Examples of cis isomers 

when two methyl bridges are modified, D) Examples of trans isomers when two methyl bridges are modified. 

The ability to amend differing functional groups to the positions mentioned, allows the 

formation of a wide array of calixarene derived compounds (Figure 13).80,81 The seemingly unlimited 

alterations which can be made to these compounds have led to a variety of systems with specific 
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ǇǊƻǇŜǊǘƛŜǎ ŀƴŘ ŀŎǘƛǾƛǘƛŜǎΦ !ƭǘŜǊŀǘƛƻƴǎ ƛƴŎƭǳŘŜ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ ŀǊƻȅƭ ƎǊƻǳǇǎ ǘƻ ŦƻǊƳ ΨŘŜŜǇ ŎŀǾƛǘȅΩ 

calixarenes.77 Deep cavity calixarenes may be designed to have increased hydrogen bonding to a 

guest in host-guest chemistry.82 This type of calixarene has also been designed to have properties 

specific to fluorescence, with enhanced solubility in fluorescent solvents, as well as improved 

efficacy as fluorescent sensors, along with varied functional groups for molecular recognition.83  

 

Figure 13 ς Examples of different calixarene based compounds: A) 1,3-alternate modified at the ortho and para positions, 

B) Cone conformation modified at the ortho and para positions, C) Cone conformation modified at the methylene bridge. 

Calixarene modification for the application to cell membrane ion transportation has over the 

years been extremely well documented.84ς89 Calixarenes have been used to enable the process of 

cross membrane ion transportation to be studied. Derivatives of these structures have shown 

selectivity to ions and are able to regulate ion transportation whilst forming ion channels in bilayer 

membranes.90 When introduced to the membrane, be it a monolayer, bilayer or phospholipid 

bilayer, derivates of calixarene compounds interact with the cell membrane through non-covalent 

interactions. These can be through hydrophobic interactions, the formation of hydrogen bonds, 

ionic interactions and more.91ς93 

Calixarenes designed to mimic ion-channels are often designed as amphiphiles.94,95 

Amphiphiles are molecules that contain both a nonpolar hydrophobic region, often referred to as 

ǘƘŜ ΨǘŀƛƭΩΣ ŀƴŘ ŀ ǇƻƭŀǊ ƘȅŘǊƻǇƘƛƭƛŎ ǊŜƎƛƻƴΣ ƻŦǘŜƴ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ ΨƘŜŀŘΩΦ96 Amphiphilic calixarenes 
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possess largely ƘȅŘǊƻǇƘƻōƛŎ ΨǘŀƛƭǎΩ ƳƻŘƛŦƛŜŘ ŀǘ ǘƘŜ ƭƻǿŜǊ ǊƛƳΣ ǿƛǘƘ ƘȅŘǊƻǇƘƛƭƛŎ ΨƘŜŀŘǎΩ ƳƻŘƛŦƛŜŘ ŀǘ 

the upper rim, they may also exhibit self-assembly within the membrane.97,98 Ion-channel 

mimicking calixarenes can be activated through several methods, some of which are through ion 

recognition, through polarization, or through changes in pH.99ς101 

The method through which these compounds are activated depends, of course, upon the 

structure. There are several functions that synthetic ion channels must have. These compounds 

must have the ability to transport ions in the range of 104 to 108 ions per second, it must be able to 

discriminate between species and must be at least 40 Å in length because this is the average width 

of a phospholipid membrane.91 Calixarenes as synthetic ion pores are well suited in this role 

because of their selectively designed cavities, with aromatic units of 4 being the most effective 

choice for this role (Figure 14).91 

 

Figure 14 ς A range of ion-specific filters inspired by calix[4]arene. 
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Research into calixarenes moving forward is being centred around applications in biological 

systems,102 and environmental systems. Included in this are their application to drug sensing, 

biotechnology and biosensors90 and as metallic sensors, which been greatly documented.74,103ς105 

When calixarene compounds act as metalloreceptors they are multidentate ligands containing non-

covalent binding sites which are often preorganised allowing for secondary interactions with a 

coordinated substrate.106 Applications of ligand calixarenes vary, where some have been designed 

to act as environmental heavy metal detectors,107 some may act as both detectors and separators 

of metal ions or species108 and others have been incorporated into metal-organic frameworks 

(MOFs) for the detection of nitrogen dioxide, NO2.109 

An area of research which cannot be ignored here due to its ever-growing importance in 

society, is the application of calixarene derivatives to drug delivery. It is something that has 

provided significant evidence for improved efficiency and efficacy of already in place drug delivery 

systems, as well as paving the way for new and improved systems.110 Delivery systems developed 

include micelles, hydrogels, vesicles and liposomes and supramolecular nanovalves on mesoporous 

silicas.111 Calixarene derived drug delivery systems may be triggered to release their pay load 

through several methods. These include being sensitive to pH112 (Figure 15) and naturally present 

receptors.113 Calixarene based drug carriers interact with the loaded drug through non-covalent 

interactions. The non-covalent interactions that occur here depend on the designed system, but 

may include hydrogen bonding, ionic interactions, van der Waals interactions and electrostatic 

interactions.114ς116 

 

Figure 15 ς Illustration of a pH dependant calixarene based drug delivery system, where AC means amphiphilic calixarene. 
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Amphiphilic calixarenes have been extensively explored in research and are designed with a 

hydrophilic group and a hydrophobic group, usually in the form of an extensive alkyl chain.117 

Research into calixarene based amphiphiles and supra-amphiphiles has indicated the application of 

this type of compound to both drug delivery systems and to disease recognition and treatment is 

an effective system moving forward.117,118 Not only because of the ease of  functionality alterations 

to the starting compound, but also because these molecules interact through non-covalent 

interactions.119 

Amphiphilic calixarenes have been shown to self-assemble into several different forms, 

including: micelles, vesicles, nano-tubes, rods and fibres.120 These compounds have also been 

shown to form different aggregates in differing conditions, changing their form from a micelle 

structure to a fibrous structure.121,122 This type of reaction to the environment means that the 

application of the compound may be altered to cater for different purposes simply by exposing the 

compounds to different environments. 

 

1.4 Supramolecular Amphiphiles  

Amphiphiles are categorized into four groups: anionic, cationic, neutral and zwitterionic.123 

!ƴƛƻƴƛŎ ŀƳǇƘƛǇƘƛƭŜǎ ƘŀǾŜ ŀƴ ƻǾŜǊŀƭƭ ƴŜƎŀǘƛǾŜ ŎƘŀǊƎŜ ǿƛǘƘ ŦǳƴŎǘƛƻƴŀƭ ΨƘŜŀŘΩ ƎǊƻǳǇǎ ǎǳŎƘ ŀǎ 

sulphates and phosphates (Figure 16A).124 Cationic amphiphiles carry a positive charge with 

ŎƻƳƳƻƴ ΨƘŜŀŘΩ ŜȄŀƳǇƭŜǎ ǎǳŎƘ ŀǎ ŀƳƛƴŜǎ ƻǊ ŀƳƳƻƴƛǳƳ ƛƻƴǎ όCƛƎǳǊŜ м6B).125 Neutral amphiphiles 

carry no overall charge, their properties are dependent on the functional groups present and how 

easily they deprotonate (Figure 16C).126 Finally, the zwitterionic amphiphiles carry both a positive 

ŀƴŘ ŀ ƴŜƎŀǘƛǾŜ ŎƘŀǊƎŜ ǿƛǘƘƛƴ ǘƘŜ ΨƘŜŀŘΩ ƎǊƻǳǇ όCƛƎǳǊŜ м6D).127 It is common for the hydrophobic 

region of an amphiphile to be a long alkyl chain, but this may differ in some cases where there are 

aromatic ring systems or where trifluoromethyl is present.128ς130 ¢ƘŜ ΨƘŜŀŘΩ ǊŜƎƛƻƴ ƻŦ ŀƴ 

ŀƳǇƘƛǇƘƛƭŜǎ ǿƛƭƭ ōŜ ǇƻƭŀǊ ƛƴ ƴŀǘǳǊŜΣ ǿƘƛƭǎǘ ǘƘŜ ΨǘŀƛƭΩ ǊŜƎƛƻƴ ǿƛƭƭ ōŜ ƴƻƴ-polar by nature. 
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Figure 16 ς Examples of different amphiphiles showing the non-polar region in black and the polar region in pink: A) 

Anionic, B) Cationic, C) Neutral, D) Zwitterionic. 

 Simplistically, amphiphiles are generally formed through covalently linking a hydrophilic 

molecule with a hydrophobic molecule.131 This means there is great availability for the formation 

of highly diverse amphiphiles. From simpler or smaller molecules such as phospholipids, to larger 

more complex molecules such as amphiphilic block copolymers.125,132,133 While amphiphiles that are 

analogous may be synthesised using the same starting method, the synthesis of other types of 

amphiphiles varies greatly. For instance, fluorinated 1,2-di-O-alkyll glycerol-PEG is formed with the 

intended use to reduce the amount of anaesthesia used in operating rooms, whilst also increasing 

its affects and may be formed under phase transfer catalysis.134 Whilst a range of amphiphiles can 

be synthesised for a variety of purposes through the use of click chemistry, as well as copper-

catalysed azide-alkyne cycloaddition (CuAAC) reactions (Figure 17).135 These types of synthesis can 

be used to form phospholipid based amphiphiles with up to 20 alkyl chains with uses from drug 

delivery to solubilising bioactive food additives.135,136 
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Figure 17 ς 9ȄŀƳǇƭŜǎ ƻŦ ŀƭƪȅƴŜ ŀǘǘŀŎƘŜŘ ΨǘŀƛƭǎΩ ƛƴ ŀ ǇƘƻǎǇƘƻƭƛǇƛŘ: A) Double alkyl chain tail where R = (CH2)12CH3, B) Triple 

alkyl chain tail where R = (CH2)5CH=CH(CH2)7CH3. 

The general effects that a functional group has on the parent compound is well known and well 

documented.137 From electron withdrawing/deactivating groups such as the nitro, ammonium and 

halogen based groups, to the electron donating/activating groups such as the amide, alkyl and, 

occasionally, the hydroxyl based groups. Groups such as the hydroxyl group may be both 

withdrawing and donating depending on the system in which it is in. 

However, the effect that functional groups may have on the properties of amphiphiles is 

something that requires investigation when novel compounds are being synthesised. This because 

adding electron donating or withdrawing groups affects the electron density of a molecule. This can 

cause changes to the polarity of the molecules which may result in a change to the ability of a 

molecule to form non-covalent bonds. Meaning that, changes to the molecules ability to self-

associate may occur, or the ability to act as a receptor molecule for different substrates may also 

change. 

Changing the functional group may change the type of the aggregate formed by the amphiphile 

during self-assembly. For instance, swapping end chain functionalised cyclodextrin for adamantly-

functionalized calcein alters the properties of the aggregate formed by changing the diameter of 

the aggregate as well as the thickness of the aggregate wall.119 Amphiphiles self-assemble into 

aggregates when in solution. The structure of the aggregates formed varies depending on the 

design of the amphiphile as well as the solvent in which it is introduced to, forming structures such 

as micelles, reverse micelles, vesicles or lipid bilayers.138,139 Polar solutions will force the formation 
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of micelles (Figure 18A), whilst non-polar solutions force the formation of reverse micelles (Figure 

18B).140 The presence of hydrophobic groups can also affect the type of aggregate formed, for 

ŜȄŀƳǇƭŜΣ ǇƘƻǎǇƘƻƭƛǇƛŘǎ ǿƛǘƘ ŀ ǎƛƴƎƭŜ ƘȅŘǊƻŎŀǊōƻƴ ΨǘŀƛƭΩ can form micelles, whereas those with two 

ƻǊ ƳƻǊŜ ƘȅŘǊƻŎŀǊōƻƴ ΨǘŀƛƭǎΩ ŀǊŜ ǘƻƻ ōǳƭƪȅ ǘƻ ŦƻǊƳ ƳƛŎŜƭƭŜǎ ŀƴŘ ǎƻ ŦƻǊƳ ǎǘǊǳŎǘǳǊŜǎ ǎǳŎƘ ŀǎ ōƛƭŀȅŜǊǎ 

(Figure 18C) or vesicles (Figure 18D).141 

 

Figure 18 ς Examples of amphiphilic aggregates: A) Single hydrophobic chain amphiphile in a polar solvent. B) Single 

hydrophobic chain amphiphile in a non-polar solvent. C) Double hydrophobic chain amphiphile forming a lipid bilayer. D) 

Double hydrophobic chain forming a vesicle. 

Literature has shown that changing the functional groups on an amphiphile changes some of 

its properties.142,143 These properties include the ability to form gels in aqueous solutions, or the 

ability to act effectively as an antimicrobial agent.144,145 Most types of antimicrobials work by 

targeting the DNA of a cell, or enzymes on the membrane of a cell.146,147 These types of 

antimicrobials may have higher toxicity to mammalian cells, compared to antimicrobials based on 

peptides that disrupt the bacterial membrane.148,149 Peptide amphiphiles are a class of peptide 

based antimicrobial amphiphiles that were developed in 1995 by Matthew Tirrell and Gregg 

Fields.150 This class of amphiphiles work by associating with the bacterial cell membrane, this 

discovery led to the development of new amphiphilic drugs. Some examples of amphiphilic drugs 

are: tranquilizers, antihistamines, antidepressants (Figure 19)Σ ʲ-blockers and antibiotics.151ς156 
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Figure 19 ς Examples of two structurally related antidepressant amphiphilic drugs. 

Research into amphiphiles has led to the development of supra-amphiphiles, these are 

molecular machines that interact and are formed through non-covalent interactions.157 Research 

published by Wang et al. stated that supra-amphiphiles may be formed in two ways, either through 

the non-covalent combination of a hydrophilic and a hydrophobic component,158 or to amend a 

molecule with groups of non-covalent interactions that change the physical properties associated 

with the molecule.159 From this, low molecular weight amphiphiles have been shown to self-

associate through hydrogen bonding,160 especially those containing specific functional groups such 

as the urea functional group.161 

Faustino et al. developed an analogue of anionic urea based salts that were derived from 

sulphur containing amino acids (Figure 20A, B).162 The study showed that hydrogen bonding 

occurred at the urea moiety, did not affect the formation of micelles, but showed no antimicrobial 

activity. With this in mind, Pittelkow et al. synthesised aromatic anionic-urea salts derived from 

sweeteners (Figure 20C),163ς165 with a focus on the complexation of dendrimers and not the self-

association properties. Hiscock et al. then went a step further and modified the sulfonate-urea salts 

with a focus in the self-association properties of these compounds. They discovered some of the 

amphiphilic salts showed signs of antimicrobial activity (Figure 20D).166 
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Figure 20 ς Depiction of the evolution of the anionic urea amphiphile: A) Anionic monomeric urea amino acid, B) Anionic 

dimeric urea amino acid, C) Anionic aromatic urea, D) Modified anionic aromatic urea, X = SO3- or C6H6CF3, A = 

tetrabutylammonium (TBA+) counter cation. 

The amphiphiles shown above in Figure 20 consist of an anionic hydrophilic HBA group and a 

urea group. These groups are used to form different binding patterns, but they cannot exist at the 

ǎŀƳŜ ǘƛƳŜ ŀƴŘ ǎƻ ǘƘŜ ǎȅǎǘŜƳ ōŜŎƻƳŜǎ ΨŦǊǳǎǘǊŀǘŜŘΩΦ166 Hydrogen bonding allows for the amphiphile 

to self-assemble either through the urea-urea groups or through the urea-anion groups. Binding 

through each mode creates different structures, where the urea-urea can form either a dimer or a 

tape like structure, and the urea-anion forms a syn-stacked or an anti-stacking structure (Figure 

21).167 Concluded from the research by Hiscock et al. was that the binding mode was dependant on 

the molecular structure of the amphiphile, as well as being dependent upon the solvent system 

used to form the aggregate. 



Page | 33 
 

 

Figure 21 ς Examples of possible hydrogen bonded self-association modes for this type of anionic urea based amphiphile. 

Hiscock et al. then proceeded to develop an analogue of novel amphiphiles that kept the same 

general structure.167 Functional groups present on the hydrophobic aromatic ring were altered, 

some electron withdrawing, and some electron donating groups were affixed. These included 

amide and nitro groups. The urea group was exchanged for a thiourea and the cation used was also 

exchanged. Studies were conducted on the properties of self-association for these compounds in 

the solid, liquid and gas phase.168 

The research explained that compounds containing a urea-anionic group with a weakly 

coordinated cation forms a urea-anion complex and formed dimeric species in the gas phase and 

solution state when present in solutions containing high proportions of dimethylsulfoxide 

(DMSO).169 When present in a water ethanol solution of mixture 19:1, the compounds formed 

aggregates that were between 91-460 nm, three of which showed antimicrobial activity towards 

Methicillin-resistant Staphylococcus aureus (MRSA), a gram positive (+ve) cell and towards 

Escherichia coli (E.coli), a gram negative (-ve) cell.145 
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Now that these compounds had shown promise as antimicrobials, the mode of action had to 

be investigated. Hiscock et al. went on to investigate the mode of action in a 95 % water (H2O): 5 % 

ethanol (EtOH) solution, investigating the aggregates formed in this solvent system. They did this 

by synthesising a range of intrinsically fluorescent compounds168 that allowed the mode of action 

to be studied using transmitted and fluorescence microscopy. The techniques showed that the 

compounds formed vesicular structures that coat the surface of the MRSA cell. The compound then 

penetrates the cells membrane and internalises before associating with the nucleoid (Figure 22).170 

  

Figure 22 ς A) Green vesicular aggregates binding to the bacteria membrane of staphylococcus aureus (S.aureus), B) 

Fluorescence microscopy image of white aggregates coating the surface of the cell membrane of S.aureus, C) Overlaid 

fluorescence microscopy onto transmitted light microscopy displaying pink aggregates coating the surface of the cell 

membrane of S.aureus, D) Fluorescence microscopy of white aggregates interacting with the nucleoid of the cell S.aureus, 

E) Overlaid fluorescence microscopy onto transmitted light microscopy of pink aggregates interacting with the nucleoid 

of the cell S.aureus. (Images obtained and produced by Laura Blackholly, Jennifer Hiscock and Dan Mulvihil). 

One of the intrinsically fluorescent compounds used within these studies has been published 

twice by Hiscock et al.168,169 The compound is a tetrabutylammonium (TBA) sulfonate-urea 

amphiphilic salt (Figure 23) which demonstrated the presence of dimers in the solid state formed 

through sulfonate-urea hydrogen bonds. Large aggregates of this compound were formed in low 

amounts of DMSO as shown in quantitative nuclear magnetic resonance (qNMR), with a size >1000 
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nm and were thought to be smaller aggregates combining to form larger ones. In a 19: 1 H2O: EtOH 

solution the compound formed aggregates of size 220 nm.168 

 

Figure 23 ς Structure of novel TBA sulfonate-urea amphiphilic salt from Hiscock et al.168 

The experiments concluded that the properties of amphiphilic surfactants may be predicted 

based on the capabilities of the HBD urea group to form hydrogen bonds. The formation of these 

bonds are limited in this compound due to the presence of intramolecular hydrogen bonds formed 

between the benzothiazole nitrogen and the urea NH.169 

 

1.5 Fluorescent Receptors 

Fluorescent receptors are receptors that emit a longer wavelength of light than the wavelength 

of light by which it was excited.171 The compound shown above, in Figure 17, has the capability to 

act as a fluorescent receptor. This is because it is intrinsically fluorescent due to the benzothiazole 

group whilst possessing a urea group, these groups combined enable hydrogen bond formation.168 

Early reports of fluorescent receptor synthesis and design date back to the 1970s,172 where in 1974, 

M.J Anderson and M.W Cohen first reported the process of labelling compounds using a fluorescent 

dye.173 Whilst the method was revolutionary, it failed to recognise ligand binding sites and instead 

it detected the receptor proteins.172 Technologies later developed that focused on the detection of 

ligand binding sites which thus allowed for processes triggered by ligand-receptor interactions to 

be monitored. 
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Compounds that are intrinsically fluorescent are often ones that contain extensively 

conjugated systems.174,175 These are systems that usually contain alternating single and double 

bonds, most commonly seen in ring systems such as benzenes and pyrroles.176 Compounds 

containing multiples of these groups may have increased fluorescence, where the light emitted 

displays an increase in emission intensity.174 For synthesised compounds to have the ability to act 

as fluorescent receptors they must possess two fundamental qualities. Firstly, the compounds must 

be fluorescent and secondly, the compound must have the ability to form non-covalent bonds, 

usually in the form of hydrogen bonds.177 

Receptors must be designed to contain complimentary binding sites to the molecules or atoms 

for which it is designed to bind with.178 This means designing receptors that contain a sufficient 

number of available binding sites both in the HBA and HBD regions involved in host-guest chemistry. 

Receptors may be classed into categories, for instance, by the type of chemical reaction that is 

induced during the recognition of the analyte. This may include those designed based on a cleavage 

reaction, a nucleophilic addition reaction, a reduction reaction, a complexation reaction or a 

deprotonation reaction.179  

However, the focus here is on the application of supramolecular sensors to the field of 

molecular recognition or, more specifically, optical sensors. Optical sensors may be categorised as 

either colorimetric, circular dichroism or fluorescence based.180 Fluorescent optical sensors are 

synthetic molecular devices that are designed to bind analytes by non-covalent interactions, 

producing a change in fluorescence (Figure 24).181 The change in fluorescence upon the addition of 

an analyte is indicative of binding, it may also be indicative of the type of analyte bound as different 

analytes may produce different changes to the fluorescence of the receptor compound. The types 

of changes which may occur are fluorescence quenching, an increase in fluorescence emission 

intensity, a shift in the wavelength of the peak maxima of the emission spectrum or it may cause 

ŀƴ ƻƴκƻŦŦ ǘȅǇŜ ΨǎǿƛǘŎƘΩ ǘƻ ǘƘŜ ŦƭǳƻǊŜǎŎŜƴŎŜ.182ς185 These effects are direct results of binding, and do 

not occur unless a specific analyte is bound. 
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Figure 24 ς Graphical representation of the effects an analyte may have on a fluorescent receptor: !ύ wŜŎŜǇǘƻǊ ƛƴ ΨƻŦŦΩ 

mode exhibiting no fluorescence along with a selection of analytes, .ύ wŜŎŜǇǘƻǊ ŀƴŀƭȅǘŜ ŎƻƳǇƭŜȄ ƛƴ ΨƻƴΩ ƳƻŘŜ ŜȄƘƛōƛǘƛƴƎ 

fluorescence, C) Receptor analyte complex exhibiting quenching upon binding with a different analyte, shown through a 

decrease in the number of arrows compared to B, D) Receptor analyte complex exhibiting increased fluorescence intensity 

upon binding with a different complex, shown through an increase in the number of arrows compared to B, E) Receptor 

analyte complex representing a shift in peak maxima through a change in the colour of emitted light, compared to B. 

Hydrogen bonding chemosensors for: F) Urea, G) Creatinine, H) Monosaccharides. 

Some common fluorescent compounds are anthracene,186 fluorescein187 and quinine.188 These 

compounds are good starting points for the development of novel fluorescent receptors. They are 

already fluorescent, so the first point of alteration should be to add groups that are good HBAs, 

such as ones containing nitrogen, fluorine and oxygen although, nitrogen and oxygen become HBDs 

when bonded to a hydrogen atom.189 

Examples of anthracene based receptors with a variety of analyte detection capabilities and 

designs have been published (Figure 25).190ς192 From the selective detection of anions, to the 
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detection of dicarboxylate, anthracene based receptors are just the start. A common moiety 

included in the structure of fluorescent receptors is the urea group. There are anthracene 

derivatives,193 as well as fluorescein derivates194 which contain this group. The use of a (thio)urea 

group is effective within a receptor as it acts as an HBD with two positions available for hydrogen 

bond formation. An article published in 2008 discussed the synthesis and design of an adenine 

based fluorescent receptor possessing either a thiourea or a urea group.195 The paper discussed the 

prevalence of (thio)urea groups to form directed bonds with spherical ions, such as those in the 

halide group, with tetrahedral phosphates and with planar carboxylate anions.195 This singular 

paper alone shows the abilities that one receptor may have to detect multiple different analytes, 

whilst remaining stabilized and selective. 

 

Figure 25 ς Anthracene based fluorescent receptors for: A) The selective binding of anions such as H2PO4
- and F-, B) The 

selective binding of aliphatic carboxylates. 

Making receptors that are fluorescent is advantageous because they can be studied using 

different techniques. Several techniques can be employed including: ultraviolet visible 

spectroscopy (UV-vis), fluorimetry or through proton nuclear magnetic resonance spectroscopy (1H 

NMR).196,197 1H NMR may be used to detect the change in structural stability or conformation of the 

fluorescent receptor upon the binding of a guest material. There will often be a change in the NMR 

spectra seen where a peak representative of the proton present on the urea moiety disappear due 
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to the formation of hydrogen bonds between them and the guest analyte. Changes exhibited in 

fluorimetry and UV-vis are described above in Figure 24. 

As Hiscock et al. demonstrated, the TBA sulfonate-urea amphiphilic salt shown in Figure 23 

exhibited the formation of dimers in the solid state, indicating the formation of intermolecular and 

intramolecular hydrogen bonds.168 It follows that the benzothiazole-urea section of this compound 

makes for a good base for the development of novel fluorescent receptors that share this 

benzothiazole-urea moiety. 

 

1.6 Project Aims 

The aims of this project is to synthesise a calix[4]arene based amphiphilic salt that exhibits 

antimicrobial activity towards MRSA and E.coli, and/or improve the efficacy of amphiphilic 

antimicrobial active compounds already published by Hiscock et al.169 Hence, two calix[4]arene 

inspired compounds will be synthesised and characterised in the gas phase using electrospray 

ionisation mass spectrometry (ESI-MS) and in the solution state using NMR spectroscopy. 

Compounds 2-9 will be synthesised as precursors to compounds 10 and 11 as the amphiphilic 

calixarene derivatives. 

The characterisation and properties of two novel sulfonate-urea amphiphilic salts will be 

explored in the solid state, gas phase and solution state using single crystal X-ray diffraction 

(SCXRD), negative ESI-MS and NMR spectroscopy. Compounds 12 and 13 were synthesised outside 

of this project and sent for investigation only, previous versions of these amphiphiles have exhibited 

antimicrobial properties.145 

Four benzothiazole-urea based fluorescent receptors have been synthesised and characterised 

in the solid state, gas phase and solution state using single crystal X-ray diffraction, negative ESI-

MS, NMR spectroscopy and fluorimetry. Compounds 14-17 were tested against a variety of 

different anions which were acetate, benzoate, chloride, fluoride, hydroxide, hydrogen-sulphate, 

phosphate monobasic and sulphate. Compounds 1-17 are shown in Figure 26 below. 
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Figure 26 ς Structures of compounds 1-17. 

 

2.0 Supramolecular self-associating amphiphilic calixarenes 

A range of calix[4]arene compounds were synthesised to improve the delivery of novel 

antimicrobial amphiphilic salts as well as to increase the efficacy of their effect. Compound 1 was 

designed as a receptor molecule for another project. Compounds 2-9 were synthesised as 
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precursors to compounds 10 and 11. Compound 10 was designed as an amphiphilic salt, and 

compound 11 was designed as an aliphatic urea, these were designed as the final structures of the 

calix[4]arene inspired receptors. Compound 10 and 11 were designed to have different structures 

so that the efficacy effects could be compared across different structures to better determine which 

functional group has the greatest effect as either a drug delivery system or as part of a 

coformulation product with amphiphilic salts. 

 
2.1 Synthesis 

 
Compounds 1-3, 5 and 9 have been previously published104,198ς200 but are required to synthesise 

4, 6-8, 10 and 11, which are novel compounds. Compound 1 was synthesised according to reaction 

1 (Scheme 1), by combining pyrrole and acetone, with a yield of 57 %. Compound 2 was synthesised 

according to reaction 2 (Scheme 1), by reacting p-tert-butylcalix[4]arene and phenol, with a yield 

of 66 %. Compound 3 was synthesised according to reaction 3 (Scheme 1), by reacting calix[4]arene 

with butyl iodide in the presence of potassium carbonate (K2CO3), producing a yield of 51 %. 

Compound 4 was synthesised through the direct nitration of compound 3, reaction 4 (Scheme 1) 

using 70 % w/w nitric acid (HNO2) and 95 % w/w sulphuric acid (H2SO4) diluted to 80 % w/w with a 

final yield of 91 %, according to reaction 4. Compound 5 was synthesised according to reaction 5 

(Scheme 1) by reacting calix[4]arene with butyl iodide in the presence of sodium hydride (NaH), 

with a yield of 46 %. 
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Scheme 1 ς Synthesis scheme for compounds 1-5, conducted at room temperature. 

Compound 6 was synthesised through the reduction of compound 4 using a hydrogen gas 

balloon and palladium on carbon (Pd/C) with a yield of 90 %, according to reaction 6 (Scheme 2). 

Compound 7 was synthesised according to reaction 7 (Scheme 2), with a yield of 17 %. Compound 

8 was synthesised as an intermediate to compound 10 through the reaction of compound 6 with 

triphosgene with an assumed yield of 100 %, according to reaction 8 (Scheme 2). The yield of 

compound 8 is assumed to be 100% because it is an unstable intermediate and so cannot be dried 

and weighed to gain the actual yield. This is the same for compound 9. Compound 9 was synthesised 

according to reaction 9 with an assumed yield of 100 % (Scheme 2). 
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Scheme 2 ς Synthesis scheme for compounds 6 ς 9, conducted at room temperature. 

Compound 10 was synthesised according to reaction 10 through the reaction of compound 9, 

aminomethanesulphonic acid TBA, with compound 10 in ethyl acetate (EtOAc) producing a yield of 

65 %. Compound 11 was synthesised according to reaction 11 through the reaction of compound 6 

with butyl isocyanate in pure pyridine with a yield of 52 % (Scheme 3). 
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Scheme 3 ς Synthesis scheme for compounds 10 and 11. TBA = tetrabutylammonium 

 
The synthesis of these compounds varied with difficulty. For instance, compound 1 was 

relatively easy, as from start to finish the synthesis took one hour to complete. The synthesis of 

compound 2 on a smaller scale had a simple work up that did not involve too much time or too 

many steps. Workup on a larger scale became more challenging however, partially due to the 

evolution of copious amounts of gas. 

The synthesis of compound 3 was relatively simple with few reaction steps, though the reaction 

was a little lengthy, taking two days to complete. The synthesis also worked well on larger scales, 

where multiple grams of compound 3 were being produced. 

One of the most time-consuming issues however occurred when the synthesis of an indirectly 

nitrated calix[4]arene compound was attempted. Several attempts were made to synthesise a 

compound such as this (Figure 27A), which ultimately resulted in failure. The synthesis of this 
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compound was attempted several times, with changes made to the mass of reactants used or which 

reactants were used. For instance, the use of sodium hydroxide (NaOH) instead of triethylamine as 

a base catalyst. Finally, the length of time in which the synthesis ran was also altered several times. 

In each case these experiments did not work; this was proven when only starting materials were 

isolated after the completion of the reaction. 

Some of the experiments attempted were also very lengthy and involved multiple reaction 

steps. For instance, where compound 3 was reacted with benzoyl chloride (Figure 27B) and NaOH. 

Compound 3 was first stirred with sodium hydroxide for five hours under nitrogen gas in chloroform 

(CHCl3). After this it was taken to dryness and placed on the Schlenk line overnight. After which the 

remaining residue was dissolved into dry dimethylformamide (DMF) and added to this was benzoyl 

chloride. The solution was then stirred in an ice bath under nitrogen gas for five hours. The solution 

was then washed with water and dried over magnesium sulphate. The magnesium sulphate was 

then filtered off and the remaining solution taken to dryness to produce a solid, which after 

analysis, was shown to be the benzoyl chloride. 

 

Figure 27 ς Compound examples: A) Indirectly nitrated calix[4]arene derived compound, B) Benzoyl chloride. 

From here, the decision to abandon attempting to synthesise the indirectly nitrated 

compounds. A few attempts were made to synthesise compound 4 before it was successful. A 

complicated reaction involving compound 3, oxalic acid dihydrate, sodium nitrite (NaNO2) and 

silicon dioxide (SiO2) was attempted. This took approximately 40 minutes. Though several steps 
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were involved, such as introducing soda lime, which is a mixture of sodium hydroxide and calcium 

hydroxide (Ca(OH)2), to neutralise the poisonous gases nitrogen monoxide, (NO) and nitrogen 

dioxide (NO2) that were produced during the reaction. The solid SiO2 was filtered before the 

reaction mixture was taken to dryness. 

This reaction did not work as only starting materials were isolated, and so the use of 

concentrated nitric acid and sulphuric acid as a catalyst was used to produce compound 4. This 

reaction was successful, and the conditions were tweaked slightly in an attempt produce a mono-

nitrated version (Figure 28) of compound 4. The synthesis of this compound was revisited 

throughout the year, though the reaction remained unsuccessful. Changes were made to the 

reaction conditions during synthesis, such as: using nitric acid alone, using a single drop of 95 % 

w/w sulphuric acid, using a more diluted portion of sulphuric acid at 60 % or 70 % w/w instead of 

the recommended 80 % w/w, and by neutralising the reaction at different times, ranging from 30 

seconds to 5 minutes, or where there was an immediate colour change. As the reaction remained 

unsuccessful, the synthesis was not carried forward. 

 

Figure 28 ς Mono-nitrated version of compound 4.  

The synthesis for compound 5 was not only lengthy, but also involved a lengthy work up. The 

reaction itself took in total approximately 26 hours to complete and produced compound 7, which 

is the same as compound 5 but with the butyl chains in triple addition as opposed to a quadruple 

addition of the alkyl chains. To achieve the synthesis of compound 5 the molar amount of sodium 

hydride was increased to catalyse the reaction to completion within the 26-hour time frame. 
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Compounds 5 and 7 were synthesised in the aim of producing a compound that would better 

penetrate the cell membrane by having more butyl chains attached. These compounds were not 

carried forward due to time constraints. The synthesis of the mono-nitrated version (Figure 29) was 

unsuccessful and followed the same methodology as that was used to synthesise compound 4. 

 

Figure 29 ς Example of mono-nitrated version of compound 7. 

The synthesis of compound 6 was relatively simple, though it took between 24 and 72 hours 

depending on the amount of compound 4 in the reaction. Often compound 4 would not fully 

dissolve into the methanol (MeOH) but would dissolve as the reaction progressed. Purification of 

compound 6 from the reaction mixture was difficult, there seemed to always remain a product that 

could not be removed. Unfortunately, this meant that compound 6 could not be purified enough 

for characterisation, as shown with 1H NMR, but it was pure enough to progress with 

experimentally. 

Compound 8 was synthesised as an intermediate compound towards the synthesis of 

compound 10. This was to enable the formation of a urea functional group within the compound, 

so that the sulfonate functionality of compound 9 can be amended onto compound 8. Compound 

9 was synthesised whilst the reaction for compound 8 was progressing. Compound 11 was 

synthesised from compound 6 through the addition of butyl isocyanate. Due to time constraints, 

compounds 10 and 11 were not purified even though several methods were attempted. Including 

crystallisation from chloroform, from methanol and from ethyl acetate, precipitation from 
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chloroform with methanol, or from ethyl acetate with water. Compounds 10 and 11 remained 

impurified and so, uncharacterised. 

The reactions for compounds 8-11 were relatively simple and took between 6 and 24 hours to 

complete. There were several moments which have been discussed here that meant time was a 

limiting factor. Overall, the progression of the compounds discussed in this chapter was difficult 

and often involved lengthy method development. However, once specific avenues had been 

explored the reactions used to synthesise compounds 1-11 were relatively easy to follow and 

complete, though several were time consuming. 

 

2.2 Self-association in the solid state 

2.2.1 Single-crystal X-ray diffraction studies 

Single crystals are materials in which the crystal lattice of the sample is seen throughout. Max 

Von Laue suggested the use of single crystals as diffraction gratings in 1912201 due to the presence 

of identical repeating units. This is a non-destructive technique that is used to obtain three 

dimensional structures of materials in the solid state. This technique is also capable of providing 

other information; for instance it may give information on bond distance, bond angle, 

conformational structures and intermolecular forces.202 

Crystal structures of compounds 1 and 2 are previously published203,204, along with crystals from 

similar structures to compounds 3 and 5.205,206 Single crystal structures of compound 4 were 

obtained through the slow evaporation of a mixture of CHCl3: MeOH. Crystals of compounds 6, 7, 

10 and 11 were not obtained, though many solvent systems were attempted such as a 1:1 ratio of 

CHCl3: MeOH, a 2:1 ratio of CHCl3: MeOH and a 1:1 ratio of Acetone (Ace): MeOH. The crystal 

structure of compound 4 was not refined due to time restraints and the coronavirus. 
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2.2.1.1 Results and discussion 

The rudimentary crystal structure of compound 4 obtained directly from a Rigaku Oxford 

Diffraction Supernova diffractometer demonstrated the position of the nitro group on the phenolic 

units. Unfortunately, the crystal structure of compound 4 was lost and it was not able to be 

recovered. The hydroxyl groups present on the calixarene act more favourably to p-substitution 

than the alkyl groups that are present.207 This means that nitration of the calixarene occurs on the 

phenolic units (Figure 30). 

 

Figure 30 ς Structure of compound 4. 

 

2.3 Self-association in the gas phase 

2.3.1 Electrospray ionisation mass spectrometry 

This technique provides qualitative information about a sample. It can provide an insight into 

weak non-covalent bonding which occurs in the gas phase, after ionisation208 if the molecule is not 

naturally ionic. This is achieved when the sample compound is injected into an ionisation source.208 

Compound 4 was analysed using negative ESI-MS to determine the presence of low level complexes 

in the gas phase, which if present, would indicate self-association within, or between the molecules 

of the compound studied. 
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2.3.1.1 Results and discussion 

Preparation of the samples were standardised in order to make the results comparable across 

each sample. Approximately 1 mg in of each compound was dissolved into 1 mL of methanol. This 

solution was further diluted 100-ŦƻƭŘ ōŜŦƻǊŜ ǳƴŘŜǊƎƻƛƴƎ ŀƴŀƭȅǎƛǎ ǿƘŜǊŜ мл ˃[ ƻŦ ŜŀŎƘ ǎŀƳǇƭŜ ǿŀǎ 

then injected directly into a flow of 10 mM ammonium acetate in 95 % water (flow rate = 0.02 

mL/min). Compounds 4 (Figure 30) is neutral, and so must be ionised to produce the monomeric 

state with a mass to charge ratio (m/z) [M - H+]- (Table 1). 

Table 1 ς High Resolution mass spectrometry theoretical and experimentally derived values for compound 4. 

 

Compound 

m/z [M - 2H+]- 

Theoretical                    Actual 

m/z [M + M - H+]- 

Theoretical                   Actual 

4 312.1241                    Unknown 624.2482                  624.3578 

 

The monomeric species [M - 2H+]- m/z for compound 4 was theoretically observed at 626.2628 

ς (2 x 1.0073) = 624.2482, 624.2482 / 2 = 312.1241. A loss of two protons is observed here because 

of the symmetrical bis nature of this compound. Unfortunately, due to lockdown being 

implemented by the government because of the corona virus the clear section of the mass 

spectrum containing the peaks situated in the region of 312 is unavailable at this time. If it were, it 

would depict a clear enhanced version of the spectra displaying this peak, in replacement of this, 

the whole spectrum is provided with the region in 312 highlighted with a black arrow (Figure 31). 
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Figure 31 ς Full mass spectrum obtained for compound 4. The arrows indicated the approximate region containing the 

monomeric peak for compound 4, with an enlarged section. 

The presence of a peak at 624.3578 indicates the presence of a dimer formed in the gas phase. 

Where the dimer would have an exact mass of 624.2482 x 2 = 1248.4964. So, because this dimer 

has a charge of -2, we theoretically see a peak at m/z 624.2482, as 1248.4964 / 2 = 624.2482, 

practically a peak is observed at 624.3578 (Figure 32). It is possible for molecule containing the nitro 

group to form hydrogen bonds209 with other species, such as the hydroxide group, which compound 

4 contains both these groups. This could be an explanation for the formation of dimers in the gas 

phase by compound 4.  

 

Figure 32 ς Electrospray mass spectrometry spectrum of compound 4 showing the monomeric species. 
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The ESI-MS data for compound 4 reveals there are non-covalent interactions in the gas phase. 

Compounds 10 and 11 were designed to self-associate. The presence of dimers in their relative ESI-

MS would support this theory. The strength of interactions would have to be explored using 

alternative measures. However, ESI-MS was not obtained for compounds 10 and 11. Several 

attempts were made to obtain the data for these compounds, without success. 

 

2.4 Future works 

Due to the time restraints and difficulty of synthesis not all studies were completed on this 

series of compounds. Further studies as well and purification and characterisation are required 

before any formal assessment of the properties of these molecules can be determined: 

¶ ESI-MS for compounds 10 and 11. 

¶ Self-association and association properties on compounds 10 and 11. Quantitative 

NMR, diffusion-ordered spectroscopy (DOSY), dilution studies, titration studies. 

¶ Dynamic light scattering (DLS) and zeta potential studies. 

¶ Critical micelle concentration (CMC) studies. 

¶ Antimicrobial activity screening. 

¶ Studies on Gram +ve and gram -ve bacteria, such as (S.aureus) and (E.coli) respectively. 

Compounds 10 and 11 were the final compounds for this portion of synthesis and were the 

end goal. Had more time been available these molecules would have gone on to been tested for 

their application as antimicrobial active compounds alongside efficacy studies in relation to 

compounds already published from the Hiscock research group that show antimicrobial activity as 

well as self-association properties.145 
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3.0 Study of self-associative urea-sulfonate salts 

Using knowledge of hydrogen bonded-anion coordination, the urea-anion self-association 

properties of compounds 12 and 13 have been explored. Several different techniques were 

employed in the solid, liquid and gaseous states including, the use of single-crystal structures, 1H 

NMR and mass spectrometry. Compounds 12 and 13 both possess HBA and HBD regions within 

their structures, as presented by Hiscock et al in their publications of self-associating urea-sulfonate 

salts.168,198 

 

3.1 Synthesis 

Compounds 12 and 13 (Figure 33) were synthesised by Dr Claudia Caltagirone at the University 

of Cagliari, Italy. 

 

Figure 33 ς The structure of compounds 12 and 13. 

 

3.2 Self-association in the solid state 

3.2.1 Single-crystal X-ray diffraction studies 

Single crystals were obtained of compound 13 through the precipitation of the compound with 

water from ethyl acetate. There was difficulty trying to obtain crystallisation through standard 

methods, so in the hope of obtaining a crystal, the precipitate of compound 13 from ethyl acetate 

appeared to contain crystals, which it did. No crystals were obtained for compound 12 even though 

several different systems were attempted, for example, through slow evaporation in methanol, 
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from methanol with a drop of DMSO, through phase separation using ethyl acetate and water layers 

and finally though precipitation as a last attempt. All crystallography data was obtained, refined 

and processed by Dr Jennifer Hiscock. 

 

3.2.1.1 Results and discussion 

The crystal structure of compound 13 (Figure 34) shows the full crystal structure of compound 

13 along with the TBA counter cation present, also displaying the presence of water within the 

structure. The structure depicts the formation of intermolecular bonds formed between two 

molecules of compound 13. An intermolecular hydrogen bond has also been formed between the 

urea oxygen of one molecule to the hydrogen on a molecule of water. 

 

Figure 34 ς Single crystal X-ray structure of compound 13. 

The crystal structure of compound 13 (Figure 35) shows the compound self-associates in the 

solid state through the formation of a hydrogen bonded dimer. The intermolecular hydrogen bonds 
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are formed between the urea NHs and the sulfonate oxygens. The structure is stabilised by four 

hydrogen bonds, two originating from each molecule. The urea acts as an HBD group donating the 

hydrogen bond to the sulfonate oxygens, which act as the HBA group. 

 

Figure 35 ς Single crystal X-ray structure of compound 13 showing self-association in the solid state through the formation 

of a dimer stabilised through four hydrogen bonds. Water and TBA counter cation omitted for clarity. 

The extended crystal packing structure of compound 13 (Figure 36) shows the dimers associate 

through intermolecular hydrogen bonds formed between the molecules of compound 13 and 

water. The water molecule acts as an intermediate for the formation of hydrogen bonds between 

the aromatic carbonyl group of one molecule in a dimer, to the urea oxygen of another molecule 

of compound 13 situated in a separate dimer. The presence of water within the crystal structure 

aids in stabilising the formation of the crystal for compound 13. 
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Figure 36 ς Single crystal X-ray structure of compound 13 demonstrating its crystal packing arrangement. TBA counter 

cation omitted for clarity. 

The single crystal structure of compound 13 demonstrates that there is self-association 

occurring in the solid state. The crystal packing shown in Figure 35 demonstrates that the molecules 

are arranged slightly offset to one another. The aromatic regions of each molecule of compound 13 

are stacked above one another, but the molecule twists and bends slightly at the urea group, 

enabling hydrogen bonding to occur between the two compounds in a structurally stable position. 

The presence of intermolecular hydrogen bonding in the solid state is a sure sign of self-association, 

however this method cannot be used alone to define these types of interactions. This is because 

though these interactions may change in the solution state, or the gas state and so it is important 

to study the presence of these bonds in these states to define them fully. 

 

3.3 Self-association in the gas phase 

Methods that can be employed in both the gas and solution state will indicate the presence of 

hydrogen bond formation within compounds 12 and 13. This is particularly helpful here as no crystal 
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structure was obtained for compound 12. Although, these methods cannot indicate where these 

bonds are occurring, like crystallography data can, it can be theorised that as these compounds 

share similar structures, intermolecular bonding will occur in compound 12 as they did in compound 

13 and it can be expected that compound 12 will form dimers. 

 

3.3.1 Electrospray ionisation mass spectrometry 

Compounds 12 and 13 were analysed using negative ESI-MS to determine the presence of low-

level complexes in the gas phase. Approximately 1 mg in of each compound was dissolved into 1 

mL of methanol. This solution was further diluted 100-ŦƻƭŘ ōŜŦƻǊŜ ǳƴŘŜǊƎƻƛƴƎ ŀƴŀƭȅǎƛǎ ǿƘŜǊŜ мл ˃[ 

of each sample was then injected directly into a flow of 10 mM ammonium acetate in 95 % water 

(flow rate = 0.02 mL/min). 

 

3.3.1.1 Results and discussion 

The data obtained from this experiment shows that the anionic component of compounds 12 

and 13 exist as both monomeric and dimeric species in the gas phase. Compounds 12 and 13 are 

both salts, and therefore exhibit the anionic monomeric state [M]- and the anionic dimeric state [M 

+ M + H+]- (Table 2). The anionic components of compounds 12 and 13 are charged species, and so 

do not require ionisation. Both compounds exhibit a negative charge of one. Meaning that the 

values obtained from the mass spectra have been divided by one and are representative of the [M]- 

and [M + M + H+]- ions formed. 

Table 2 ς High Resolution mass spectrometry theoretical and experimentally derived values for compounds 12 and 13. 

 

Compound 

m/z [M]- 

Theoretical              Actual 

m/z [M + M + H+]- 

Theoretical                Actual 

12 304.9753             304.9765 610.9579                610.9593 

13 311.0343             311.0356 623.0759                623.0773 
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The protonated dimeric species of compounds 12 and 13 were observed. Using compound 12 

as an example (Figure 37). The monomeric [M]- m/z peak is observed at 304.9765 and the 

protonated dimeric peak [M + M + H+]- is observed at (2 x 304.9765) + 1.0073 = 610.9593. this 

calculation indicates that a dimeric species is present in the gas phase and is also apparent for 

compound 13 (Figure 38). 

 

Figure 37 ς Electrospray mass spectrometry spectrum of compound 12, depicting species: A) [M]-, B) [M + M + H+]-. 

 

Figure 38 ς Electrospray mass spectrometry spectrum of compound 13, depicting species: A) [M] -, B) [M + M + H+]-. 
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The presence of dimers in the gas phase indicate the strength of bonds formed between 

molecules are quite strong, especially proven as the complexed structure of the dimer survives the 

experimental conditions. The phenomenon of self-association in the gas phase is quite unusual, as 

the experimental conditions would usually degrade hydrogen bonding in the gas phase. The 

strength of these interactions is not quantified here in the gas phase and so, will be quantified and 

studied in the solution state. 

 

3.4 Association in the solution state 

Studies in the gas and solid state occur in the absence of solvent. The absence of solvent allows 

for the interactions between compounds to be observed. However, the existence of solvent-solute 

interactions has been well documented, therefore it is important to investigate these interactions 

for novel compounds. Solvent molecules may contain either HBA or HBD groups, which may in turn 

affect the self-association properties of molecules, such as compounds 12 and 13. 

A common solvent that acts both as an HBA and an HBD is water (Figure 39C). This is due to 

the polar protic nature of the solvent, in which it interacts through the proton during hydrogen 

bonding.210 Whereas, DMSO acts as an HBA only (Figure 39C), this is because it is a polar aprotic 

solvent. This means that it interacts with solutes through the oxygen atom when acting as a HBA.211 

Previous studies by Hiscock et al. have established experimental parameters to determine the 

association properties of compounds in differing solvent conditions.167 These techniques have been 

employed in the studies of compounds 12 and 13 in order to characterise the self-association 

properties of these compounds in the solution state. 
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Figure 39 ς Structure of solvents showing: A) The structure of DMSO, B) The structure of water, C) The groups involved in 

acting as HBA and HBD groups for DMSO and water. 

 

3.4.1 1H NMR quantification studies 

Quantitative 1H NMR (qNMR) studies are employed to quantify the interactions occurring 

within compounds 12 and 13. 1H NMR possesses an inherent property, that each NMR signal in a 

spectrum is proportional to the number of nuclei responsible for that peak.212 Advantage can be 

taken of this property, where an experiment is devised which employs the technique of using an 

internal standard that is then compared with a known concentration of the compound. This makes 

it possible to calculate the proportion of molecules in solution. If the proportion, or percentage of 

molecules calculated in solution is below 100 ҈ ƛƴ ŀ ƎƛǾŜƴ ǎƻƭǾŜƴǘΣ ǘƘŜ ΨƳƛǎǎƛƴƎΩ ŎƻƳǇƻǳƴŘ ƛǎ 

ŎƭŀǎǎƛŦƛŜŘ ŀǎ Ψbaw ǎƛƭŜƴǘΩ ōŜŎŀǳǎŜ ƛǘ ŜȄŎŜŜŘǎ ǘƘŜ ƭƛƳƛǘŀǘƛƻƴǎ ƻŦ ǘƘƛǎ ǘŜŎƘƴƛǉǳŜ and indicates the 

formation of larger structures, which are too large to be detected. 

Solution state NMR possesses several limitations which are: sensitivity, solubility of compounds 

and the natural abundance of an isotope. One limitation of this experiment that cannot be reduced 

is the ability for the instrument to detect larger structures in solution. This is often because larger 

structures that are formed in the solution state may adopt solid like characteristics, meaning they 
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Ŏŀƴ ƴƻ ƭƻƴƎŜǊ ōŜ ŘŜǘŜŎǘŜŘ ōȅ ǘƘŜ ƛƴǎǘǊǳƳŜƴǘΣ ǘƘǳǎ ōŜŎƻƳƛƴƎ Ψbaw ǎƛƭŜƴǘΩ. The larger structures 

become NMR silent due to their slowing mobility within the solution state, meaning that the NMR 

is not sensitive enough to detect the spin resonance of slower moving particles.213 This limitation is 

taken advantage of in qNMR to indicate the presence larger structure formation in the solution 

state. 

Compounds 12 and 13 were studied under these conditions in a DMSO-d6. 1 % 

dichloromethane (DCM) is added to the solvent as an internal standard with a single 1H NMR signal 

at 5.76 ppm in DMSO-d6. Deuterated water (D2O) spiked with 5 % EtOH as the internal standard has 

also been employed. The EtOH produces a peak at 3.65 ppm in this solvent. These internal 

standards are used because their peaks appear at a shift that does not overlap with any peak that 

is representative of compounds 12 or 13. This means that the internal standard signals can easily 

be comparatively integrated. 

 

3.4.1.1 Results and discussion 

The data obtained from the qNMR studies (Table 3) show that there was a proportion of 

compound that became NMR silent for compounds 12 and 13 in deuterated DMSO (DMSO-d6). This 

was also observed in D2O: EtOH for compound 12, but no proportion of compound 13 became NMR 

silent in this solvent system, possibly due to the solubility of this compound in water. 

Table 3 - Overview of the calculated percentage of compound that became NMR silent at a total concentration of 

111.12 mM in DMSO-d6, 1 % DCM. With a total concentration of 5.56 mM in H2O: EtOH 19:1 solution for compounds 12 

and 13. 

 

Compound 

% Loss 

DMSO-d6 with 1 % DCM 

% Loss 

D2O with 5 % EtOH 

12 44 19 

13 29 0 
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The results of the experiment indicate that a large portion of the molecules form larger 

aggregates with solid-like characteristics in DMSO-d6. This has been seen in previously published 

data, but often it is reported that no proportion of the molecules become NMR silent in the DMSO 

solvent conditions.145 On the other hand, compounds 12 and 13 when observed in the D2O: EtOH 

solution, only compound 12 showed signs of the compound being NMR silent, indicating the 

formation of larger structures in this solvent system. Where no molecules became NMR silent in 

this solvent condition for compound 13, it indicates that no large aggregates are being formed. 

Using compound 13 as an example in DMSO-d6, the DCM peak is calculated to be 2.95. The CH 

peak at 7.15 ppm should integrate to be 1, however it integrates for 0.71 (Figure 40). Therefore, it 

is possible to detect ƻƴƭȅ тм ҈ ƻŦ ǘƘŜ ŎƻƳǇƻǳƴŘΣ ǿƘŜǊŜ нф ҈ ƻŦ ǘƘŜ ŎƻƳǇƻǳƴŘ ƛǎ ΨǎƛƭŜƴŎŜŘΩ ōȅ 

forming larger solid-like aggregates. 

 

Figure 40 ς 1H NMR spectrum (d1 = 60 s) of compound 13 (0.0300 g, 111.12 mM) and DCM (5 µl, 0.08 mM) in DMSO-d6. 

29 % loss of compound observed upon comparative signal integration. 

Compound 13 showed that no proportion of molecules formed larger aggregates in the D2O 

solvent system depicted through comparative integration (Figure 41). 
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Figure 41 ς 1H NMR spectrum (d1 = 60 s) of compound 13 (0.0015 g, 6.00 mM) and EtOH (5 µl, 0.43 mM) in D2O. No 

apparent loss of compound observed upon comparative signal integration. 

Compound 12 showed a 44 % decrease in the proportion of molecules detected by 1H NMR, 

shown through comparative integration (Figure 42). 

 

Figure 42 ς 1H NMR spectrum (d1 = 60 s) of compound 12 (0.0300 g, 111.12 mM) and DCM (5 µl, 0.08 mM) in DMSO-d6. 

44 % loss of compound observed upon comparative signal integration. 

Compound 12 showed a reduction by 19 % in the number of molecules detected through 1H 

NMR. This is depicted as a result of comparative integration (Figure 43). 
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Figure 43 ς 1H NMR spectrum (d1 = 60 s) of compound 12 (0.0015 g, 6.00 mM) and EtOH (5 µl, 0.43 mM) in D2O. 19 % 

loss of compound observed upon comparative signal integration. 

The data obtained from qNMR shows that in DMSO-d6 both compounds 12 and 13 form larger 

aggregates. Whereas, in D2O only compound 12 is shown to form these larger aggregates. This is 

evidence of the effect different solvent systems can have on intermolecular hydrogen bonding. 

Again, it is very unusual that no association is observed in the D2O solution, but that association is 

observed in the DMSO-d6 solvent system for compound 13. This is new and exciting data! 

Comparatively, compound 12 has a smaller ring system than compound 13, due to the presence of 

a cyclopentadiene ring instead of two benzene rings, this could explain the reduced solubility seen 

for this compound in both solvent systems that were investigated. The use of comparative 

integration through the doping of a known amount of solvent has enabled the formation of these 

larger aggregates in the solution state to be quantified. 

 

3.4.2 1H NMR DOSY studies 

The hydrodynamic radius of a complex in solution can be determined using a 1H NMR DOSY 

study. This experiment derives the diffusion coefficients for individual resonances in a 1H NMR 

spectrum. The values can then be substituted into the Stokes-Einstein equation (Equation 1) to 

enable the solvation sphere diameter to be calculated from the data obtained. 
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Equation 1 ς The Stokes-Einstein equation used to calculate the hydrodynamic diameter dH from the diffusion coefficient. 

 

Practically speaking it is not known if the self-associated structures formed from compounds 

12 and 13 form spherical structures. This is a limitation of this experimental technique, as the use 

of the Stokes-Einstein equation assumes that particles formed in these solvent conditions exist as 

spherical structures. Because of this assumption, any value for the solvation sphere calculated will 

be taken as an estimation of size, rather than an exact calculation. For instance, particles which are 

not spherical are measured across their widest length, giving the false impression of the molecule 

forming a spherical structure214 (Figure 44). Experiments for compounds 12 and 13 were carried out 

in DMSO-d6. 

 

Figure 44 ς Examples of non-spherical particles and how the shape may give the impression of a spherical solvation sphere 

calculated using Equation 1. 

 

3.4.2.1 Results and discussion 

The calculated results from the 1H NMR DOSY experiment estimates that compounds 12 and 

13 (Table 4) have a hydrodynamic diameter of 1.33 nm and 1.54 nm respectively. This is evidence 
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supporting the formation of low level self-associated structures such as monomers, dimers or 

trimers. 

Table 4 ς Calculated hydrodynamic radius of compounds 12 and 13 (nm) in DMSO-d6 (111.12 mM). 

Compound Hydrodynamic diameter (nm) 

Anion Cation 

12 1.33 1.25 

13 1.54 1.24 

 

The results obtained from these data show that the anionic and cationic components of 

compounds 12 and 13 diffuse at different rates. The 1H NMR DOSY spectra and table of diffusion 

coefficients from the experiment for compound 12 is shown to indicate the difference in diffusion 

between the anionic and cationic components for compound 12 (Figure 45). 
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Figure 45 ς 1H DOSY NMR of compound 12 (111.12 mM) in DMSO-d6 conducted at 298.15 K. Anionic component is 

highlighted in purple and pink, TBA counter cation is highlighted in blue. Inclusive of the table which represent the values 

for the diffusion constant for each peak used to calculate the hydrodynamic diameter (dH) except for peak 1. This was 

found to be an outlier, so was not used in the final calculation of the hydrodynamic diameter. Peaks 2-5 correspond to 

the anion, and peaks 6-9 correspond to the cationic component of compound 12. For the full set of results from the table 

see Appendix Figure 94. 
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IƛƎƘƭƛƎƘǘŜŘ ƻƴ ǘƘŜ ŦƛƎǳǊŜ ŀōƻǾŜ ƛƴ ǇǳǊǇƭŜ ƛǎ ǘƘŜ ǇŜŀƪ ŎŀǳǎŜŘ ōȅ ƻƴŜ ƻŦ ǘƘŜ bIΩǎ ǇǊŜǎŜƴǘ ƛƴ ǘƘŜ 

compound. It has been highlighted in purple because it was found to be an outlier. It is common 

that NH peaks may often become broad during 1H NMR analysis due to exchange effects. This effect 

may alter the true value of the diffusion coefficient for that peak. This is the reason it has not been 

included during the calculation of the hydrodynamic diameter for the anionic component of 

compound 12. 

The 1H NMR DOSY spectra and table of diffusion coefficients obtained for compound 13 shows 

the difference in diffusions of the anionic component to the cationic component of compound 13 

(Figure 46). All the peaks produced in the 1H NMR spectra of compound 13 are in line, indicating 

that there are no exchange effects occurring within this compound around the urea NHs. 
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Figure 46 ς 1H DOSY NMR of compound 13 (111.12 mM) in DMSO-d6 conducted at 298.15 K. Anionic component 

highlighted in pink, TBA counter cation highlighted in blue. Inclusive of the table which represents the values for the 

diffusion constant for each peak used to calculate the hydrodynamic diameter (dH). Peaks 1-6 correspond to the anion, 

where peaks 7-10 correspond to the cationic component of compound 13. For the full set of results from the table see 

Appendix Figure 95. 
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The results obtained here are representative only of self-associative interactions of the 

molecule within a DMSO-d6 environment and do not correspond to any other solvent system. It is 

possible that the size of these molecules could differ in other solvent systems. However, in the 

solvent system employed here, the counter cation TBA has a similar size, which is to be expected 

as it is the same compound. It may be possible that the aggregates contain both anionic and cationic 

species which would result in a charge balance. However, when assessing compounds 12 and 13 it 

is important to note that the cation is the same for both and so should exhibit very similar data sets. 

The results also indicate that compound 13 is slightly larger than compound 12, with values of 

1.54 nm and 1.33 nm respectively. This may be expected though, as compound 13 possesses a 

larger ring system than compound 12. Although, the structures of compounds 12 and 13 are similar, 

the difference in size of the anionic component observed for both compounds may be due to 

experimental error. It is important to remember here that the values calculated for compounds 12 

and 13 from the 1H NMR DOSY experiment are estimations of the size of particulates formed, they 

are not exact measurements. 

 

3.4.3 1H NMR self-association studies 

The strength of molecular interactions between compounds can be determined using a series 

of 1H NMR dilution studies. This study was conducted using compounds 12 and 13 in DMSO-d6 with 

0.5 % H2O. This solvent system was employed as it allowed for the study of the hydrogen bond 

donating group, urea NHs to be studied. Information from the DOSY data indicated the compounds 

form only low complex species which is advantageous in the 1H NMR dilution studies. The data 

obtained from the dilution studies was used to calculate the self-association constants using a 

software called Bindfit v0.5.215  

The data from the 1H dilution studies was be fitted to two different self-associative models. 

The first being dimerization / equal K (EK). This model assumes that all self-association constants 

are identical for each successive event.216 The second model is the cooperative equal K (CoEK). This 
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model is based on the assumption that the first self-association event differs from the energy of 

any successive self-association event.216 Both models however, share one assumption, which is the 

assumption that one-dimensional homogenous aggregations are formed.217 

 

3.4.3.1 Results and discussion 

The results of the self-association studies for compound 12 indicate that the chemical shift of 

ǘƘŜ ǳǊŜŀ bIΩǎ ƛƴŎǊŜŀǎŜ ŘƻǿƴŦƛŜƭŘ ŀǎ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƛƴŎǊŜŀǎŜǎ (Figure 47). This movement in 

chemical shift may indicate the formation of self-associated hydrogen bonded molecules using the 

ǳǊŜŀ bIΦ ¢Ƙƛǎ ƛǎ ŜȄǇƭŀƛƴŜŘ ōȅ ǘƘŜ ǳǊŜŀ bIΩǎ ōŜŎƻƳƛƴƎ ƛƴŎǊŜŀǎƛƴƎƭȅ ŘŜ-shielded as concentration 

increases. 

 

Figure 47 ς Graph illustrating the 1H NMR down-field change in chemical shift of NH resonances with increasing 

concentration of compound 12 in DMSO-d6: 5 % H20 (298.15 K). 

Compound 13 ŀƭǎƻ ǎƘƻǿǎ ŀ ŘƻǿƴŦƛŜƭŘ ŎƘŀƴƎŜ ƛƴ ŎƘŜƳƛŎŀƭ ǎƘƛŦǘ ǿƛǘƘ ǊŜǎǇŜŎǘ ǘƻ ǘƘŜ ǳǊŜŀ bIΩǎ 

(Figure 48). This again indicates increased de-shielding with increased concentration as well as the 

formation of hydrogen bonds at these points. 

x 
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Figure 48 ς Graph illustrating the 1H NMR down-field change in chemical shift of NH resonances with increasing 

concentration of compound 13 in DMSO-d6: 0.5 % H20 (298.15 K). 

Both compounds were successfully fitted to the dimerization/EK and CoEK models (Table 4). 

However, it can be determined that compound 12 fits better to the EK model due to having negative 

values obtained from the fitting of the data to the CoEK model. The values obtained from the CoEK 

model were -3.36 M-1 for the Ke, -1.68 M-1 for the Kdim and 0.71 for P M-1. These values cannot be 

the best model fit for compound 12 because it is not possible to obtain negative self-association 

energies for the formation of complexed structures. Though the values for the EK model are still 

small, with values of 0.000887 M-1 for the Ke, and 4.43 M-1 for the Kdim, they are a better fit than 

negative values. 

For compound 13, the values obtained from both models are good. The association values are 

higher for the CoEK model. However, so are the error values, it is because of this that the EK model 

for compound 13 becomes the most appropriate fit. As both compounds fit the EK model more 

suitably, it can be concluded that the better fit to the EK model for compounds 12 and 13 is evidence 

to support the formation of dimers.  

x 
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Table 5 ς Self-association constants (M-1) calculated for both compound 12 and 13, in DMSO-d6 with a 0.5 % H2O solution 

at 298 K. The values of constants were obtained from fitting 1H NMR dilution data, which was refined to EK and CoEK 

models using Bindfit v0.5215. The links created by the Bindfit software are provided within the appendix. 

 

The values obtained here should be considered with care. The data produced from the 1H 

dilution experiment considers the energy of one self-associative event. There are multiple different 

self-associative events occurring at the same time within this solvent system that cause the 

formation of larger structures, as seen in the qNMR experiments. 

 

3.5 Low Level in-silico modelling 

It is common to use computational chemistry to support hypothesis formed during 

experimentation. The hypothesis of molecular interactions with specific compounds can be 

modelled using computational chemistry in synthetic chemistry.218 Electrostatic potential maps 

(ESPMs) can be calculated that depict areas of electropositivity and electronegativity (Emax and Emin 

respectively).219 They are used to depict surface charge distributions of molecules in three 

dimensional structures. Where knowledge of charge distributions can be used to determine how 

molecules interact with each other. 

Computational calculations to identify primary hydrogen bond donating and accepting sites 

were conducted in line with studies reported by Hunter using Spartaƴ мсΩΦ220,221 Calculations were 

performed using semi-empirical PM6 methods, after energy minimisation calculations, to identify 

Emin and Emax values. PM6 was used over AM1 in line with research conducted by Stewart.222 Data 

refined and produced by R. Ellaby. 

Compound EK Model (M-1) CoEK Model (M-1) 

Ke Kdim Ke Kdim ʄ 

12 8.87e-4 (± 0.05 %) 4.43 (± 2.6e-2 %) -3.36 (± -3.3 %) -1.68 (± -1.6 %) 0.71 (± 1.5 %) 

13 21.89 (± 1.6 %) 10.95 (± 0.8 %) 30.69 (± 1.8 %) 15.35 (± 0.9 %)  0.68 (± 7.2 %) 
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3.6.1 Results and discussion 

The Emin of a compound is generally used to represent the HBA group and the Emax is used to 

represent the HBD groups. The ESPM of compound 12 (Figure 49) shows the Emin regions of the 

compound to be situated around the urea oxygen and the sulfonate oxygens. With the most 

electronegative point calculated at -699.476 kJ/mol. The map depicts the sulfonate oxygens as the 

principle HBA group of compound 12. The map also shows the areas of Emax, these areas are focused 

around the urea NHs, with a calculated energy value of -26.5103 kJ/mol, where this area is the 

principle HBD group. This is indicative evidence of where the intermolecular hydrogen bonds would 

form within the single crystal x-ray structure, in the absence of a crystal structure for compound 

12. 

 

 

Figure 49 - Electrostatic potential map calculated for compound 12. Emax (deep blue) and Emin (bright red) values depicted 

in the Figure legends are given in kJ/mol. 

The ESPM of compound 13 (Figure 50) shows the Emin regions of the compound to be situated 

around the urea oxygen and the sulfonate oxygens. With the most electronegative point calculated 

at -699.979 kJ/mol, a value similar to that calculated for compound 12. The map depicts the 

sulfonate oxygens as the principle HBA group of compound 13. The map also shows the areas of 
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Emax, these areas are focused around the aromatic methyl group, as well as the urea NHs, with a 

calculated energy value of -37.5145 kJ/mol. The urea NH situated closest to the sulfonate group 

possesses an approximate energy value of -195 kJ/mol, whilst the urea NH closest to the aromatic 

group possesses an energy value of approximately -53 kJ/mol. 

Though the colour scheme of the map depicts the aromatic methyl group to possess the most 

electropositive region, the urea NHs are the principle HBD group, as is supported within the single 

crystal x-ray structure of compound 13. There is an energy difference of approximately 16 kJ/mol 

between the methyl group and the urea NH nearest the aromatic group. This difference is not a lot 

in the grand scheme of ESPMs and methyl groups are not commonly considered to be HBD groups. 

The crystal structure of compound 13 confirms the urea NHs to be the principle HBD group. 

 

Figure 50 - Electrostatic potential map calculated for compound 13. Emax (deep blue) and Emin (bright red) values depicted 

in the Figure legends are given in kJ/mol. 

The ESPMs for compounds 12 and 13 have been used as supportive, or indicative evidence of 

the positions in which intermolecular hydrogen bond formation occurs. This indicative evidence 

with regards to compound 12 and is supportive evidence in the case of compound 13 to the 

formation of these bonds. 
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3.6 Conclusion 

Based on the data collected for the self-association properties of compounds 12 and 13, it can 

be determined that there is certainly self-association occurring within both compounds. Both 

compounds exhibited self-associative characteristics during the qNMR studies. This study showed 

for three quarters of the experiments that loss of compound occurred in the solvent systems tested. 

This is an indication of self-association due to the formation of larger, solid-like aggregates. An 

overall loss of 44 % for compound 12, 29 % for compound 13 in DMSO-d6: 0.5 % DCM. A 19 % loss 

for compound 12 was observed through comparative integration in the D2O: EtOH solvent system. 

The DOSY studies also suggest the presence of self-association with both compounds. Though 

the association between cation and anion is weak due to having different diffusion constants, the 

presence of monomers, dimers and trimers is indicated through the size of the compounds. Where 

a size of 1.33 nm and 1.54 nm for compound 12 and 13 respectively indicates the presence of low-

level complex formation ƛƴ ǘƘŜ ǊŜƳŀƛƴƛƴƎ ǎŀƳǇƭŜ ǿƘƛŎƘ ǿŀǎ ƴƻǘ ΨƭƻǎǘΩ ǘƻ ŦƻǊƳƛƴƎ ƭŀǊƎŜǊ ǎǘǊǳŎǘǳǊŜǎΦ 

Finally, self-association constants were determined using 1H NMR dilution studies. However, 

the self-associations occurring between the compounds is weak, with values of 8.87e-4 M-1 and 4.43 

M-1, 21.89 M-1 and 10.95 M-1 for compounds 12 and 13 respectively, fitted to the EK model. The EK 

model had the most appropriate fit due to larger errors and negative values associated with the 

CoEK model. It should be noted that relatively speaking, the strength of self-association for 

compound 13 is stronger than that of compound 12. 

 

3.7 Future works 

The self-association and association properties of these novel amphiphiles were studied. They 

showed the formation of aggregates in the two solvent systems used. Some properties are similar 

to previously published results for similar compounds from Hiscock et al. However, some results 

were not similar, so further testing is required which was not carried out here due to time restraints 

and masses of compounds available: 
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¶ Antimicrobial screening from compounds 12 and 13. 

¶ If they pass the antimicrobial screening, they will be taken further where the minimum 

inhibitory concentration (MIC50) will be calculated from Gram +ve (S.aureus) and Gram 

-ve (E.coli) bacteria. 

¶ DLS and Zeta potential studies will be carried out for compounds 12 and 13 in DMSO. 

CMC studies will also be conducted for compounds 12 and 13. 

 

4.0 Fluorescent anionic receptors 

Fluorescent receptors designed based on the structure of the urea-sulfonate salt produced by 

Hiscock et al.168 have been successfully synthesised. Fluorescent receptors 14-17 have been 

designed as receptors to a range of different anions. The presence of a benzothiazole group within 

each receptor designed here is what makes compounds 14-17 intrinsically fluorescent. The addition 

of the urea moiety to each compound enables the formation of intermolecular hydrogen bonds, 

which lead to the detection of anions in solution. The urea functionality may also cause 

intramolecular bonding. 

Compounds that are intrinsically fluorescent are those that exhibit colour very shortly after 

being excited by a specific wavelength of light, usually in the ultraviolet (UV) or X-ray region.223 

There is a release of energy during de-excitation that appears as colour, or fluorescence.224 The 

ǘŜǊƳ ΨŦƭǳƻǊŜǎŎŜƴŎŜΩ ǿŀǎ ŎƻƛƴŜŘ by Sir George Gabriel Stokes,225 which led Edmond Becquerel to be 

the first to make the observation that the light emitted from a fluorescent compound had a longer 

wavelength than the light absorbed.226 He was also the pioneer of rudimentary fluorimeters, called 

a phosphoroscope. An instrument used to measure the intensity and duration of fluorescence of 

Uranium following excitation by differing wavelengths.227 
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4.1 Synthesis 

Compounds 14-17 (Figure 51) were synthesised through the reaction of 2-(2-

aminophenyl)benzothiazole with the appropriate isocyanate compounds. Compound 14 (Figure 

51A) was synthesised through the reaction of 2-(2-aminophenyl)benzothiazole with butyl 

isocyanate in pyridine at room temperature, obtained a yield of 55 %. Compound 15 (Figure 51B) 

was synthesised through the reaction of 2-(2-aminophenyl)benzothiazole with phenyl isocyanate 

in pure pyridine stirred at room temperature to a yield of 78 %. Compound 16 (Figure 51C) was 

synthesised through the reaction of 2-(2-aminophenyl)benzothiazole with 4-Nitrophenyl 

isocyanate, with 1 mL of pyridine and 9 mL of chloroform stirred at room temperature to produce 

a yield of 46 %. Compound 17 (Figure 51D) was synthesised through the reaction of 2-(2-

aminophenyl)benzothiazole with half molar equivalents to triphosgene in ethyl acetate at 60 °C 

under nitrogen to form the isocyanate intermediate. A further equivalence of 2-(2-

aminophenyl)benzothiazole was added to the reaction mixture. The final compound was obtained 

in a yield of 25 %.  
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Figure 51 ς Synthesis of: 1) Compound 14, 2) Compound 15, 3) Compound 16, 4) Compound 17. 

 

4.2 Self-association in the solid state 

4.2.1 Single crystal X-ray diffraction 

Single crystals of compounds 14 and 16 were obtained through slow evaporation of a CHCl3: 

MeOH, 19:1 solution. The crystal structures allow the identification of intramolecular self-

association occurring in the solid state. The collection of crystals suitable for SCXRD was attempted 

for compounds 15 and 17 were attempted but were unsuccessful even though several solvent 

systems were attempted. Including: a 1:1 ratio of DMSO: CHCl3, a 19:1 ratio of CHCl3: MeOH, 

through the slow evaporation of chloroform and finally, using a 2:1 ratio of CHCl3: acetonitrile 

(ACN). These data were obtained, refined and produced by Dr Jennifer Hiscock. 
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4.2.1.1 Results and discussion  

The single crystal x-ray structure of compound 14 (Figure 52) shows the presence of a single 

hydrogen bond between the urea NH and the nitrogen present in the benzothiazole ring system. 

The presence of a bond here may play a role in the energy required for the formation of a host: 

guest complex. Wherein, more energy may be required for the formation of this complex, as this 

intramolecular bond must be broken to allow optimised host: guest complex formation. 

 

Figure 52 ς Single crystal X-ray structure of compound 14. 

Compound 14 also displays intermolecular hydrogen bonding occurring between molecules 

(Figure 53ύΦ ¢ƘŜǎŜ ōƻƴŘǎ ƻŎŎǳǊ ōŜǘǿŜŜƴ ōƻǘƘ ǘƘŜ ǳǊŜŀ bIΩǎ ƻƴ ƻƴŜ ƳƻƭŜŎǳƭŜΣ ǘƻ ǘƘŜ ǳǊŜŀ ƻȄȅƎŜƴ 

of another molecule. The molecules produce a planar stack, arranging themselves directly on top 

of one another. 
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Figure 53 ς Single crystal X-ray structure of compound 14, exhibiting the extended structure. 

The single crystal x-ray structure of compound 16 (Figure 54) shows the presence of hydrogen 

bonding occurring between a urea NH and the nitrogen present in the benzothiazole ring system. 

This is the same as that which was seen for compound 14. The crystal structure also shows hydrogen 

bonding occurring between compound 16 and DMSO.  ²ƘŜǊŜ ōƻǘƘ ǳǊŜŀ bIΩǎ ŀǊŜ ƛƴǘŜǊŀŎǘƛƴƎ ǿƛǘƘ 

the oxygen present in the DMSO. The DMSO in this instance is left over from purification processes. 
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Figure 54 ς Single crystal X-ray structure of compound 16, exhibiting intramolecular bonding with DMSO. 

Although crystals were not obtained for every compound in the group 14-17, it can be 

theorised that compounds 15 and 17 would also possess a singular intramolecular hydrogen bond 

present between the urea NH and the benzothiazole nitrogen. This is because this basic structure 

is present in compounds 14-17. 

 

4.3 Self-association in the gas phase 

4.3.1 Electrospray ionisation mass spectrometry 

High resolution mass spectrometry was performed using a Bruker microTOF-Q mass 

ǎǇŜŎǘǊƻƳŜǘŜǊ ŀƴŘ ǎǇŜŎǘǊŀ ǊŜŎƻǊŘŜŘ ŀƴŘ ǇǊƻŎŜǎǎŜŘ ǳǎƛƴƎ .ǊǳƪŜǊΩǎ /ƻƳǇŀǎǎ 5ŀǘŀ !ƴŀƭȅǎƛǎ ǎƻŦǘǿŀǊŜΦ 

Compounds 14-17 were analysed using negative ESI-MS in order to determine the presence of self-

associative complexes in the gas phase and also for the purpose of molecular characterisation. 
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4.3.1.1 Results and discussion 

These data obtained from the ESI-MS shows that compounds 14, 15 and 17 demonstrate only 

monomers in the gas phase, where 16 also demonstrates dimerization in the gas phase. 

Approximately 1 mg of each compound was dissolved in 1 mL of methanol. This solution was further 

diluted 100-ŦƻƭŘ ōŜŦƻǊŜ ǳƴŘŜǊƎƻƛƴƎ ŀƴŀƭȅǎƛǎ ǿƘŜǊŜ мл ˃[ of each sample was then injected directly 

into a flow of 10 mM ammonium acetate in 95 % water (flow rate = 0.02 mL/min). Samples were 

prepared by L. White. As compounds 14-17 are neutral they require ionisation to show the 

monomeric state [M ς H+]- and dimeric state [M + M - H+]- (Table 6). 

Table 6 ς High resolution mass spectrometry theoretical and experimentally derived values for compounds 14-17. 

 

Compound 

m/z [M - H+]- 

Theoretical              Actual 

m/z [M + M - H+]- 

Theoretical              Actual 

14 324.1176             324.1162 649.2425                  N/A 

15 344.0863             344.0853 689.1799                  N/A 

16 389.0714             389.0688       779.1501              779.1438 

17 477.0849             477.0810 955.1771                  N/A 

 

Compounds 14-17 were ionised to produce an ion with a charge of negative one. This means 

the position of the peaks are representative of the monomeric states for each compound as it is 

calculated as a mass/charge (m/z) ratio. The monomeric [M - H+]- m/z peak for compound 16 is 

theoretically observed at 390.0787 ς 1.0073 = 389.0714, and experimentally observed at 389.0688 

(Figure 55). The dimeric species [M + M - H+]- m/z of compound 16 is observed experimentally at 

779.1438. Theoretically it is observed at m/z (389.0707 x 2) - 1.0073 = 779.1501, this indicates the 

presence of a dimeric species in the gas phase for compound 16 (Figure 56). 
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Figure 55 ς Negative electrospray mass spectrometry spectrum of compound 16 showing the monomeric species. 

 

Figure 56 ς Negative electrospray mass spectrometry spectrum of compound 16 showing the dimeric species. 

Although there are interactions occurring in the gas a phase, a limitation of this experiment is 

the inability to measure the strength of the interactions under these conditions, this is something 

that must be done in the solution state. Compound 14 exhibited the monomeric state [M]- at m/z 

324.116 (Figure 57), which exists theoretically as 324.1176. 
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Figure 57 ς Negative electrospray mass spectrometry spectrum of compound 14 showing the monomeric species. 

Compound 15 exhibits the monomeric state [M]- theoretically at m/z 334.0863 and 

experimentally at m/z 334.0853 (Figure 58). 

 

Figure 58 ς Negative electrospray mass spectrometry spectrum of compound 15 showing the monomeric species. 

Compound 17 exhibits the monomeric state [M]- theoretically at m/z 477.0849 and 

experimentally at m/z 447.0810 (Figure 59). 
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Figure 59 ς Negative electrospray mass spectrometry spectrum of compound 17 showing the monomeric species. 

The results from the high resolution negative ESI-MS indicate the possible presence of 

intermolecular bonding in the case of compound 16. The presence of dimers here is an indicator 

that compound 16 has self-associative properties in the gas phase. The presence of these properties 

has therefore been be explored in the solution state. For compounds 14, 15 and 17 however, only 

monomers were found to be present. This indicates there are no self-associative properties linked 

to these compounds in the gas phase. 

 

4.4 Associations in the solution state 

No self-association was detected in the solution state for any of the compounds 14-17, as there 

were no signs of peak broadening within the 1H NMR spectra obtained for compounds 14-17 which 

is an indication that no self-association is occurring. All fluorescent related experiments conducted 

herein were done so in chloroform due to solubility issues. Acetonitrile was the first solvent chosen 

for these experiments, but compound 16 had solubility issues in this solvent. In order to keep the 

conditions as closely the same as possible the solvent chloroform was selected instead. 

 

4.4.1 Fluorescent titration studies 

A series of fluorescent titrations were conducted where compounds 14-17 acted as the host 

molecules and several TBA salts acted as guest molecules. Fluorescence was chosen as the method 
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for conducting the titrations for a few reasons, namely due to the sensitivity of the instrument but 

also because there were solubility issues for compounds 14-17 at the concentrations required for 

use with NMR. The anions used were acetate, benzoate, chloride, fluoride, hydroxide, hydrogen-

sulphate, phosphate monobasic and sulphate. These anions were selected for testing as they 

offered a variety of geometries which would enable the understanding of the selectivity of 

compounds 14-17 to anions of specific geometries. 

The interactions that occurred during these titration studies were plotted into Microsoft excel 

and fitted using Bindfit v0.5215 where the strength of interactions between host-guest molecules 

was determined. The data was fitted using the Nelder-Mead fitting method228 as is common for this 

type of data interpretation.229,230 It is common to see a change in the fluorescent intensity of an 

emission spectra during a fluorescent titration.231 There is either a shift in maximum intensity, i.e. 

that the wavelength where the maximum intensity occurs changes, or there is a change in 

fluorescent output. This type of interaction can reduce fluorescent intensity, in a result called 

fluorescent quenching, as well as causing a fluorescence increase or a shift in the wavelength of 

fluorescence emission. 

The terms binding isotherm is shown by the curve on a graph, the binding event is the 

formation of the host: guest complex and the association constant is the equilibrium constant for 

the formation of the host: guest complex. The data was fitted to three binding isotherms, 1:1, 1:2 

and 2:1, which assume the same parameter; that there is no dilution of the host compound during 

the titration. A change of 2.5 % in volume was allowed before dilution was considered to have a 

significant effect on the concentration of the sample. Stock solutions of the compounds 14-17 were 

made in the scale of 100 mL, of which a 2Σллл ˃[ aliquot was taken for each titration experiment. 

рл ˃[ ƻŦ ƎǳŜǎǘ ǎŀƳǇƭŜ ǿŀǎ ǘƛǘǊŀǘŜŘ ƛƴ ƻǾŜǊ 25 additions to the curvette. The curvette was the shaken 

and inverted before being inserted into the instrument for testing. All fluorescent titrations were 

conducted using a Cary Eclipse Fluorescence Spectrophotometer. 
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4.4.1.1 Results and discussion 

Results from the fluorescent titration data were fitted into Bindfit. Some of the results 

produced binding isotherms that could not be taken forward because they produced binding events 

that either had negative association constants, or had errors that were too high, with values above 

11 %. The data presented in Table 7 demonstrates the results of fitting the experimental data to 

the 1:1 binding isotherm with association constants (M-1) for all host: guest interactions. This is 

shown here because where a model could be fitted within the acceptable parameters, all data fitted 

to the 1:1 isotherm. All secondary association constants for the 1:2 and 2:1 isotherm have been 

calculated individually from the first association constant.217,232 All titration data and Bindfit fit links 

can be found in the appendix (Figures 38-61), (Tables 3-33). 

Table 7 ς Association constants (M-1) calculated for each host (compounds 14-17) titrated against each anionic guest with 

a TBA Counter cation; acetate, benzoate, chloride, fluoride, hydroxide, hydrogen-sulphate, phosphate monobasic and 

sulphate for a 1:1 association constant. Conducted in CHCl3 at 293 K. a = data could not be differentiated between a host: 

guest 1:1 and a 1:2 binding isotherm b = no full data set obtained due to experimental limitations. Data provided to the 

nearest whole number and error values provided to 1 decimal place. 

Anion Guest (TBA) Compound 14 Compound 15 Compound 16 Compound 17 

 
K (M-1) 

Error (± %) 

K (M-1) 

Error (± %) 

K (M-1) 

Error (± %) 

K (M-1) 

Error (± %) 

Acetate 

  

0 

± 2.5 % 

895 

± 39.4 % 

8263 

± 13.6 % 

243860 

± 19.2 % 

Benzoate 

 

0 

± 0.5 % 

352 

± 9.3 % 

1166 

± 2.4 % 

0 

± 3.9 % 

Chloride 

 

94878 

± 17.6 % 

95863 

± 15.4 % 

73 

± 4.1 % 

15241 

± 10.7 % 

Fluoride 

 

2426 

± 4.7 % 

9855 

± 6.6 % 

11597 

± 21.3 % 

0 

± 2.3 % 

Hydroxide 1544 2053  77551 
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 ± 7.7 % ± 5.8 % b ± 16.0 % 

Hydrogen-Sulphate 15042a 

± 10.5 % 

5596 

± 4.9 % 

136 

± 4.9 % 

0 

± 1.2 % 

Phosphate monobasic 

 

3087 

± 5.5 % 

428 

± 3.9 % 

753 

± 4.6 % 

8816 

± 9.0 % 

Sulphate 

 

0 

± 0.0 % 

1874 

± 20.4 % 

0 

± 1.7 % 

15556 

± 9.8 % 

 

Bindfit data produced from fitting the experimental results to binding isotherms fall into three 

ranked orders of association. Weak, or no real interactions, are those that have values below 100 

M-1. Medium strength interactions are those that have association constants with values between 

100 M-1 and 1000 M-1. While strong association constants are those that have values in excess of 

1000 M-1. 

The titration results of compound 14 with the TBA acetate show a decrease in fluorescence of 

compound 14 upon increased concentration of the guest (Figure 60). Data obtained from Bindfit 

indicate these compounds have an association constant of 0 M-1, indicating that no measurable 

interaction was occurring between compound 14 and the acetate anion. 
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Figure 60 ς A graph showing a decrease in emission intensity of compound 14 (host) upon increasing equivalence of TBA 

acetate (guest), CHCl3 (298 K). 

Table 8 displays the data obtained from fitting the experimental results of compound 14 with 

the anion acetate on a host: guest 1:1, 1:2 and 2:1 M-1 ratio using Bindfit. 

Table 8 ς Association constants (M-1) calculated for compound 14 (host) titrated against TBA acetate (guest) in CHCl3. The 

links for the Bindfit data is provided within the appendix. 

Host: Guest 1:1 1:2 2:1 

 K K11 K12 K11 K21 

Association 

constant (M-1) 

0.015  

(± 2.461 %) 

-0.22 

(± -32.119 %) 

165182.65 

(± 378.861 %) 

-3.09 

(± -7.464 %) 

380529.91 

(± 5.739 %) 

 

The titration results of compound 16 with the TBA benzoate show association between the two 

compounds (Figure 61). Data obtained from Bindfit indicate these compounds have a strong 

interaction with an association constant of 1166 M-1, though the association constant is towards 

the lower end of the strong binding scale. Bindfit also indicated the compounds interact on a 1:1 
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ratio, due to the numbers calculated for the 1:2 and 2:1 host: guest ratios being either too large or 

being negative. 

 

Figure 61 ς A graph showing a decrease in emission intensity of compound 16 (host) upon increasing equivalence of TBA 

benzoate (guest). CHCl3 (298 K). 

Table 9 displays the data produced from fitting the experimental data of compound 16 with 

the benzoate anion on a host: guest 1:1, 1:2 and 2:1 M-1 ratio, using Bindfit. 

Table 9 ς Association constants (M-1) calculated for compound 16 (host) titrated against TBA benzoate (guest) in CHCl3. 

The links for the Bindfit data is provided within the appendix. 

Host: Guest 1:1 1:2 2:1 

 K K11 K12 K11 K21 

Association 

constant (M-1) 

1166.91 

(± 2.369 %) 

319.91 

(± 3.241 %) 

-1600.02 

(± -5.623 %) 

0.19 

(± 9.040 %) 

4878632.27 

(± 1.644 %) 

 

The titration results of compound 17 with the TBA chloride show association occurring 

between the two compounds (Figure 62). Data obtained from Bindfit indicate these compounds 

have a strong interaction with an association constant of 15241 M-1. Bindfit indicated the 
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compounds interact on a 1:1 ratio, due to the numbers calculated for the 1:2 and 2:1 host: guest 

ratios being either too large or being negative. 

 

Figure 62 ς A graph showing a decrease in emission intensity of compound 17 (host) upon increasing equivalence of TBA 

chloride (guest). CHCl3 (298 K). 

Table 10 displays the fit data obtained from the experimental results of compound 17 with the 

chloride anion in a host: guest 1:1, 1:2 and 2:1 M-1 ratio. 

Table 10 ς Association constants (M-1) calculated for compound 17 (host) titrated against TBA chloride (guest) in CHCl3. 

The links for the Bindfit data is provided within the appendix. 

Host: Guest 1:1 1:2 2:1 

 K K11 K12 K11 K21 

Association 

constant (M-1) 

15241.79 

(± 10.667 %) 

9292.99 

(± 18.511 %) 

29606.66 

(± 57.646 %) 

4725.77 

(± 5.399 %) 

-3943.36 

(± -1.692 %) 

 

The titration results of compound 15 with the TBA fluoride show a correlation between the 

two compounds (Figure 63). Data obtained from Bindfit indicates these compounds have a strong 

interaction compared to the results obtained for other interactions, such as compound 14 with TBA 
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acetate. Compound 15 with fluoride has an association constant of 9855 M-1. Bindfit also indicated 

the compounds interact on a 1:1 ratio, due to the numbers calculated for the 1:2 and 2:1 host: guest 

ratios being either too large or being negative. 

 

Figure 63 ς A graph showing a decrease in emission intensity of compound 15 (host) upon increasing equivalence of TBA 

fluoride (guest). CHCl3 (298 K). 

Table 11 shows the data obtained from fitting the experimental results of compounds 15 and 

fluoride into Bindfit with a host: guest ratio of 1:1, 1:2 and 2:1 M-1. 

Table 11 ς Association constants (M-1) calculated for compound 15 (host) titrated against TBA fluoride (guest) in CHCl3. 

The links for the Bindfit data is provided within the appendix. 

Host: Guest 1:1 1:2 2:1 

 K K11 K12 K11 K21 

Association 

constant (M-1) 

9855.59 

 (± 6.593 %) 

5193.55 

(± 4.252 %) 

-137.62 

(± -7.028 %) 

3.45 

(± 3.869 %) 

2379388.45 

(± 0.738%) 

 

The titration results of compound 15 with the TBA hydroxide show interactions occurring 

between the two compounds (Figure 64). Although, urea containing receptors such as those 
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described in this body of work may undergo deprotonation in the presence of strongly acidic anions, 

such as hydroxide which has a pKa value of 14.233 This is because the urea functionality has a pKa 

value of 0.1234 and chloroform a pKa value of 15.7.235 In addition to this, the presence of electron 

withdrawing groups such as the phenol group attached to compound 15, may lead to polarisation 

of the NH bonds within the urea, causing an increase in hydrogen bond donation properties. This 

leads to the urea group becoming more acidic as it loses the hydrogen atom more readily. Meaning 

that the urea is comparatively more acidic than the hydroxide anion, which becomes more basic 

than the urea group as it takes on the hydrogen atom more readily.236 These characteristics 

combined means that it is not unlikely there may be deprotonation of the receptor before the 

formation of a host: guest complex. 

Data obtained from Bindfit indicate these compounds have a strong interaction with an 

association constant of 2053 M-1 when compared to 1:1 association constants obtained from fitting 

experimental data to Bindfit for other compound combinations. Bindfit also indicated the 

compounds interact on a 1:1 ratio, due to the numbers calculated for the 1:2 and 2:1 host: guest 

ratios being either too large or being negative. A full titration with 25 additions was not possible to 

obtain for compound 16 with this anion even after several attempts. 

This is because of the release of second order emission.237 second order emission is the process 

by which an emission of light is produced at twice the excitation wavelength. Usually, it is possible 

to produce an emission spectra where the second order emission does not have an impact on the 

spectra produced. However, in this example the second order emission was too close to the 

emission value and so the spectra could not be produced without interference from the second 

order peak. During this experiment, the intensity for the second order emission rose to above 1000 

au by addition number 7. The maximum intensity that can be read by the detector is 1000 au, 

because the experiment had reached this value it was decided not to carry on with the experiment 

as samples producing this kind of value over repeated runs can cause damage to the detector. 
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Figure 64 ς A graph showing a decrease in emission intensity of compound 15 (host) upon increasing equivalence of TBA 

hydroxide (guest). CHCl3 (298 K). 

Table 12 displays the data obtained for the Bindfit fit of the experimental data obtained from 

compound 15 with TBA hydroxide with host: guest ratios 1:1, 1:2 and 2:1 M-1. 

Table 12 ς Association constants (M-1) calculated for compound 15 (host) titrated against TBA hydroxide (guest) in CHCl3. 

The links for the Bindfit data is provided within the appendix. 

 

The titration results of compound 14 with the TBA hydrogen-sulphate shows interactions 

occurring between the two compounds (Figure 65). Data obtained from Bindfit indicate these 

compounds have one of the strongest interactions observed for a 1:1 binding isotherm for any 

combination of compounds tested. However, the results obtained for a 1:1 and a 1:2 (Table 13) 

were too similar and cannot be distinguished without further testing. The results indicate a strong 

Host: Guest 1:1 1:2 2:1 

 K K11 K12 K11 K21 

Association 

constant (M-1) 

2053.74 

(± 5.8439 %) 

875.30 

(± 7.5713 %) 

-852.18 

(± -13.5117 %) 

0.0274 

(± 15.0113 %) 

60896310.08 

(± 2.7483 %) 



Page | 96 
 

interaction for both binding isotherms, with an association constant of 15042 M-1 for a 1:1 ratio, 

and association constants of 3266 M-1 and 15262 M-1 for the 1:2 binding isotherm. The numbers 

calculated for the 2:1 host: guest ratio indicate that this isotherm does not fit due to the numbers 

being too large or negative. 

 

Figure 65 ς A graph showing a decrease in emission intensity of compound 14 (host) upon increasing equivalence of TBA 

hydrogen-sulphate (guest). CHCl3 (298 K). 

Table 13 shows the data produced from fitting the experimental results of combining 

compound 14 and hydrogen-sulphate in a host: guest 1:1, 1:2 and 2:1 M-1 ratio. 

Table 13 ς Association constants (M-1) calculated for compound 14 (host) titrated against TBA hydrogen-sulphate (guest) 

in CHCl3. The links for the Bindfit data is provided within the appendix. 

Host: Guest 1:1 1:2 2:1 

 K K11 K12 K11 K21 

Association 

constant (M-1) 

15042.74 

(± 10.526 %) 

3266.93 

(± 3.253 %) 

15262.76 

 (± 8.485 %) 

3273.53 

(± 3.139 %) 

-2782.41 

(± -0.888 %) 
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The titration results of compound 17 with the TBA phosphate monobasic show that the two 

compounds are interacting with each other (Figure 66). Data obtained from Bindfit indicate these 

compounds have a strong interaction with an association constant of 8816 M-1. The association 

constant produced here from Bindfit is stronger than that seen for other compound combinations 

within this series on a 1:1 host: guest ratio. Bindfit indicated the compounds interact on a 1:1 ratio, 

due to the numbers calculated for the 1:2 and 2:1 host: guest ratios being either too large or being 

negative. 

 

Figure 66 ς A graph showing a decrease in emission intensity of compound 17 (host) upon increasing equivalence of TBA 

phosphate monobasic (guest). CHCl3 (298 K). 

Table 14 displays the data obtained from fitting the experimental results of compound 17 with 

phosphate monobasic on a host: guest ratio of 1:1, 1:2 and 2:1 M-1. 
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Table 14 ς Association constants (M-1) calculated for compound 17 (host) titrated against TBA phosphate monobasic 

(guest) in CHCl3. The links for the Bindfit data is provided within the appendix. 

Host: Guest 1:1 1:2 2:1 

 K K11 K12 K11 K21 

Association 

constant (M-1) 

8816.24 

(± 9.003 %) 

973.44 

(± 4.182 %) 

43149.22 

(± 16.130 %) 

3026.37 

(± 4.199 %) 

-3793.05 

(± -1.217 %) 

 

The titration results of compound 17 with the TBA sulphate show association occurring 

between the two compounds (Figure 67). Data obtained from Bindfit indicate these compounds 

have a strong interaction with an association constant of 15556 M-1, even when compared to other 

strong interaction between compounds, such as between compound 17 and phosphate monobasic. 

Bindfit also indicated the compounds interact on a 1:1 ratio, due to the numbers calculated for the 

1:2 and 2:1 host: guest ratios being either too large or being negative. 

 

Figure 67 ς A graph showing a decrease in emission intensity of compound 17 (host) upon increasing equivalence of TBA 

sulphate (guest). CHCl3 (298 K). 
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Table 15 shows the data obtained from Bindfit for the interaction of compound 17 with 

sulphate in a host: guest ratio of 1:1, 1:2 and 2:1 M-1. 

Table 15 ς Association constants (M-1) calculated for compound 17 (host) titrated against TBA sulphate (guest) in CHCl3. 

The links for the Bindfit data is provided within the appendix. 

Host: Guest 1:1 1:2 2:1 

 K K11 K12 K11 K21 

Association 

constant (M-1) 

15556.98 

(± 9.783 %) 

192788.2 

(± 101.172 %) 

21076.04 

(± 18.802 %) 

9116.08 

(± 6.174 %) 

-4950.07 

(± -0.0003 %) 

 

The examples given above are those that represent the strongest association constants 

calculated from Bindfit for each anionic guest, on a host: guest 1:1 binding isotherm. 

Overall, compound 14 (Figure 68) showed the strongest interactions with TBA acetate and TBA 

hydrogen sulphate (Table 16). Although, for acetate the association constant is almost 0, meaning 

that no interactions are occurring, this was still the highest association constant produced for 

acetate. This means that acetate does not bind strongly to any of the host compounds 14-17. 

Whereas, the hydrogen sulphate anion showed a high association constant, meaning that it bound 

strongly to compound 14 and compound 15. However, the anion had a moderate association 

constant with compound 16 and a weak association constant with compound. 

 

Figure 68 ς Structure of compound 14. 

 



Page | 100 
 

Table 16 ς Association constants (M-1) calculated for each host (compounds 14-17) titrated against anionic guest with a 

TBA Counter cation; acetate and hydrogen-sulphate for a 1:1 association constant. Conducted in CHCl3 at 293 K. Data 

provided to two decimal places and error values provided to 1 decimal place. 

Anion Guest (TBA) Compound 14 Compound 15 Compound 16 Compound 17 

 
K (M-1) 

Error (± %) 

K (M-1) 

Error (± %) 

K (M-1) 

Error (± %) 

K (M-1) 

Error (± %) 

Acetate 

  

0.02 

± 2.5 % 

895.18 

± 39.4 % 

8263.55 

± 13.6 % 

243860.54 

± 19.2 % 

Hydrogen-Sulphate 15042.74 

± 10.5 % 

5596.21 

± 4.9 % 

136.03 

± 4.9 % 

0.01 

± 1.2 % 

 

Compound 15 (Figure 69) showed the highest interactions with TBA fluoride and TBA hydroxide 

(Table 17). TBA fluoride also showed a high association with compound 14. The anion produced an 

unreliable association constant value with compound 16 as the associated error value is too large. 

TBA fluoride produced a weak association constant value with compound 17, demonstrating no 

binding is occurring. TBA hydroxide produced a high association constant with compound 14 also. 

A full data set was not obtained for hydroxide with compound 16 as previously discussed. With 

compound 17, hydroxide produced an unreliable result due to a high error value.  

  

Figure 69 ς Structure of compound 15.  
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Table 17 ς Association constants (M-1) calculated for each host (compounds 14-17) titrated against anionic guest with a 

TBA Counter cation; fluoride and hydroxide for a 1:1 association constant. Conducted in CHCl3 at 293 K. b = no full data 

set obtained due to experimental limitations. Data provided to the two decimal places and error values provided to 1 

decimal place. 

 

Compound 16 (Figure 70) showed the strongest interaction with TBA benzoate (Table 18). TBA 

benzoate produced results with compounds 14 and 17 that indicate no association between the 

host: guest compounds. When titrated with compound 15 a moderate strength association 

constant was produced.  

 

Figure 70 ς Structure of compound 16. 

 

 

 

Anion Guest (TBA) Compound 14 Compound 15 Compound 16 Compound 17 

 
K (M-1) 

Error (± %) 

K (M-1) 

Error (± %) 

K (M-1) 

Error (± %) 

K (M-1) 

Error (± %) 

Fluoride 

 

2426.88 

± 4.7 % 

9855.59 

± 6.6 % 

11597.53 

± 21.3 % 

0.01 

± 2.3 % 

Hydroxide 

 

1544.66 

± 7.7 % 

2053.74 

± 5.8 % 

 

b 

77551.09 

± 16.0 % 
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Table 18 ς Association constants (M-1) calculated for each host (compounds 14-17) titrated against anionic guest with a 

TBA Counter cation benzoate for a 1:1 association constant. Conducted in CHCl3 at 293 K. Data provided to two decimal 

places and error values provided to 1 decimal place. 

 

Finally, compound 17 (Figure 71) showed the strongest interactions with TBA chloride, TBA 

phosphate monobasic and TBA sulphate (Table 19). An unreliable result was produced for TBA 

chloride with compounds 14 and 15 due to the error value being above 11 %. When titrated against 

compound 16, TBA chloride produced a weak association constant. TBA phosphate monobasic 

produced a strong association constant with compound 14. Compounds 15 and 16 produced 

moderate association constants with TBA chloride. TBA sulphate showed no interaction with 

compounds 14 and 16, and an unreliable value was produced when TBA sulphate was titrated 

against compound 15 due to a high error value. 

  

Figure 71 ς Structure of compound 17. 

 

 

Anion Guest (TBA) Compound 14 Compound 15 Compound 16 Compound 17 

 
K (M-1) 

Error (± %) 

K (M-1) 

Error (± %) 

K (M-1) 

Error (± %) 

K (M-1) 

Error (± %) 

Benzoate 

 

0.01 

± 0.5 % 

352.09 

± 9.3 % 

1166.91 

± 2.4 % 

0.02 

± 3.9 % 
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Table 19 ς Association constants (M-1) calculated for each host (compounds 14-17) titrated against anionic guest with a 

TBA Counter cation; chloride, phosphate monobasic and sulphate for a 1:1 association constant. Conducted in CHCl3 at 

293 K. Data provided to two decimal places and error values provided to 1 decimal place. 

 

The data obtained for these experiments shows that all compounds showed strong interactions 

on a 1:1 ratio, apart from compound 14 with TBA chloride and hydrogen-sulphate, compound 15 

with TBA acetate, chloride and sulphate, compound 16 with TBA acetate and fluoride and finally, 

compound 17 with TBA acetate. Though Bindfit did fit the data to an isotherm, the error values 

associated with the data means that it was not reliable, and therefore no reliable fit was obtained 

for these sets of data. 

All titrated host compounds showed some degree of fluorescent quenching when exposed to 

the guest molecule, apart from compound 15 with TBA acetate and sulphate. The fluorescent 

quenching seen here is negligible, graphs of which can be found in the appendix (Figures 62-93). 

Quenching is a phenomenon that relies on the direct interactions of the fluorescing compound with 

the quencher,238 usually the guest molecule, which proves the fluorescent quenching occurring 

during the titrations is a direct results or host: guest interactions. 

Upon the addition of the guest anions fluoride and hydroxide to compound 16 a colour change 

from clear to pale yellow and to deep yellow (Figure 72) was observed. This is most likely due to 

Anion Guest (TBA) Compound 14 Compound 15 Compound 16 Compound 17 

 
K (M-1) 

Error (± %) 

K (M-1) 

Error (± %) 

K (M-1) 

Error (± %) 

K (M-1) 

Error (± %) 

Chloride 

 

94878.33 

± 17.6 % 

95863.48 

± 15.4 % 

73.20 

± 4.1 % 

15241.79 

± 10.7 % 

Phosphate monobasic 

 

3087.76 

± 5.5 % 

428.45 

± 3.9 % 

753.60 

± 4.6 % 

8816.24 

± 9.0 % 

Sulphate 

 

0.00 

± 0.0 % 

1874.16 

± 20.4 % 

0.01 

± 1.7 % 

15556.98 

± 9.8 % 
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the presence of the nitro functionality; it facilitates the removal of a hydrogen atom from the host 

molecule.239 A 1H NMR spectrum depicting this change was attempted, but unfortunately the 

phenomenon was reversed upon exposure to cold temperatures. A test sample of this solution was 

prepared at room temperature which showed the colour change observed in Figure 72 below. 

However, upon placing the sample into the fridge for storage the colour change reversed to the 

image Figure 72A. 

 

Figure 72 ς Image: A) host: guest solution of compound 16 with TBA fluoride, forcing deprotonation, B) host: guest 

solution of compound 16 with TBA hydroxide, forcing deprotonation. 

The data obtained from the fluorescent titrations of compounds 14-17 with the respective 

anions show a trend, this trend can be related to the Hofmeister series. The Hofmeister trend is the 

order in which anions and cations may be placed with regards to their reliable ability to cause an 

effect on the physical properties of proteins.240 However, more recent research has highlighted the 

series application in a variety of different chemical processes and settings.241 The order of anions in 

the series relates several properties; the ability to form hydration spheres but more notably 
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included in this is the order in which the anions are placed depending on their selectivity to bind 

with a host molecule.242 Figure 73 below gives the order of anions in the Hofmeister series. 

 

Figure 73 - The Hofmeister series represented with a range of anions. 

Although the order of anions243,244 shown above may vary slightly depending on what the 

environmental application is,245 ǘƘŜ ƻǾŜǊŀƭƭ ǘǊŜƴŘ ŘƻŜǎƴΩǘ ŎƘŀƴƎŜΦ ±ŀǊƛŀǘƛƻƴǎ ŦǊƻƳ ǘƘƛǎ ǘǊŜƴŘ ŀǊŜ 

rare, especially those that exhibit and inverse in selectivity.242 HBD receptors normally display 

selectivity in the order shown in Figure 74, however the HBD fluorescent receptors 14-17 exhibit 

an inverse of the trend. The data obtained from the fluorescent titrations exhibit this reverse order 

selectivity for binding to a host molecule. Some anions showed a reversed order selectivity to 

specific compounds from compounds 14-17. The anions which would be expected to exhibit higher 

association constants have been shown here to exhibit lower association constants. Those that 

would be expected to exhibit lower association constants have been shown to exhibit higher 

association constants than expected if the Hofmeister series is followed. 

 

Figure 74 ς Hofmeister series for the anions used within these experiments. 

Using the examples of a host: guest 1:1 binding isotherm for TBA sulphate and TBA chloride as 

examples, it would be expected that the sulphate anion would have a higher association constant 

with compounds 14-17 than the chloride anion exhibited with compounds 14-17, if the trend in the 

Hofmeister series is followed. However overall, we see the opposite trend (Figure 75) For 
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compound 14 the sulphate anion has an association constant of 0 M-1, whilst the chloride anion has 

an association constant of 94878 M-1.  

 

Figure 75 ς The trend shown for each anion for compound 14. 

The trend seen for compound 15 (Figure 76) with the sulphate anion has an association 

constant of 1874 M-1, whilst the chloride anion has an association constant of 95863 M-1 which 

magnifies the selectivity demonstrated with this anion. 

 

Figure 76 ς The trend shown for each anion for compound 15. 

For compound 16, the trend in the Hofmeister series (Figure 77) shows both association 

constants are weak, but the chloride ion still maintains the higher association constant. The 

sulphate anion has an association constant of 0 M-1 and the chloride anion has an association 

constant of 73 M-1. 

 

Figure 77 ς The trend shown for each anion for compound 16. 

Finally, for compound 17 the trend seen in the series (Figure 78) shows association constants 

for both ions are low, with the sulphate ion producing the slightly stronger association constant. 

Though this follows the Hofmeister series, it should be expected that due to their positions in the 
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series, the sulphate anion would have a significantly stronger association constant. The association 

constant of the sulphate anion with compound 17 is 15557 M-1 and the association constant for the 

chloride anion is 15242 M-1, demonstrating that the chloride anion is able to bind equally as well as 

the sulphate anion to compound 17. 

 

Figure 78 ς The trend shown for each anion for compound 16. 

At this time, it cannot be definitively stated why this reverse trend is present within the body 

of work presented. One may theorise that the structure of the host compounds 14-17 will play a 

significant role in the binding events occurring with the anionic guests. Which lead to the formation 

of intramolecular bonds. In addition to this, the presence of a conjugated ring system on the 

benzothiazole region of each compound may certainly provide additional support to the theory of 

why the structure of the compounds may contribute to a reverse in the trend, as depicted here. 

However, further study is required here in order to fully ascertain the reason for the reverse in 

binding affinities which is something that will be conducted in the future. 

This would include the use of single crystal x-ray on crystals produced of the host: guest 

complexes produced in the work discussed here. This would demonstrate the binding of the guest 

to the host compound, which may indicate why some anions show higher binding than others to 

the same compound. The use of 1H NMR may also be valuable for determining the change in urea 

NH resonance if the solubility issues experienced within can be over-come. 

 

4.4.2 Fluorescent dilution studies 

A series of fluorescent dilutions were performed on compounds 14-17 in order to determine 

whether the concentration at which the samples for the titrations were conducted was free of a 
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phenomenon known as the inner filter effect (IFE). This phenomenon arises during fluorescent 

measurements when the concentration of a sample is high enough to prevent all the emitted light 

from reaching the detector.246 Some of the emitted light is usually re-absorbed by the solution for 

secondary excitation at these concentrations, reducing the signal intensity produced from 

fluorescent molecules during experimentation.247 It should be noted that IFE is not the same as 

quenching.246 

The concentration at which this occurs is different for each compound,248 but this event usually 

occurs when samples have an absorbance larger than 0.1 au249 in which supportive evidence can 

also be obtained from Uv-Vis experiments. However, most modern fluorimeters correct for this 

effect by having the detector at a 90 ° angle to the sample from which the light will emit.250 The 

fluorimeter used in these experiments has this set up,251 however this does not correct inner filter 

effects for samples that have a high absorbance.250 

Stock solutions of compounds 14-17 were made with a maximum concentration that was 30 

times more concentrated than the stock solutions made for the titrations. This concentration was 

used for several reasons. Firstly, if IFE were occurring in the samples used for the titrations, it would 

also occur in more concentrated samples, with increasing effect as the concentration increases until 

no / little light is detected. If this effect was to occur, during the dilution experiment a decrease in 

fluorescent intensity would be seen252 upon increasing concentration of compounds 14-17. 

Secondly, this concentration was used as it was the strongest concentration attainable for 

compounds 14-17 before the limit of solubility was reached. A 10 mL stock solution was produced 

of each compound in chloroform at a concentration of 0.003 M. From these stock solutions a 2000 

˃[ ŀƭƛǉǳƻǘ ǿŀǎ ǘŀƪŜƴ ŀƴŘ used as the start point for the experiment. From this point onΣ ŀ нлл ˃[ 

ŀƭƛǉǳƻǘ ǿŀǎ ǊŜƳƻǾŜŘ ŦǊƻƳ ǘƘŜ ŎǳǊǾŜǘǘŜΣ ŀƴŘ ǘƘŜƴ ǊŜǇƭŀŎŜŘ ǿƛǘƘ нлл ˃[ ƻŦ the chloroform solvent. 

This procedure was carried out until there was little change being observed in the intensity output. 

Of compounds 14-17 the only compound which exhibited signs of inner filter effect was compound 

17. This effect occurred only at the highest concentrations, in the range of approximately 0.0017 ς 

0.0030 M. 
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4.4.2.1 Results and discussion 

The results of the dilution studies conducted on compounds 14-17 indicated that no inner filter 

effect is occurring during the titrations at the specified concentration. The fluorescent intensity is 

seen to increase with increasing concentration of each host sample, which is what would be 

expected in a sample where no IFE is occurring. 

Compound 14 showed no signs of inner filter effect throughout the dilution study at the 

concentrations tested (Figure 79). This can be seen because the curve continues in an exponential 

trend throughout. The data point highlighted by the pink circle is highlighted because it appears as 

an anomalous result. It is not an indication of IFE as there are three data points at higher 

concentrations that fit the trend with the initial nine data points. 

 

Figure 79 ς Graph illustrating the increase in intensity as concentration of compound 14 increases. CHCl3 (298 K). 

The results for compound 15 indicate that there is no inner filter effect occurring at the lowest 

concentration as the trend proceeds linearly (Figure 80). However, because the trend changes 

slightly at the higher concentrations, highlighted in pink, this may be evidence of IFE. This does not 

affect the results obtained for the fluorescent titrations, as the concentration used in those 

experiments falls within the linear region of the dilution study for compound 15. 
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Figure 80 ς Graph illustrating the increase in intensity as concentration of compound 15 increases. CHCl3 (298 K). 

The data obtained for compound 16 shows that no IFE is occurring during the titrations as there 

is no presence of this event at the lower concentrations (Figure 81). Although there is a slight 

change in trend at the lower concentrations, highlighted in pink, this is not an overall change that 

would affect the results, alluding to the presence of IFE. 

 

Figure 81 ς Graph illustrating the increase in intensity as concentration of compound 16 increases. CHCl3 (298 K). 
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The data obtained for compound 17 indicates that at the higher concentrations, it is likely there 

is IFE occurring, highlighted in pink (Figure 82). This can be seen where the emitted intensity begins 

to decrease with increasing concentration of compound 17. The decrease in intensity begins at a 

ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ мулл ˃aΣ ǿƛǘƘ ŀƴ ŜƳƛǎǎƛƻƴ ƛƴǘŜƴǎƛǘȅ ǾŀƭǳŜ ƻŦ сту ŀǳ ŀƴŘ ƛǎ ƘƛƎƘƭƛƎƘǘŜŘ ƛƴ ōƭǳŜΦ ¢ƘŜ 

Řŀǘŀ ǾŀƭǳŜ ōŜŦƻǊŜ ǘƘƛǎ ǿŀǎ ŀǘ ŀ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ мтмл ˃a ǿƛǘƘ ŀƴ ŜƳƛǎǎƛƻƴ ƛƴǘŜƴǎƛǘȅ ƻŦ уту ŀǳΦ ¢Ƙƛǎ 

demonstrates a sharp and noticeable drop in the emission intensity of compound 17, alluding to 

the presence of IFE at the ten highest concentrations. However as there is no evidence of IFE 

occurring at the lower concentrations, there is no IFE present at the concentration used for the 

titrations.  

 

Figure 82 ς Graph illustrating the increase in intensity as concentration of compound 17 increases. CHCl3 (298 K). 

The data produced from the dilution studies show no IFE occurring at the lowest 

concentrations. This means that no special measures need to be taken to correct for this in the data 

produced from the titration experiments. 

 

4.5 Low level in-silico modelling 

Computational chemistry is used within to model ESPMs for compounds 14-17 using 

SpartanΩ16253 with energy minimised semi-empirical PM6254 modelling methods to derive 
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comparative Emin and Emax values. Comparative Emin and Emax values are displayed using a colour 

spectrum where red denotes the Emin and blue denotes the Emax. All computation chemistry herein 

was produced by Dr J. Hiscock. 

 

4.5.1 Results and discussion 

The ESPM for compound 14 (Figure 83) show the most negative point on the surface (Emin) of 

the molecule is located around the urea oxygen and the aromatic nitrogen. The aromatic nitrogen 

is most likely therefore to be an HBA. The most positive points (Emax) on the map are situated around 

the butyl chain, as well as the outer most parts of the aromatic rings. However, the most positive 

area can be found on one of the urea NHs and is the principle HBD group. The map also confirms 

the intramolecular hydrogen bond from the crystal structure (Figure 52) where a hydrogen bond is 

present between the aromatic nitrogen and the urea NH, where there is an area of high negativity 

and an area of high positivity spatially close to one another the formation of hydrogen bonds can 

be expected. 

 

Figure 83 - Electrostatic potential map calculated for compound 14. Emax (deep blue) and Emin (bright red) values 

depicted in the Figure legends are given in kJ/mol. 
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The ESPM for compound 15 (Figure 84) shows the most negative point on the surface (Emin) of 

the molecule is around the urea oxygen and the aromatic nitrogen. The groups are therefore 

identified as the principle HBA groups. The most positive points (Emax) on the map are situated 

around the outer edges of the aromatic functionalities, with the highest area of positivity situated 

around one of the urea NHs which is identified as the principle HBD group. 

 

Figure 84 ς Electrostatic potential map calculated for compound 15. Emax (deep blue) and Emin (bright red) values 

depicted in the Figure legends are given in kJ/mol. 

The ESPM for compound 16 (Figure 85) show the most negative point on the surface (Emin) of 

the molecule is predominantly the aromatic nitrogen, the urea oxygen and even more significantly 

around the nitro functionality. These areas are therefore identified as the primary HBA groups. The 

most positive point (Emax) on the map is situated around one of the urea NHs and will most likely be 

an HBD groups. The crystal structure of compound 16 (Figure 54) shows the presence of a hydrogen 

bond between the highly electropositive urea NH and the highly electronegative aromatic nitrogen. 

Along with hydrogen bonds from the urea NHs to the oxygen on a DMSO molecule. Oxygen is a 

well-known HBA, indicating further that the urea NH is an HBD.  



Page | 114 
 

 

Figure 85 ς Electrostatic potential map calculated for compound 16. Emax (deep blue) and Emin (bright red) values 

depicted in the Figure legends are given in kJ/mol. 

The ESPM for compound 17 (Figure 86) shows the most negative point on the surface (Emin) of 

the molecule is predominantly the aromatic nitrogen. Another area of electronegativity however is 

also the urea oxygen; therefore, these groups are identified as the primary HBA groups. The most 

positive point (Emax) on the map is situated around the urea NHs. These areas are presented as the 

principle HBD groups. Though there is high electropositivity around the outer edges of the aromatic 

functionalities also. Figure 85 above shows there is a slight bend in the positioning of the lower 

benzothiazole region, which may be due to repulsion from the sulphur and nitrogen components 

of the compound. This may also indicate that the binding event may be affected by steric factors. 
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Figure 86 ς Electrostatic potential map calculated for compound 17. Emax (deep blue) and Emin (bright red) values 

depicted in the Figure legends are given in kJ/mol. 

The data calculated for compounds 14-17 shows that the highest area of Emin is situated around 

the aromatic nitrogen on compounds 14-17, whilst highest area of Emax is located around the urea 

NHs on compounds 14-17. It has been theorised that the use of low-level computational chemistry 

can be used to help predict where hydrogen bonding will occur within a chemical system. 

For the relative Emin values, ordered from least electronegative to most electronegative 

compounds 14-17 are ordered as: compound 17, 236 kJ/mol, compound 15, 249 kJ/mol, compound 

16, 256 kJ/mol and compound 14 with 288 kJ/mol. When ordered from least electronegative to 

most electronegative using the relative Emax values, compounds 14-17 are ordered as such: 

compound 17, 123 kJ/mol, compound 14, 161 kJ/mol, compound 15, 186 kJ/mol and compound 16 

with 228 kJ/mol. 

When discussing the formation of host: guest complexes the formation of intermolecular 

hydrogen bonds is focused around the primary HBD groups present on the host compound. These 

groups are represented by the Emax values calculated, or the areas coloured dark blue. When 

compounds 14-17 are ordered based on their relative selectivity to anionic guests, the compounds 
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are ordered as: compound 16 with a high association constant to one anion, benzoate. Then, 

compounds 15 and 17 show selectivity to three anionic guests each: compound 15 with chloride, 

fluoride and hydroxide and compound 17 with hydroxide, phosphate monobasic and sulphate. This 

may also be a result of increased steric contributions from the structure of compounds 15 and 17. 

Finally compound 14 shows selectivity to four anionic guests which are: fluoride, hydroxide, 

hydrogen sulphate and phosphate monobasic. In other words, the compounds can be ordered as: 

compound 16, compounds 15 and 17 jointly and finally compound 14. This follows the same order 

observed when the compounds are ordered according to their relative Emas values. Therefore, the 

data calculated for the electrostatic potential maps for compounds 14-17, supports the data 

obtained from the fitting of the experimental results to a host: guest 1:1 binding isotherm 

calculated by Bindfit. 

This data produced from the electrostatic potential maps show evidence of the presence of 

areas of high electronegativity at the binding sites. This originates from the aromatic nitrogen. 

Where anions are negative, they may be repelled by this area of high electronegativity and so have 

reduced association constants. It would then in turn make sense that those anions which are less 

negative would feel the force of repulsion less, and therefore have higher association constants. 

Whilst this data is supportive of this trend, it is not conclusive. Further experimentation is required 

to definitively say what is causing this reversed Hofmeister series effect. 

 

4.6 Conclusion 

In conclusion, four novel fluorescent receptors have been synthesised, characterised and host: 

guest properties were investigated. Compounds 14-17 all act as good anionic receptors and 

detectors in chloroform. Compound 17 showed strong interactions with the highest number of 

anions, followed by compound 14 and then compound 15 and finally compound 16 with the 

strongest interaction occurring with one guest species.  All receptors fitted with their guest on a 1:1 

binding isotherm, apart from compound 14 with hydrogen-sulphate where the difference could not 
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be determined without the need for further study. The results showed a reverse trend to the 

Hofmeister series with anions such as chloride displaying stronger binding events than an anion 

such as sulphate. 

The results from the dilution studies show that no inner filter effect was occurring for any 

receptor at the titration concentration used during the titrations, as these concentrations were 

markedly above those used in the titrations. Apart from compound 17, where there is evidence of 

this phenomenon occurring at the higher concentrations tested. Electrostatic potential maps for 

compounds 14-17 have been employed and show the areas of highest electronegativity to be 

around the aromatic nitrogen, with the areas of highest electropositivity to be located around the 

urea NHs. 

 

4.7 Future Works 

Further study of why an inverse in the Hofmeister trend is observed, through the use of 

methods such as single crystal x-ray of the host: guest complexes, the use of 1H NMR and qNMR. 

 

5.0 Experimental techniques 

5.1 General Remarks 

All reactions associated with compounds 1-11 and compound 17 were conducted under slight 

positive pressure of N2 gas using oven dried glassware. NMR spectra were obtained using a Bruker 

AV2 400 MHz or Bruker AVNEO 400 MHz spectrometer with the chemical shifts reported in parts 

per million (ppm), with the calibration set to the centre of the solvent peak set. The data was 

ǇǊƻŘǳŎŜŘ ǳǎƛƴƎ .ǊǳƪŜǊΩǎ baw ǎƻŦǘǿŀǊŜ ¢ƻǇ{Ǉƛƴ оΦсΦнΦ All solvents and starting materials used were 

purchased from commercially available sources where appropriate. High-resolution mass spectra 

were collected using a Bruker microOTOF-Q mass spectrometer. Melting points were obtained in 

open capillaries using a Stuart SMP10 melting point apparatus. Infrared (IR) spectra were recorded 
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using a Shimadzu IR-Affinity 1 where the data was analysed in wavenumbers (cm-1) using IRsolution 

software. Fluorescent emission spectra were obtained using a Cary Eclipse Fluorescence 

Spectrophotometer from Agilent Technologies. A 1 cm3 quartz curvette was used for these 

measurements. 

5.2 Single-crystal X-ray studies 

A suitable crystal of each relevant compound was selected and mounted onto a Rigaku Oxford 

5ƛŦŦǊŀŎǘƛƻƴ {ǳǇŜǊƴƻǾŀ ŘƛŦŦǊŀŎǘƻƳŜǘŜǊΦ 5ŀǘŀ ǿŀǎ ŎƻƭƭŜŎǘŜŘ ǳǎƛƴƎ /ǳ Yʰ ǊŀŘƛŀǘƛƻƴ ŀǘ нфо YΦ {ǘǊǳŎǘǳǊŜǎ 

were solved with either ShelXT255 or ShelXS structure solution programs via Direct Methods and 

refined with ShelXL256 by the Least Squares minimisation. Olex2257 was used as an interface to all 

the ShelX programs. (CCDC 1866274-1866275). Data refined by Dr J. Hiscock. 

5.3 High-resolution mass spectra studies 

Approximately 1 mg of each compound was dissolved in 1 mL of methanol. This solution was 

further diluted 100-ŦƻƭŘ ōŜŦƻǊŜ ǳƴŘŜǊƎƻƛƴƎ ŀƴŀƭȅǎƛǎ ǿƘŜǊŜ мл ˃[ ƻŦ ŜŀŎƘ ǎŀƳǇƭŜ ǿŀǎ ǘƘŜƴ ƛƴƧŜŎǘŜŘ 

directly into a flow of 10 mM ammonium acetate in 95 % water (flow rate = 0.02 mL/min). Mass 

ǎǇŜŎǘǊŀ ǿŜǊŜ ŀŎǉǳƛǊŜŘ ƛƴ ǘƘŜ ƴŜƎŀǘƛǾŜ ƛƻƴ ƳƻŘŜ ŀƴŘ ǘƘŜ Řŀǘŀ ǿŀǎ ǇǊƻŎŜǎǎŜŘ ƛƴ .ǊǳƪŜǊΩǎ /ƻƳǇŀǎǎ 

Data Analysis software by both R. Ellaby and L. White. 

5.4 Self-association and association constant calculations 

All association constants were calculated and obtained using the widely available Bindfit NMR 

program (http://app.supramolecular.org/bindfit/). All data used to obtain association constants 

can be accessed online through the use of the appropriate link provided in the appendix for each 

complexation event. 5/a ŘƻǇƛƴƎ ǎǘǳŘƛŜǎ ǿŜǊŜ ŎƻƴŘǳŎǘŜŘ ǿƛǘƘ р ˃[ ƻŦ I2O to enable the amount 

of water present in the DMSO-d6 to be monitored. 

5.5 Fluorescence Spectrometry 

All data produced for fluorescent spectrometry was obtained using the Scan software provided 

by Cary Eclipse. The data was then opened and manipulated in Microsoft Excel to produce 

representative graphs. All association constants were calculated using the online Bindfit UV-Vis 

http://app.supramolecular.org/bindfit/
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program (http://app.supramolecular.org/bindfit/). All data used to obtain association constants 

can be accessed online using the appropriate link provided in the appendix for each titration 

complex. 

 

6.0 Synthesis 

Compound 1: (Figure 87) This compound was synthesised in line with previously published 

methods. Proton NMR were found to match the previously published data.200 The reactants were 

added into a round bottom flask, stirred for 30 minutes producing a pale-yellow precipitate, which 

was filtered and washed with methanol producing a white precipitate. 1H NMR (400 MHz, 298 K, 

CDCl3): 7.00 (s, 4NH), 5.90 (d, J = 2.72 Hz, 8H), 1.51 (s, 24H). 

 

Figure 87 ς Structure of compound 1. 

Compound 2: (Figure 88) This compound was synthesised in line with previously published 

methods. Proton NMR were found to match the previously published data.199 The solution 

containing compound 2 was washed with dilute hydrochloric acid, where the toluene layer was 

then dried with magnesium sulphate to remove any water remaining from the acid wash in the 

separating funnel. To the toluene was added methanol and a white precipitate formed, which was 

separated through filtration. If the product was not pure it was dissolved into chloroform and 

precipitated out with methanol before being filtered off. 1H NMR (400 MHz, 298 K, CDCl3): 10.22 (s, 

4OH), 7.08 (d, J = 7.59 Hz, 8H), 6.75 (t, J = 15.17 Hz, 4H), 3.92 (br d, J = 284.90 Hz, 8H). 

 

http://app.supramolecular.org/bindfit/
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Figure 88 ς Structure of compound 2. 

Compound 3: (Figure 89) This compound was synthesised in line with previously published 

methods. Proton NMR were found to match the previously published data.104 Compound 2 was 

dissolved into acetonitrile and K2CO3 was added. The mixture was heated to reflux for 24 hours. 

Extracted into dichloromethane and wash with water, it was then dried over MgSO4 and 

precipitated out into a swirling flask of MeOH producing a white solid. 1H NMR (400 MHz, 298 K, 

CDCl3): 8.26 (s, 2OH), 7.05 (d, J = 7.42 Hz, 4H), 6.92 (d, J = 7.80 Hz, 4H), 6.74 (t, J = 15.38 Hz, 2H), 

6.64 (t, J = 14.84 Hz, 2H), 4.32 (d, J = 13.19 Hz, 4H), 4.00 (t, J = 13.19 Hz, 4H), 3.37 (d, J = 13.19 Hz, 

4H), 2.04 (m, J = 28.03 Hz, 4H), 1.79 (m, J = 37.09 Hz, 4H), 1.09 (t, J = 14.01 Hz, 6H). 

 

Figure 89 ς Structure of compound 3. 

Compound 4: (Figure 90) A mixture of 80 % w/w HNO2 and 70 % w/w H2SO4 was added to a 

stirring solution of compound 3 (0.200 g, 0.37 mM) in acetonitrile at room temperature. The 

product was extracted with chloroform (30 mL) and then water washed (20 mL x3) then the organic 

phase was taken to dryness. Yield 91 % (0.211 g, 0.34 mM). Melting point: >200 °C; 1H NMR (400 

MHz, 298 K, CDCl3): 9.40 (s, 2H), 8.04 (s, 4H),* - 6.98 (d, J = 8.36 Hz, 4H), 6.84 (t, J = 13.93 Hz, 2H), 

4.29 (d, J = 13.09 Hz, 4H), 4.04 (t, J = 13.09 Hz, 4H), 3.50 (d, J = 13.09 Hz, 4H), 2.05 (m, J = 28.37 Hz, 

4H), 1.77 (m, J = 37.09 Hz, 4H), 1.11 (t, J = 13.09 Hz, 6H). ESI-MS: 624.3578 [M+M-H+]-. 
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Figure 90 ς Structure of compound 4. 

Compound 5: (Figure 91) This compound was synthesised in line with previously published 

methods. Proton NMR were found to match the previously published data.104 The sodium hydride 

was washed with hexane to remove the mineral oil and placed into a round bottom flask under N2, 

to this compound 2 was added. Through the septum dry DMF was added and the mixture stirred 

for ten minutes, then butyl-iodide was added through the septum drop-wise and the solution 

stirred for 26 hours at room temperature. Once complete, the reaction mixture was then poured 

into a 2 M solution of hydrochloric acid, producing a pale-yellow viscous substance. The viscous 

substance was then dissolved into ethyl acetate, the organic layer was then washed with water five 

times, followed by saturated sodium hydrogen carbonate and then finished with a brine wash. The 

solution was then dried over magnesium sulphate and then vacuumed down to produce a whiteish 

powder. 1H NMR (400 MHz, 298 K, CDCl3): 6.57 (m, J = 32.22 Hz, 12H), 4.45 (d, J = 12.24 Hz, 4H), 

3.89 (t, J = 14.69 Hz, 8H), 3.14 (d, J = 14.69 Hz, 4H), 1.89 (m, J = 29.38 Hz, 8H), 1.45 (m, J = 39.17 Hz, 

8H), 0.99 (t, J = 14.69 Hz, 12H). 

 

Figure 91 ς Structure of compound 5. 
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Compound 6: (Figure 92) Hydrogen gas was added through a hydrogen balloon to a stirring 

solution of compound 4 (0.250 g, 0.95 mM) and Pd/C (0.050 g, 0.47 mM) in methanol (25 mL) and 

stirred for 48 hours until the balloon had deflated fully. The solution was filtered to remove the 

Pd/C, and then taken to dryness. Yield: 90 % (0.483 g, 0.85 mM); 1H NMR (400 MHz, 298 K, CDCl3): 

8.56 (s, 2H), 7.97 (s, 2H), 6.77 (m, J = 178.52 Hz, 8H), 4.22 (t, J = 23.14 Hz, 4H), 3.95 (m, J = 23.14 Hz, 

4H), 3.38 (m, J = 66.12 Hz, 4H), 1.97 (d, J = 3.31 Hz, 4H), 1.72 (d, J = 6.61 Hz, 4H), 1.03 (m, J = 16.53 

Hz, 6H). 

 

Figure 92 ς Structure of compound 6. 

Compound 7: (Figure 93) 1-Iodobutane (0.2 mL, 1.76 mM) was added to a stirring mixture of 

compound 2 (0.100 g, 0.23 mM) and sodium hydride (0.200 g, 8.33 mM) in dry DMF (20 mL). The 

solution was then filtered to remove the sodium hydride before acid washing (20 mL x5), then water 

washing (20 mL x3). The compound was then extracted using chloroform and taken to dryness. 

Yield: 17 % (0.023 g, 0.04 mM); 1H NMR (400 MHz, 298 K, CDCl3): 10.20 (s, 1H), 7.05 (d, J = 7.15 Hz, 

2H), 6.72 (t, J = 15.29 Hz, 1H), 6.57 (m, J = 32.05 Hz, 9H), 4.44 (d, J = 13.84 Hz, 3H), 3.91 (br d, J = 

288.17 Hz, 2H), 3.88 (t, J = 15.82 Hz, 6H), 3.14 (d, J = 13.84 Hz, 3H), 1.89 (m, J = 29.66 Hz, 7H), 1.44 

(m, J = 37.57 Hz, 7H), 0.99 (t, J = 15.82, 11H). 
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Figure 93 ς Structure of compound 7. 

Compound 8: (Figure 94) Triphosgene (0.264 g, 0.89 mM) was added to a stirring solution of 

compound 6 (0.416 g, 0.73 mM) in ethyl acetate (30 mL) and heated to 60 °C. Attached was a 

bubbler filled with a saturated solution of sodium carbonate to neutralise any phosgene gas 

produced. This product was synthesised as an intermediate to compound 10 with an assumed yield 

of 100 %. 

 

Figure 94 ς Structure of compound 8. 

Compound 9: (Figure 95) This compound was synthesised in line with previously published 

methods. Proton NMR were found to match the previously published data.198 To a round bottom 

flask aminomethane sulfonic acid was added dissolved into methanol to which 

tetrabutylammonium hydroxide (TBA OH) was added and the solution dried on the rota-vap for a 

minimum of four hours to remove all the methanol. This was then dissolved into ethyl acetate and 

added to the reaction mixture of compound 8 through a septum. Assumed yield of 100 %, taken 

straight through to react. 
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Figure 95 ς Structure of compound 9. 

Compound 10: (Figure 96) Compound 9 (0.256 g, 0.73 mM) was dissolved into ethyl acetate 

(10 mL) and added to a stirring solution of compound 8 (0.451 g, 0.73 mM) in ethyl acetate (30 mL). 

The solution was then filtered to remove any precipitate and taken to dryness. Crude yield: 65 % 

(0.397 g, 0.47 mM). 

 

Figure 96 ς Structure of compound 10. 

Compound 11: (Figure 97) Butyl isocyanate (0.223 g, 2.24 mM) was added to a stirring solution 

of compound 6 (0.395 g, 0.69 mM) in pure pyridine. The solid was filtered from the solvent and 

washed with methanol (20 mL). Crude yield of 52 % (0.274 g, 0.35 mM). 



Page | 125 
 

 

Figure 97 ς Structure of compound 11. 

Compound 12: (Figure 98) Melting point: 130 °C; 1H NMR: (400 MHz, 298 K, DMSO-d6ύΥ ʵΥ фΦсс 

(s, NH), 7.97 (d, J = 8.28 Hz, 1H), 7.65 (d, J = 7.9 Hz, 1H), 7.45 (t, J = 11.88 Hz, NH), 3.91 (d, J = 5.76, 

2H), 3.16 (t, J = 16.68, 8H), 1.56 (m, J = 31.23, 8H), 1.30 (m, J = 36.91 Hz, 8H), 0.92 (t, J = 14.65 Hz, 

12H). 13C{1H} NMR: (100 MHz, 298 K, DMSO-d6ύΥ ʵΥ мрпΦн ό/ύΣ мпуΦо ό/ύΣ мпрΦс ό/ύΣ мооΦу ό/IύΣ мнтΦу 

(C), 113.2 (CH), 109.6 (C), 57.7 (CH2), 56.0 (CH2), 23.2 (CH2), 19.3 (CH2), 13.6 (CH3); IR (film): v = 2962 

(NH stretch), 1699 (C=O stretch), 1215 (S=O stretch). ESI-MS: 304.9765 [M]-, 610.9593 [M+M+H+]-. 

 

Figure 98 ς Structure of compound 12. 

Compound 13: (Figure 99) Melting point: 176 °C; 1H NMR: (400 MHz, 298 K, DMSO-d6ύΥ ʵΥ фΦсн 

(s, NH), 7.55 (d, J  = 2.06 Hz, 1H), 7.47 (d, J = 8.40 Hz, 2H), 7.15 (d, J = 6.75 Hz, 1H), 6.04 (s, 1H), 3.99 

(d, J = 6.05 Hz, 2H), 3.15 (t, J = 16.77 Hz, 8H), 2.31 (s, 3H), 1.55 (m, J = 31.10 Hz, 8H), 1.29 (m, J = 

36.56, 8H), 0.91 (t, J = 14.80, 12H). 13C{1Iϒ bawΥ όмлл aIȊΣ нфу YΣ 5a{hύΥ ʵΥ мслΦс ό/ύΣ мрпΦп ό/ύΣ 

153.9 (C), 153.6 (C), 144.4 (C), 125.4 (CH), 114.4 (CH), 113.1 (C), 110.9 (CH), 103.8 (CH), 57.7 (CH2), 

56.1 (CH2), 23.2 (CH2), 19.3 (CH2), 18.1 (CH3), 13.6 (CH3); IR (film): v = 2960 (NH stretch), 1703 (C=O 

stretch), 1215 (S=O stretch). ESI-MS: 311.0356 [M]-, 623.0773 [M+M+H+]-. 



Page | 126 
 

 

Figure 99 ς Structure of compound 13. 

Compound 14: (Figure 100) Butyl isocyanate (0.202 g, 2.04 mM) was added to a solution of 2-

(2-aminophenyl)benzothiazole (0.407 g, 1.80 mM) in pure pyridine (10 mL). The solid was then 

filtered off and washed with water (50 mL) then methanol (20 mL). Yield 55 % (0.321 g, 0.98 mM); 

Melting point: 158 °C; 1H NMR (400 MHz, 298 K, DMSO-d6): 11.01 (s, 1H), 8.47 (d, J = 9.91 Hz, 1H), 

8.23 (d, J = 7.93 Hz, 1H), 8.13 (d, J = 7.93 Hz, 1H), 7.84 (d, J = 8.69 Hz, 1H), 7.59 (t, J = 16.30 Hz, 1H), 

7.46 (m, J = 33.69 Hz, 2H), 7.33 (s, 1H), 7.07 (t, J = 16.30 Hz, 1H), 3.15 (m, J = 19.27 Hz, 2H), 1.48 (m, 

J = 28.27 Hz, 2H), 1.34 (m, J = 36.62 Hz, 2H), 0.89 (t, J = 14.78 Hz, 3H). 13C{1H} NMR: (100 MHz, 298 

K, DMSO-d6ύΥ ʵΥ 168.0 (C), 154.9 (C), 152.5 (C), 139.5 (C), 132.9 (C), 131.6 (CH), 129.9 (CH), 126.5 

(CH), 125.8 (CH), 122.9 (CH), 121.9 (CH), 121.2 (CH), 119.9 (CH), 117.7 (C), 31.8 (CH2), 19.6 (CH2), 

13.7 (CH3); IR (film): v = 3302 (NH stretch), 1654 (C=O stretch). ESI-MS: 324.1162 [M-H+]-. 

 

Figure 100 ς Structure of compound 14. 

Compound 15: (Figure 101) Phenyl isocyanate (0.328 g, 2.75 mM) was added to a solution of 

2-(2-aminophenyl)benzothiazole (0.493 g, 2.17 mM) in pure pyridine (10 mL). The solid was then 

filtered off and washed with water (50 mL) then methanol (20 mL). Yield 78 % (0.484 g, 1.40 mM); 

Melting point: >200 °C; 1H NMR (400 MHz, 298 K, DMSO-d6): 11.17 (s, 1H), 9.73 (s, 1H), 8.38 (d, J = 

8.56 Hz, 1H), 8.21 (d, J = 8.56 Hz, 1H), 8.15 (d, J = 17.14 Hz, 1H), 7.90 (d, J = 8.56 Hz, 1H), 7.54 (m, J 

= 55.66 Hz, 5H), 7.31 (t, J = 15.70 Hz, 2H), 7.17 (t, J = 14.27 Hz, 1H), 7.01 (t, J = 14.27 Hz, 1H). 13C{1H} 

NMR: (100 MHz, 298 K, DMSO-d6ύΥ ʵΥ 167.7 (C), 152.6 (C), 152.6 (C), 139.6 (C), 138.4 (C), 133.1 (C), 
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131.6 (CH), 130.0 (CH), 128.7 (CH), 126.6 (CH), 125.9 (CH), 123.1 (CH), 122.3 (CH), 122.2 (CH), 122.0 

(CH), 120.9 (CH), 119.2 (CH), 118.9 (C); IR (film): v = 3286 (NH stretch), 1660 (C=O stretch). ESI-MS: 

433.0853 [M-H+]-. 

 

Figure 101 ς Structure of compound 15. 

Compound 16: (Figure 102) 4-Nitrophenyl isocyanate (0.290 g, 1.76 mM) was added to a 

solution of 2-(2-aminophenyl)benzothiazole (0.409 g, 1.80 mM) in chloroform (9 mL) and pyridine 

(1 mL). The solid was then filtered off and washed with water (10 mL) then methanol (20 mL). Yield 

46 % (0.322 g, 0.82 mM); Melting point: >200 °C; 1H NMR (400 MHz, 298 K, DMSO-d6): 11.36 (s, 1H), 

10.51 (s, 1H), 8.36 (d, J = 9.38 Hz, 1H), 8.22 (m, J = 33.44 Hz, 4H), 7.96 (d, J = 9.38 Hz, 1H), 7.81 (m, 

J = 15.45 Hz, 2H), 7.56 (m, J = 56.70 Hz, 3H), 7.24 (t, J = 16.56 Hz, 1H). 13C{1H} NMR: (100 MHz, 298 

K, DMSO-d6ύΥ ʵΥ 167.5 (C), 152.5 (C), 152.1 (C), 146.4 (C), 141.2 (C), 137.6 (C), 133.1 (C), 131.6 (CH), 

130.1 (CH), 126.7 (CH), 126.0 (CH), 125.0 (CH), 123.1 (CH), 122.9 (CH), 122.1 (CH), 121.2 (CH), 119.4 

(C), 118.0 (CH); IR (film): v = 3360 (NH stretch), 1685 (C=O stretch). ESI-MS: 389.0688 [M-H+]-, 

779.1438 [M+M-H+]-. 

 

Figure 102 ς Structure of compound 16. 
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Compound 17: (Figure 103) Triphosgene (0.127 g, 0.42 mM) was added to a stirring solution of 

2-(2-aminophenyl)benzothiazole (0.402 g, 1.77 mM) in ethyl acetate (25 mL) and heated to 60 °C 

for 4 hours, with a quenching solution of saturated sodium bicarbonate attached as a bubbler. With 

an assumed yield of 100 %, 2-(2-aminophenyl)benzothiazole (0.411 g, 1.81 mM) was added to the 

solution containing the isocyanate intermediate and stirred over night at 60 °C. The precipitate was 

then filtered off and washed with methanol (25 mL). Yield 25 % (0.215 g, 0.45 mM); Melting point: 

>200 °C; 1H NMR (400 MHz, 298 K, DMSO-d6): 11.42 (s, 2H), 8.29 (d, J = 8.99 Hz, 2H), 8.13 (d, J = 5.99 

Hz, 2H), 8.05 (d, J = 7.49 Hz, 2H), 7.86 (d, J = 8.99 Hz, 2H), 7.57 (t, J = 14.98 Hz, 2H), 7.45 (m, J = 38.95 

Hz, 4H), 7.29 (t, J = 16.48 Hz, 2H). 13C{1H} NMR: (100 MHz, 298 K, DMSO-d6ύΥ ʵΥ No 13C{1H} NMR data 

obtained due to solubility issues. IR (film): v = 1718 (C=O stretch). ESI-MS: 477.0810 [M-H+]-. 

 

Figure 103 ς Structure of compound 17. 
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8.0 Appendix 

8.1 Characterisation NMR 

 

Figure 1 ς 1H NMR of Compound 1 in CDCl3. 

 

Figure 2 ς Enlarged 1H NMR of Compound 1 in CDCl3. 

 

Figure 3 ς 1H NMR of Compound 2 in CDCl3. 
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Figure 4 ς Enlarged 1H NMR of Compound 2 in CDCl3. 

 

Figure 5 ς 1H NMR of Compound 3 in CDCl3. 

 

Figure 6 ς Enlarged 1H NMR of Compound 3 in CDCl3. 
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Figure 7 ς 1H NMR of Compound 4 in CDCl3. 

 

Figure 8 ς Enlarged 1H NMR of Compound 4 in CDCl3. 

 

Figure 9 ς 1H NMR of Compound 5 in CDCl3. 
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Figure 10 ς Enlarged 1H NMR of Compound 5 in CDCl3. 

 

Figure 11 ς 1H NMR of Compound 6 in CDCl3. 

 

Figure 12 ς Enlarged 1H NMR of Compound 6 in CDCl3. 
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Figure 13 ς 1H NMR of Compound 7 in CDCl3. 

 

Figure 14 ς Enlarged 1H NMR of Compound 7 in CDCl3. 

 

Figure 15 ς 1H NMR of Compound 12 in DMSO-d6. 
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Figure 16 ς Enlarged 1H NMR of Compound 12 in DMSO-d6. 

 

Figure 17 ς 13C NMR of Compound 12 in DMSO-d6. 

 

Figure 18 ς Enlarged 13C NMR of Compound 12 in DMSO-d6. 



Page | 160 
 

 

Figure 19 ς 1H NMR of Compound 13 in DMSO-d6. 

 

Figure 20 ς Enlarged 1H NMR of Compound 13 in DMSO-d6. 

 

Figure 21 ς 13C NMR of Compound 13 in DMSO-d6. 
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Figure 22 ς 1H NMR of Compound 14 in DMSO-d6. 

 

Figure 23 ς Enlarged 1H NMR of Compound 14 in DMSO-d6. 

 

Figure 24 ς 13C NMR of Compound 14 in DMSO-d6. 
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Figure 25 ς Enlarged 13C NMR of Compound 14 in DMSO-d6. 

 

Figure 26 ς 1H NMR of Compound 15 in DMSO-d6. 

 

Figure 27 ς Enlarged 1H NMR of Compound 15 in DMSO-d6. 
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Figure 28 ς 13C NMR of Compound 15 in DMSO-d6. 

 

Figure 29 ς Enlarged 13C NMR of Compound 15 in DMSO-d6. 

 

Figure 30 ς 1H NMR of Compound 16 in DMSO-d6. 
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Figure 31 ς Enlarged 1H NMR of Compound 16 in DMSO-d6. 

 

Figure 32 ς 13C NMR of Compound 16 in DMSO-d6. 

 

Figure 33 ς Enlarged 13C NMR of Compound 16 in DMSO-d6. 
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Figure 34 ς 1H NMR of Compound 17 in DMSO-d6. 

 

Figure 35 ς Enlarged 1H NMR of Compound 17 in DMSO-d6. 

 

8.2 1H NMR self-association studies 

Table 1 ς Dilution study of compound 12 in DMSO-d6 w/ 0.5 % H2O. Values calculated from data gathered from 2 NHs. 

Compound EK Model (M-1) CoEK Model (M-1) 

Ke Kdim Ke Kdim  ́

12 8.87e-4  

(± 0.05 %) 

4.43e-4  

(± 2.63e-2 %) 

-3.36 

 (± -3.27 %) 

-1.68  

(± -1.63 %) 

0.71  

(± 1.53 %) 

Link for EK http://app.supramolecular.org/bindfit/view/cf416bb3-d33d-44da-805f-406a26265789 

Link for CoEK http://app.supramolecular.org/bindfit/view/36dfa03c-39e5-44df-8798-3b0a36fc8631 
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Figure 36 ς 1H NMR stack plot of compound 12 in a DMSO-d6 0.5 % H2O solution. Samples were prepared in series with 

an aliquot of the most concentrated solution undergoing serial dilution. 

Table 2 ς Dilution study of compound 13 in DMSO-d6 w/ 0.5 % H2O. Values calculated from data gathered from 2 NHs. 

Compound EK Model (M-1) CoEK Model (M-1) 

Ke Kdim Ke Kdim  ́

13 21.89  

(± 1.56 %) 

10.95  

(± 0.78 %) 

30.69  

(± 1.77 %) 

15.35  

(± 0.88 %) 

0.68  

(± 7.27 %) 

Link for EK http://app.supramolecular.org/bindfit/view/d9c0a462-741d-4c84-b51b-1e1fc99380f9 

Link for CoEK http://app.supramolecular.org/bindfit/view/44c7db70-8b3e-40b0-9555-9000a1b8f5c9 

 

 

Figure 37 ς 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. 




























































































