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Abstract  

This research has examined a variety of macromolecules; including hyperbranched polymers, di-

block copolymers and tri-block copolymers. The architecture of these materials has been exploited 

for anion binding and transportation applications. The first area of study focussed on the interior 

properties of hyperbranched polymers. This work looked at controlling the environment 

surrounding a receptor and anion binding was the tool used to probe these properties. 

Hyperbranched poly 3,5 diacetoxybenzoic acid of varying molecular weights was used to house an 

anion receptor and the effect upon binding affinities of a variety of anions was measured. The 

polymer had a positive effect upon binding and transporting the 4-nitrophenolate anion from one 

aqueous layer to another through organic media. However, a different observation was made for 

the polymeric receptors than the free receptor. For the small and medium sized polymers (3,000 

and 6,000 Mw respectively), the binding was higher than the free receptor only, although, binding 

dropped significantly for the highest molecular weight studied (14,000 Mw). For a water-soluble 

anion receptor system a different approach was employed. This consisted of a biocompatible di-

block copolymer micelle composed of poly (ethylene glycol) and poly (ɛ-caprolactone) (mPEG-b-

PCLn). The free receptor and medium hyperbranched polymer (6,000 Mw) was encapsulated 

within micelles. Encapsulation and stability of complexes was verified by UV/Vis spectroscopy. 

The next area studied continued the theme of encapsulation using di-block polymers. This work 

involved tethering mPEG with a receptor and co-micellized with di-block copolymers, where the 

co-micellization properties of complexes were probed using fluorescence spectroscopy. The final 

area involved covalently incorporate binding sites as co-monomers during controlled synthesis of 

amphiphilic terpolymers using atom transfer radical polymerisation (ATRP). This polymer would 

consist of a PEG block and a second block containing both the copolymer of methyl methacrylate 

and an anion receptor. For binding characterisation, displacement approach was conducted using 

Uiv-Vis measurements.  
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1.1 Introduction 

Research into anion recognition chemistry began around fifty years ago when Lehn reported on 

cryptand cation coordination chemistry and Pedersen published his study describing the 

coordination chemistry and synthesis of crown ethers. By the 1970s, most of the research interest 

was focused upon group 1 and 2 metal and ammonium cation coordination chemistry. By the 

twenty-first century, the cation recognition area of supramolecular chemistry has become well 

established. However, besides a handful of exceptions, anion coordination chemistry had largely 

been neglected (until about twenty years ago). It is only within these last two decades that the innate 

problems of binding anions has been given mainstream consideration.1  The surge in interest in this 

aspect of coordination chemistry can be attributed to a number of factors, including being universal 

in biological systems. For example, DNA is a polyanion and most enzyme co-factors and substrates 

are anions. The protease, carboxypeptidase A, hydrolyses the peptide bond of the carboxylate 

group at the C-terminal in polypeptides by forming an arginine–aspartate salt bridge.2   Salt-bridge 

binding motifs are implicated in the interactions between protein and the stem loop of RNA and in 

zinc finger/DNA complexes.3,4    

 

These examples highlight the key contribution of anions to many different aspects of biology. 

However, not all anion interactions are beneficial to life. For example, the diseases epilepsy, 

myotonia and cystic fibrosis are attributed, in part, to the dysregulation of chloride ion flux.5–7 

Polluting anions are harmful to the environment, for example, the excessive use of fertilisers 

containing phosphate causes the eutrophication of rivers, also nitrate metabolites cause cancer.8,9 

Furthermore, the environment is threatened by highly mobile pertechnetate that is produced by 

reprocessing nuclear fuel and is released into the ocean.10 It is clear that for the benefit of the 

environment and medical therapies, it is important to coordinate anions specifically. 
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Table 1.1: A comparison of the radii (r) of isoelectronic cations and anions in octahedral environments.11  

Cation r [Å] Anion r [Å] 

Na+ 1.16 F¯ 1.19 

K+ 1.52 Cl¯ 1.67 

Rb+ 1.66 Br¯ 1.82 

Cs+ 1.81 I¯ 2.06 

 

Due to anions being larger than isoelectric cations (see Table 1) and their consequentially reduced 

charge to radius ratio, designing anion receptors is difficult.11 Compared to the electrostatic binding 

interactions of smaller cations, those of anions are less effective. Also, anions may lose their 

negative charge at low pH, as they may become protonated. This means anion receptors can only 

operate within the confines of the pH that the anion remains negatively charged. The design of 

receptors is further challenged by the range of geometries adopted by anionic species (Figure 1.1), 

potentially restricting the scope of receptor-anion interactions. 
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Figure 1.1: The variety of anion geometries. 

 

The strength and selectivity of anion binding is also influenced significantly by solvents. The 

solvation of anions is primarily controlled by electrostatic interactions, and strong anion-hydrogen 

bonds form in particular with hydroxylic solvents. Therefore, for anions to be recognised by anion 

receptors, the receptors must overcome the attraction of the solvent environment. For example, 

charged receptors are able to bind highly solvated anions in protic solvent media; in contrast, 

neutral receptors that use ion-dipole interactions to bind anions will only be successful if the anions 

are in aprotic organic solvents. Biological anion receptor systems have evolved so that selectivity 

is  determined by the difference between free energy lost by dehydrating the anion and the free 

energy gained by the anion interaction with the binding site.1 This has facilitated receptors to 

develop high levels of specificity for particular environments. Receptor selectivity is also affected 

by hydrophobicity. In the Hofmeister series10 (Scheme 1.1), anions are ordered according to their 

hydrophobicity (ergo, the extent of their aqueous solvation). This series was determined by 
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researching the effect of salts upon the solubility of proteins. In general, hydrophobic anions bind 

most strongly to binding sites that are also hydrophobic.  

F− ≈ SO4
2- > HPO4

2- > acetate > Cl − > NO3
 − > Br − > ClO3

 − > I − > ClO4
 − > SCN − 

Scheme 1.1: The Hofmeister series of anion salts. 

 

The focus of this chapter is the key developments in research into anion binding motifs. Means of 

controlling and applying the hydrophobic effect is of particular interest; however, the hydrogen 

bonding and electrostatic interactions are also considered.  

 

1.1.1 Anion Coordination Chemistry  

The solubility, basicity and geometry of the anion need to be factored into any design of selective 

anionic receptors. Selectivity is determined by the receptor and anion being able to form 

complexes. Consideration of the types of noncovalent interactions between the receptor and anionic 

guest is a helpful method of classifying anion receptors. Such interactions include electrostatic 

interactions, hydrogen bonds, hydrophobic interactions and combinations of these.  

 

1.1.1.1 Hydrogen Bonds  

Receptors can be designed to exploit the directional quality of hydrogen bonds. Such receptors 

could be designed to adopt shapes that can distinguish between anionic guests in nonpolar solvents 

that have different geometries or hydrogen-bonding requirements. 

The first anion receptor based exclusively upon amides was created by Pascal in 1986.12 Receptor 

1 showed evidence of binding fluoride ions in DMSO-d6. A number of acyclic tripodal receptors 

bearing amide groups (2-7) were synthesised by Reinhoudt et al. in 1993.13,14 Meanwhile, pre-
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organised amide-modified cyclohexyl ring (8) was prepared by Raposo et al.15 Receptors 2-8 have 

C3 symmetry; in all instances, their arrangement is intended to enable the binding of tetrahedral 

anions best. 

 

A trigonal box was synthesised by Anslyn et al. by condensing 1,3,5-tris(aminomethyl)-2,4,6-

triethylbenzene with three equivalents of 2,6-pyridinedicarbonyl dichloride in dichloromethane in 

the presence of trimethylamine.16 The trigonal prismatic arrangement of the amide NH groups in 9 

confers the ability to coordinate planar anions of p-electron systems, such as carboxylates and 

nitrate. The crystal structure of 9 shows the acetate anion is bound to the cavity of the box, forming 

an acetate complex. Because nitrate is planar and was also very strongly bound, Anslyn et al. 

postulated that it too had to bind within the box’s cavity. In CD3CN/CD2Cl2 (3/1 (v/v)) solution it 

is bound only 2.6 times less strongly than acetate even though it is 106 times less basic). The 

development of receptor 9 is significant as it coordinates nitrate, which typically, is a weak 

coordinating ion. 

 



7 

 

 

 

Urea and thiourea are excellent receptors for carboxylate and other Y-shaped anions because of 

their ability to donate hydrogens, forming two H-bonds. As demonstrated by receptor 10, which is 

urea-based, highly charged bidentate anions that are more basic than the receptor, are able to form 

stable complexes (Table 1.2).17  

 

Table 1.2: The basicity and stability constant (in DMSO) of various bidentate anion receptor 10 

 

A series of acyclic thiourea cleft molecules have been synthesised by Umezawa et al. Included 

among these molecules were some highly pre-organised systems, which incorporated a xanthene 

spacer.18 Receptors 11 and 12 bind anions very strongly; with 12 binding H2PO4
¯ ions with stability 
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constants of up to 195000 M-1 (in DMSO). This can largely be attributed to these receptors 

exhibiting a high level of pre-organisation. It is the hydrogen-bonding array capable of forming 

four hydrogen bonds present in the clefts that confers the selectivity for H2PO4
¯ ions. 

Anions may also H-bond with pyrrole NH groups. According to Sessler et al. (1996) the 

calix[4]pyrroles (meso-octaalkylporphyrinogens) macrocyles were produced for the first time by 

Baeyer  in the nineteenth century. These also coordinate to anions, as shown by meso-

octamethylcalix[4]pyrrole 13, which in CD2Cl2, forms complexes with chloride, dihydrogen 

phosphate and fluoride with 350, 100 and 17200, M-1 respective stability constants.19 Upon anion 

complexation, the macrocycle’s solid-state conformation undergoes a radical change as the free 

calixpyrrole adopts a 1,3-alternate conformation with neighbouring rings adopting opposite 

orientations. However, as shown by the crystal structure of 13, when complexed with chloride, the 

macrocycle takes on a cone conformation, and the four pyrrole NH groups form H-bonds with the 

bound chloride ion.  

 

Being readily able to generate high yields of calixpyrroles makes them attractive to use in industrial 

applications. For example, Gel M (Figure 1.2), synthesised by, Sessler et al., is a calixpyrrole-

modified solid support used to separate anions by high-performance liquid chromatography.20 As 

Figure 1.2 demonstrates, oligonucleotides that are 12–18 bases long can be separated by Gel M. 

Macrocycles have a number of other applications, such as being used in electrodes that are ion-
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selective, and as isolated molecular hosts that are electrochemically active, to detect anionic guests, 

and incorporate into anionic optical sensors.21,22  

 

Figure 1.2: The separation of a mixture containing between 12 and 18 nucleotide subunits on calixpyrrole-modified 

silica gel.20  

 

A bipyrrole-based [2]catenane 14 capable of forming highly stable anion complexes has been 

devised by Sessler, Vögtle et al. The very high stability of the ion binding of catenane was 

established using NMR titration techniques; stability constants of up to 107 M-1 with H2PO4
¯ in 

[D2]1,1,2,2-tetrachloroethane were achieved.23 The mechanism considered responsible for this 

stability is due to the tetrahedral cavity that forms between the rings; the coordination geometry of 

this structure is perfect for tetrahedral anion coordination (Figure 1.3). 
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Figure 1.3: Catenane 14 provides an array of tetrahedral donor hydrogen bonds.23 

 

 1.1.1.2 Hydrogen Bonds and Electrostatic Interactions 

Anion receptors of high efficiency can be generated through joint use of hydrogen bonds and 

electrostatic interactions. In 1968, a mixture of such interactions was employed by a prototype of 

a macrocyclic synthetic anion receptor for anion binding. For halide ion coordination based on 

electrostatic interactions and hydrogen bonds, a number of macrobicyclic ammonium cages (e.g. 

15, 16) were developed by Park and Simmons.24 The binding of the halide ions in the cage between 

two protonated nitrogen atoms was revealed by NMR and crystallographic analysis. 
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Protonated ammonium macrocycles 17 and 18 were demonstrated by Hosseini and Lehn to be 

capable of size-based differentiation of dicarboxylate ions.25,26 Stronger binding of shorter chain 

carboxylates (m = 2, 3) and preferential binding of longer alkyl chain carboxylates (m = 5, 6) are 

exhibited by receptor 17 and receptor 18, respectively.  

The protonated form of hexaazametacyclophane 19 has been shown to bind AMP, ADP, and ATP 

in aqueous solution.10 Nucleotide anion phosphate groups coordinate with the macrocycle through 

a combination of electrostatic and hydrogen-bonding interactions, while NMR studies have shown 

that the base nucleoside stacks with the benzene ring present in the macrocycle. 

 

Protonated polyammonium receptors require a cautious approach to ensure that the acidity of the 

environment is high enough to prevent their de-protonation, but not excessively high to cause the 
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protonation of a potential anionic guest. Guanidinium ion results from guanidine protonation and 

its stabilisation is ensured by resonance and charge delocalisation. For instance, by comparison to 

protonated secondary amine with pKa = 10.5, guanidinium cation with pKa = 13.6 displays stability 

that is around three orders of magnitude higher. Consequently, guanidinium enables anion 

receptors to function over a wider pH spectrum because its protonation is maintained up to high 

alkaline levels. 

Receptors that are heavily inclined towards anions are formed through the integration of pyrrolic 

NH groups and electrostatic interactions. Woodward and colleagues were the first to achieve the 

synthesis of pentapyrrolic expanded porphyrins known as sapphyrins.27 These porphyrins were 

then shown by Sessler and colleagues to be able to coordinate to anions. Double protonation of the 

sapphyrin macrocycle 20 core can result in a positively charged receptor and a series of five groups 

with NH hydrogen binding. Compared to bromide or chloride ions, the binding of fluoride ions to 

deprotonated sapphyrin is more than 1000 times more robust, according to solution-phase 

experiments.28,29   
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The guanidinium group was integrated into a bicyclic ring by Schmidtchen10 and colleagues to 

form 21-23. Such receptors have identical clusters of hydrogen bonding to those present in ureas. 

This has resulted in extensive use of guanidinium-based receptors for binding guests with 

additional carboxylate or phosphate.  For instance, affinity for extraction of tertbutoxycarbonyl 

(Boc)-protected L-tryptophan into chloroform from a racemic mixture in water is demonstrated by 

the chiral receptor 24, with π– π stacking bolstering the interaction between guanidinium and 

carboxylate.30  

 

1.1.1.3 Hydrophobic Effect  

In addition to covalent, ion-dipole and ionic forms of binding, anion binding can also take the form 

of hydrophobic interactions. Carnegie et al. studied the Hofmeister effect, and explored what 

happened to coexisting salts when ClO4
¯ was bound to 25, an octa-anionic cavitand in water.10 The 

research highlighted that direct ion-solute interactions were important. The ionic strength of the 

solutions was adjusted by modifying Na+ salts with a number of different anions. These included 

chaotropic (weakly hydrated) SCN¯ to kosmotropic (strongly hydrated) F¯ anion, were used; 

1HNMR titrations were used to determine the binding constants between of 25 and ClO4
¯. 

Hydrophobic interactions are increased by kosmotropes and decreased by chaotropes; thus, 

kosmotropic salts (e.g., NaF) were found to promote the binding of ClO4
¯, and chaotropic salts, 



14 

 

such as, NaSCN weakened the binding of ClO4
¯. However, the behaviour of intermediate salts, 

such as NaClO3 that are not extreme chaotropes or kosmotropes, is more complicated. At low 

concentrations, the binding of ClO4
¯ increases slightly, but at high concentrations, binding is 

reduced. The researchers applied the data to a model that considered both the co-anion binding 

competitively to the cavity of 25 and the improved binding of the anion provided by 

Na+/carboxylate complex of 25. The researchers established that; (1) chaotropes provoked 

“salting-out”, where the hydrophobic anion bound competitively to the hydrophobic cavity, 

resulting in attenuated binding; and (2) kosmotropes led to “salting-in”, which promoted binding. 

This is primarily attributed to the reduced net charge arising from the cation binding to the anionic 

host. Intermediate salts exhibited complex behaviour, which for (1) was attributed to competitive 

anion binding at high concentrations of salt; and for (2) enhanced cation-induced binding at low 

concentrations of salt being the dominant mechanism. 
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Experimental binding studies using 25 and calculations of its binding to a number of anions were 

undertaken by Sokkalingam et al.19 Their results revealed that in water, 25 weakly binds hydrated 

anions. The highest affinity, the anions evaluated by isothermal titration calorimetry (ITC), was 

Cl3CCO2
¯, (6,337 M-1), with ClO4

¯ exhibiting intermediate affinity (160 M-1); the affinity of I¯ was 

weak (17 M-1), while Cl¯ failed to demonstrate any measureable bonding at all. The ITC results 

point to anion binding being determined by enthalpy at the expense of entropy. The evidence 

provided by MD simulations indicates that compared with in the bulk, when bound in the cavity, 

ClO4
¯ and I¯ kept approximately half of their solvation shell water molecules. In contrast, when Cl¯ 

was bound, it retained the majority of its solvation shell. These findings led to the proposition that 

organised solvated waters in the cavity attract a high cost in entropy, making the affinity of small 

and “hard” ions low or absent and totally inhibiting large ions inside the cavity from being solvated. 

 

The incorporation of a series of naphthalenesulfonates into β-cyclodextrin (26)  in water was the 

focus of work conducted by Inoue et al.31 The primary binding mechanism for these complexes 

arises from the hydrophobic effect of water molecules being displaced from the cyclodextrin’s 

internal cavity by the naphthalene residue. The naphthalene group is orientated within the cavity 

as a consequence of the anionic sulfonate group remaining in contact with the solvent external to 

the cavity.  
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To make the cavity more agreeable to hydrophobic anionic guests, Atwood et al. reduced the 

electron density present within the cavity by coordinating transition metals to the outside of 

calixarenes (27).32 The complexation of Cl¯ in aqueous solution achieved stability constants of up 

to 550 M-1.33  
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1.1.2 Biological Anion Receptors 

Anion detection in water depends greatly on biological systems, which use diverse and elaborate 

mechanisms of anion manipulation in water. The “nest” is a specific fold of great significance for 

anion-binding proteins.34 As shown in Figure 1.4a, two neighbouring residues with such an 

arrangement create an atom-sized concave space encompassing the two main-chain NH groups 

alongside the subsequent amino acid point, which enables anionic or δ- atom coordination. The NH 

groups are organised as crown ether oxygen atoms. This permitted generalisation of particular 

anion-binding motifs (e.g. alpha turn, paperclip/Schellman loop).35  

 

Longer residues with such dihedral angles make up compound nests, leading to wider spaces like 

the P-loop comprising a nest with four residues, which is the chief ATP or guanosine triphosphate 

(GTP)-binding motif in proteins (Figure 1.4b). Stabilisation of a tetrahedral oxyanion intermediate 

in serine protease is ensured by an additional nest with four residues and ion-sulphur clusters are 

frequently supported by nests with up to eight residues.36  
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Figure 1.4: a) Simplified illustration of the most basic nest motif. b) GTP analogue bound by hydrogen bonds from 

five consecutive main-chain amides in a nest formation. c) Simplified illustration of the CαNN motif. d) Binding of a 

phosphate group by a CαNN motif located at the end of a helix.Image taken from Ref 10   

 

A helical hairpin eicosapeptide is an anion host crystallising with an incorporated acetate anion in 

a nest spanning the two helices.37 Furthermore, a minimal hexapeptide with a nest resembling a P-

loop exhibited robust HPO4
2- binding in water at neutral pH.38 Similar to phosphate-binding 

proteins, a phosphate-derived hydrogen bond is accepted by a lysine side chain deprotonated 

amine. 

 

Comprising two main-chain amide hydrogen bonds and a C-H hydrogen bond from the subsequent 

α-carbon atom, the CαNN motif represents a comparable anion-detection moiety to the nest (Figure 

1.4c).39 Originally a phosphate-detection unit (Figure 1.4d), the binding of the CαNN fragment 

Leu-Gly-Lys-Gln to the anchor helix N terminus allowed observation that the conformation 
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alteration displayed by sulphate detection in water resembled an “induced fit” system.40 

Conformation change from non-helical to helical structure was confirmed by computational 

analysis to be caused by both sulphate and phosphate binding.41  

 

Insight into natural anion coordination mechanisms has been derived from new knowledge of 

oxoanion binding.42 Cyanobacteria rely on sophisticated capture systems for nitrate binding, thus 

affording nitrogen fixation for whole marine ecosystems. Asymmetrical nitrate binding occurs in 

the nitrate-binding protein NrtA affixed to the cyanobacterial membrane extracellular part within 

a transporter system.43 In water, the three nitrate oxygen atoms are identical, but when bound, the 

charge centres on a single oxygen atom, which is surrounded by auxiliary groups with positive 

charge; the hydrogen binding of the other oxygen atoms is less robust, with the protein hosting the 

nitrite anion as well, because one atom is in a strongly hydrophobic cleft. The asymmetrical 

coordination of this system may explain its high affinity to the cyanobacterial bicarbonate-binding 

protein CmpA.44 During anaerobic respiration, oxoanion rather than oxygen can be decreased by 

bacteria based on a different nitrate receptor included within the staphylococcus nitrate regulatory 

element (Nre). Just four hydrogen bonds are offered by the mainly hydrophobic binding pocket, 

which can host iodide anions as well; remarkably, activation of the biological activity of the protein 

is also possible when iodide is present.45  

 

The discovery that anion alteration permitted bacteria to assimilate molybdate and tungstate was 

made in 2009. Previously, tetracoordinate metal centres were established in every known Mo- or 

W-containing metalloprotein structure, while transporter proteins displayed octahedral 

coordination, with additional coordination straight to the metal centres being supplied by two 

carboxylate groups and oxygen atoms being supplemented by hydrogen-bond donors.46 This can 

serve as a basis for development of novel mechanisms of multiatomic anion binding. The redesign 
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of the molybdate-binding protein to make it selective for perrhenate as a model for pertechnetate 

(for 99mTc) and for 188Re and 186Re with beta emission was prompted by the opportunity of 

radionuclide non-covalent incorporation within nuclear medicine.47  

 

Although it may appear impractical to coordinate anions based on nucleic acids, which have a 

phosphate backbone with multiple negative charges, aptamers provide several noteworthy options. 

Oligonucleotides with single strands (aptamers) achieve binding of a particular substrate in liquid 

environments by folding in a specific manner.48 Inorganic cations are added to enable charge 

screening necessary for folding and detection. Constituting antibody substitutes, aptamers are 

“raised” via straightforward in vitro selection against various targets, including monoatomic ions, 

small molecules and proteins and entire cells.49,50 However, in spite of the ample instances of metal-

ion binding, aptamers have not been extensively investigated for anion detection.51,52 There is 

extensive knowledge about aptamers for nucleoside phophates, and especially an ATP aptamer 

with high selectivity for longer rather than shorter oligophosphates, indicating that nucleic acids 

are capable of robust and selective polyanion binding when Mg2+ ions are present.53,54 A sensor 

with high selectivity was attained in one study by binding an AMP aptamer to fluorescent 

nanoparticles.55 Furthermore, the potential of aptamers for detecting anions in water was reinforced 

by the discovery of their association with anion porphyrins of biological significance.56  

 

Recent research indicated that pattern-based identification of aqueous anion pollutants was possible 

based on DNA-like oligomers with nucleobase-substituting synthetic units.57 Beads from six 

monomers were the basis for the formation of a library comprising 1296 tetrameric strands. Binding 

locations were created through addition of metals and 17 anions in aqueous buffer solution were 

employed to analyse the fluorescent reaction of the beads. Eight highly responsive systems were 
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eventually established and these were capable of anion differentiation and measurement of 

micromolar concentrations when used together. 

 

1.1.3 Receptors for radioactive anions and decontamination 

Sedimentary rocks contain radionuclides classified as ‘‘primordial” nuclides that have existed since 

the time these elements were formed. These nuclides are called “normally occurring radioactive 

materials” (NORM). Uranium and thorium are two radionuclides that represent natural resources 

existing in our environment. It is found that thorium’s compounds are solely transported with water 

while uranium’s compounds are transported in several ways such as water, gas and oil or sludge 

condensates. When oil is extracted NORM located in the sedimentary rocks is brought up to the 

surface along with the crude oil, gas and water, as a result, this might cause sludge accumulation, 

deposits and damage of the equipment that is used in monitoring changes at various conditions, 

such as; temperature pressure and pH. These changes increase the amount of radionuclides as 226Ra 

and 228Ra found when extracting crude oil from oil fields.58,59  

Deposits are formed when seawater experiences changes in temperature, pressure and acidity when 

extracted which causes radium to co-precipitate with barium, strontium and silicates of calcium 

that forms the radioactive deposits. Radium is found in sludge and scrapings as well, along with 

other radionuclides such as lead-210 and polonium-210. Natural gas is free of sludge and scrapes, 

however, NORMs such as Radon-222 find a way to the surface combined with gas. The decay 

products make a thin film inside the equipment used. These products can convert to hazardous 

material due to gamma radiation from bismuth-214 or lead-210. Seawater injection system which 

used to bring the oil to the surface, can increase the amount of uranium located in deposits, when 

large amounts of water are used. The radioactivity measured in the deposits is low and shows no 

hazard, unless its exposed to extreme amounts over a long period of time. Produced water is the 
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major part of the waste created by the oil and gas industry, the rate of water production is 

tremendously higher than oil production. Produced water contains elevated NORMs such as 226Ra 

and 228Ra that also exists in natural seawater, although with lower activity.60  

 

Figure 1.5: How radioactive waste behaves under extracting of oil. Image taken from Ref 60  

  

 

Additionally, the highly toxic and radioactive pertechnetate (99TcO4¯) anion is produced as a by-

product of the nuclear fuel industry, and poses a significant environmental threat due to its long 

half-life, high water solubility and stability under aerobic conditions. However, direct study of this 

anion has been limited because of its radioactivity. Therefore, the perrhenate anion (ReO4¯), which 

has an identical geometry, similar size and hydration energy, has often been used as a surrogate.61,62  

Cornes, Sambrook and Beer reported the preparation of two anion receptors of pyridinium donor 

motifs attached to diametrically opposed positions on the primary rim of a macrocyclic 
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oligosaccharide (a-cyclodextrin (a-CD)) by utilising either halogen bonding (XB) iodotriazole or 

hydrogen bonding (HB) prototriazole. This receptor is known to complex inorganic anions within 

its central hydrophobic cavity to provide selective recognition of perrhenate in neutral aqueous 

media (Figure 1.6).63   

 

Figure 1.6: Schematic representation of the perrhenate binding mode of the XB and HB receptors (X = I or 

H).Image taken from Ref 63  

 

An investigation was carried out by Ammir and co-workers to study the radioactivity 

contamination of water from and near oil fields in north of Iraq. It was found that the concentrations 

of 238U and 232Th vary between 0.20 and 3.50 ppm and from 0.03 to 1.83 ppm, respectively.  The 

annual effective dose of U and Th were higher than the average water dose, which is recommended 

to be 0.1 mSv/y. Thus, most of the produced water from the studied oil fields is not useful for any 

direct purpose.64   

Despite their potential application in the medicine, biological and environmental fields, there are 

relatively rare examples of anion host system that function in pure water. This is mainly due to the 

inherent properties of anions, such as pH dependence and high energy hydration.65 Moreover, the 
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preparation of water-soluble host system presents a significant synthetic challenge.66 In this project, 

we aim to synthesise anion host systems that can be used for removal of radioactive anions. 

However, we will use a variety of non-radioactive anions, which have identical properties of the 

radioactive materials that might be found in a contaminated area.  
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Chapter Two: Functionalisation of 

HBP for Controlled Microenvironment 

of Isophthalamide Anion Receptor 

 

  



26 

 

2.1. Introduction 

2.1.1 Hyperbranched polymers: Structures and properties 

Hyperbranched polymers (HBPs) consist of macromolecules with a number of branches that make 

up three-dimensional dendritic structures. The branches associated with these macromolecules are 

irregular and typically arranged according to ABn monomers with one-pot polmerization.67–70 The 

structure of HBPs was first introduced in 1952 by Flory, but at the time was only considered 

speculative.71  

In 1982, Kircheldorf first introduced the concept of highly branched polyester, consisting of AB 

and AB2 monomers that were copolymerized. Later, the realisation of hyperbranched 

polyphenylenes using homopolymeristion of ABn type monomers was introduced by Kim and 

Webster.72 These two discoveries have resulted in greater attention being paid to hyperbranched 

polymers in recent decades. Hyperbranched polymers consist of both dendritic and terminal units. 

Specifically, terminal units can be found in all aspects of the polymeric volume, as shown in Figure 

2.1. 

 

Figure 2.1: Unit types for AB2 HBPs. 
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It is possible for partially reacted, or linear, units to occur in the polymeric structure during HBP 

synthesis, due to the random addition of monomers. This feature means that the degree of branching 

of HBPs is significantly different than that of their analogues. The term degree of branching (DB) 

was first introduced in 1991 by Fréchet to characterise and designate the ratio of non-linear units 

to the total number of units. This is demonstrated in the following equation.73  

𝑫𝑩 =
 𝑫 + 𝑻  

𝑫 + 𝑳 + 𝑻
          …  𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟐. 𝟏 

Where D is the number of dendritic units, T the number of terminal units and L is the number of 

linear units.  

The properties of the DB ratio are exemplified when comparing dendrimer and linear polymers and 

hyperbranched polymers. A structurally perfect dendrimer has a DB of 100%, and linear polymers 

introduce a DB of 0%, whereas HBPs synthesised from AB2 monomers have a statistical DB of 

around 50%.  

Although they have different DB ratios, HBPs and dendrimers have similar physical properties, 

including comparably low intrinsic viscosities. However, the interaction between HBPs molecular 

weight and their intrinsic viscosity is adherent to the Mark-Houwink equation for linear polymers.74 

This is due to the fact that steric inhibitions impact HBP growth, where the spherical design of the 

dendrimer prevents that structure from adhering to the same growth impacts. This means that a 

dendrimer structure is more closed than that of HBPs, which are elongated in design.  

Because HBPs have a greater numbers of terminal groups than their linear analogues, they are more 

soluble. The DB positively correlates with solubility, which results in HBPs having an inferior 

solubility when compared with perfectly branched dendrimers.75 However, HBPs can be utilised 

for a number of applications due to their customisable thermal, chemical, rheological and solution 

properties.76  
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2.1.2. Synthesis of HBPs  

HBPs can be easily synthesised through a one-step reaction, requiring significantly less effort than 

the synthetic process for a dendrimer. Scheme 2.1 shows the three main methodologies for 

preparing an HBP for synthesis. The most widespread methodology is polycondensation of ABn 

monomers (where n ≥ 2), as first documented by Kim and Webster in 1988.77 There are two means 

of carrying out this style of polymerisation: slow addition of the branching ABn monomer, or 

simultaneous inclusion. Both impact on the molecular weight distribution, as well as the branching 

density. HBPs synthesised through polycondensation include polyphenoles,73 polyesters, 

polyamides, polyethers, and polyurethanes.72,78,79  

Another methodology is the self-condensing vinyl polymerisation (SCVP), first introduced by 

Frechet et al.80,81 SCVP produces HBPs using one initiating moiety (AB* monomers) and one vinyl 

group. In this type of polymerisation, the activated species are a radical, carbanion, or cation. By 

using SCVP, it is possible to circumvent the gelation or cross-linking reactions that otherwise occur 

due to chain transfer or dimerization. The SCVP methodology is excellent for synthesising poly 

methacrylates and HB polystyrenes.  

The final methodology for HBP synthesis is ring-opening polymerisation. Suzuki first developed 

this method in 1992. In ring-opening polymerisation, the reactive centre is made up of a terminal 

polymer function, which then links to a cyclic monomer chain formed through ionic propagation. 

With each additional monomer step, a new reactive centre is formed. Ring-opening polymerisation 

is used to synthesise polyesters, polyamines and polyethers.82,83  
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Scheme 2.1: Examples of three different approaches to synthesis HBP (i. Step growth polycondensation;  

ii. Self-condensing Vinyl Polymerisation; and iii. Ring opening polymerisation) 

 

2.1.3. Applications of HBPs 

Due to their distinctive properties, HBPs are utilised for a number of purposes, as shown in Figure 

2.2. These include biomimics, additives for surface modification, nanoreactors, multifunctional 

platforms, catalysts, gene/drug vectors, surface coatings, and nanocapsules. Additional 

applications continue to be researched.76,84 One potential application being considered is the use of 

HBPs in supramolecular chemistry. Intramolecular cavities in core-shell amphiphilic HBPs mean 

that such structures can be used to bind guest molecules in a supramolecular process. Another 

potential application being explored is the encapsulation of guests such as drugs, inorganic 

nanoparticles, metal-ion complexes and dyes within amphiphilic HBPs, such as 
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poly(sulfoneamine), poly(amidoamine), and poly(esteramide). Because HBPs can be used to 

encapsulate guests for later release, they are also being considered as a means for purification or 

separation of compounds, particularly in terms of environmental protection.85–89  

 
 

Figure 2.2: Representative figure of some HBPs’ applications  

 

2.1.4. Use of HBPs in anion recognition  

The concept of a host-guest designer complex is often described using a lock and key analogy. The 

key is the guest molecule, whose grooves align with those in the lock, which is represented by the 

receptor molecule. Emil Fisher introduced this analogy in 1894 when describing the relationship 

between substrates (keys) and enzymes (locks). Fisher noted that the guest must be analogous in 

shape and size to the binding site of the host, and therefore the lock and key analogy was born.  

The dimension, chemical properties, and structure of host-guest HBPs must also be considered. 

This includes aspects such as hardness, bonding and charge. Additional aspects to take into account 

in the binding process include rival molecules (and their exclusion), as well as the binding medium. 

The host should be modified to meet the design of the guest. Therefore, the properties of the guest 

must first be considered. The vital phenomena of anion recognition was described earlier, in the 

introduction chapter.   
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2.1.5. The optimum molecular weight of HBPs for anionic interaction 

The effect of size on the interaction of a variety of pyridyl ligands using a zinc porphyrin cored 

hyperbranched polymer was reported by Ellis and Tywman.90 The aim of this study was to probe 

the concept of a dense packed (or shell) theory for HBPs. Electronic and steric effects were 

identified as the two main driving forces that affect interaction. A core unit surrounded by polymer 

units may have a different electronic environment to that of bulk solvent and can provide a guest 

species with a more favourable environment. Steric effects also play a critical role, as binding will 

be hindered if there is a steric barrier between the core unit and the ligand. In this study, the 

interactions are optimal when the pyridyl ligands are coordinated perpendicular to the zinc 

porphyrin plane, thereby allowing maximum orbital overlap. Thus, sterics could restrict the optimal 

orbital overlap, and binding affinity would decrease. The study predicted that dense packing would 

take place as the molecular weight of HBP increased and the ligand would no longer be able to 

access the core unit at the point dense packing took place. The results of this work indicated an 

increase in binding due to positive electronic effects provided by the polymeric structure. This 

increase continued until the HBPs’ molecular weight reached 8000 g/mol for each ligand. At this 

point there was a sharp decline in the association constant as the molecular weights increased 

(beyond 8000). These results confirm that any positive electronic impacts were overcome by steric 

effects, as the onset of dense packing took place. The graph below shows the effect of dense 

packing on pyridine ligand interaction (Figure 2.3). 
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Figure 2.3: The binding data for interaction of varying molecular weight of zinc porphyrin cored hyperbranched 

poly 3,5-diacetoxybenzoic acid, with a pyridine ligand.90–92 
 

 

2.1.6. Principles of anion binding receptor  

Although an ionic bond generated by a positive charge receptors forms a strong interaction with 

anions, the non-directional nature decreases the selectivity of such charged receptors towards anion 

guests. Moreover, accompanying counter ions could compete with the anionic guest for the binding 

site, which further reduces selectivity and increases the possibility of steric hindrance. Therefore, 

neutral anion receptors are the most favourable options for this work, as they are not affected by 

these disadvantages. Neutral anion receptors are able to operate in water with hydrogen bonding 

interactions that forms dipole-dipole attraction between a hydrogen atom and a strongly 

electronegative atom with a lone pair of electrons allowing the formation of a strong bond. The 

strength of hydrogen bonding can be enhanced by increasing the hydrogen bond donors within the 

binding site. Generally, these types of bonds are stronger than ordinary dipole-dipole forces, but 

weaker than true covalent and ionic bonds. However, to synthesise an anion receptor that gives 

priority to hydrophobic species, the environment around the binding site needs to be hydrophobic 
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in nature. The aromatic structure of the receptor could also promote cooperative π-π stacking 

interactions and enhance the overall complex stability. On the other hand, the hydrogen bonding 

attractions require specific configuration or positioning of the concerned atoms. Thus, this type of 

interaction may cause a difficulty for design. The following section outline the aim and objectives 

that should be considered for the first part of this project. 
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2.2. Aim and Objectives   

For many years, the use of small molecules as anion receptors has received more attention than 

macromolecules. In living systems, most encapsulation processes occur in aqueous media using 

the controlled environment within macromolecules. Therefore, biology is an important point of 

reference when designing molecules for anion binding in water. The primary aim of the research 

presented in this chapter is to create a system that has a specific local environment in which a 

hydrophobic macromolecule surrounds an anion binding site. This microenvironment should allow 

selectivity when binding anions in water (Figure 2.4). However, this system can only affect the 

electrostatic and steric environments, as its more difficult to control or fix the precise geometry in 

the same way as in an enzyme.  

 

 

Figure 2.4: Changing of selectivity towards guests, (a) small molecule receptor, (b) hydrophobic macromolecule 

holding binding anion receptor. 
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2.2.1 Synthetic approach and consideration  

The ultimate aim for this research project is to produce an anion binding system, where the anion 

receptor is incorporated within a water-soluble macromolecule. Therefore, the initial aim will be 

to investigate the covalent incorporation of a binding core within an organic soluble HBP. An 

organic soluble HBP is synthetically simpler to create than a water-soluble polymer. The system 

will be compared to the same receptor without the HBP shell. Our group has previously developed 

an effective HBP system where a core functionalised HBP was synthesised using 4-nitrophenyl 

acetate as the core and the simple AB2 monomer 3,5- diacetoxybenzoic acid. Core incorporation 

was controlled precisely using a reversible polymerisation.93 A similar process could be used to 

synthesise an anion binding system by using the binding site as a core. The monomer used has an 

aromatic ring, which could provide additional interactions for aromatic anions due to cooperative 

π-π stacking. 

2.2.1.1 Design of an anion receptor molecule 

When considering an appropriate anion receptor, there are specific criteria that need to be taken 

into account, the first of which is a stable core that can tolerate the reaction conditions required for 

the polymerization process. In addition, it should be compatible with the mechanism involved. 

Finally, the core should be analytically visible in the final product. There are two general types of 

receptor we could consider, a cyclic receptor or a cleft receptor (Figure 2.5A & B).94 A cyclic 

receptor is a pre-organised system in which the anion receptor is fixed in the binding state. 

However, this type of receptor is synthetically challenging. On the other hand, a cleft receptor is 

not pre-organised and free rotation is allowed. As such, the receptor is not always in the binding 

configuration and can only be fixed when the anion is present. This requires a change in geometry, 

which can weaken binding. However, its preparation poses less of a challenge.  
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Figure 2.5: A) Crystallographic structure of preorganised cyclic receptor. B) Dynamic rotamers of cleft receptor.94  

 

Furthermore, synthesising a receptor with little preorganisation, allows the manufacture of 

receptors on a multi gram scale from economically priced starting materials. Therefore, a cleft 

receptor seemed a suitable choice to start with.  

When considering the cleft structure, it was decided that a difunctionalized symmetrical molecule 

would allow simultaneous polymerisation to occur at both sites, which would ensure efficient 

incorporation within the hyperbranched polymer. The functionality would be solely dependent 

upon the monomer in question and the mechanism of polymerisation. We will use an AB2 

monomer, which means that it is a requirement for the core unit to have a two B functionality. The 

B group of the core unit interacts with the A group of a monomer unit, resulting in core 

functionalised B2 unit. At this point, it is not possible to react with a second core unit (Scheme 2.2). 
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Scheme 2.2: The incorporation of a core and an AB2 monomer. 

 

Anion receptors that possess an isophthalamide moiety (Figure 2.6) have received a great deal of 

interest as anion receptors. Therefore, this functional group was chosen and would be used in our 

HBPs. 

 

Figure 2.6: The chemical structure of isophthalamide. 

 

The design of the receptor requires a di-functional, symmetrical, isophthalamide based receptor. 

The chemical structure of the desired receptor R1 will have two acetoxy functional groups that can 

react with the acetoxy AB2 monomers and propagate the polymerisation process. From the 

retrosynthetic analysis, the simplest route to the desired product would be the synthesis of N,Nʹ–

bis (3-hydroxyphenyl) isophthalamide 2, followed by the acetylation of the terminal hydroxyl 

groups (Scheme 2.3). 
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Scheme 2.3: Retrosynthetic route of the target molecule N,Nʹ-bis (3-acetoxyphenyl) isophthalamide into the 

corresponding synthons. 

 

2.2.1.2. Design of an anion receptor based on HBPs 

The overall aim is to encapsulate an anion receptor in an environment that is capable of being 

dissolved in water (i.e. a water-soluble system). However, it is initially worth ascertaining whether 

or not anion binding is affected by covalent incorporation of receptor molecules inside an HBP 

environment. Hence, to demonstrate the feasibility of the principle, it is necessary to test covalent 

incorporation inside an organic soluble polymer system. Critically, this attempt should take place 

before encapsulation inside a water-soluble system (which would be more difficult). The synthetic 

approach associated with an organic soluble system is characterised by substantially greater 

convenience. If a new electronic environment is added to the receptor’s surroundings, one of the 
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following will take place: the normal pattern of anion interaction with the native receptor may be 

modified, which produces a difference in selectivity, due to the fact that the novel environment 

could be perfectly suited for a particular anions. Alternatively, relative binding trends may remain 

exactly the same compared to the native receptor. It is also worth noting that due to steric effects, 

the anionic guest’s binding affinity could be lowered. With these considerations in mind, the first 

activity was to examine the impact of covalent incorporation within an organic HBP. 

 

2.2.3. Transportation of anion within an organic soluble environment 

The preliminary aim of the research discussed in this chapter is to formulate a host-guest system 

wherein a hyperbranched polymer can accommodate an organic soluble species at its core 

(receptor). To test the design of the system, we will use a ‘U-tube’ experiment, which has been 

widely-used to study the transportation of guests via carrier molecules (see Figure 2.7).95 In a U-

tube experiment, our guests are the anions, while the carrier molecules are the host receptors. The 

guests can be transported by the carrier molecules according to either facilitated or passive 

diffusion. In the case of passive diffusion, the guests are soluble in the organic solvent, and can 

diffuse through the medium in an unimpeded way without a host. Facilitated diffusion involves a 

carrier ‘picking up’ a guest from the aqueous layer (AqI) and moving it through the organic layer 

on the other side (AqII). Specificity and kinetic measurements are viable ways to differentiate 

between passive diffusion and facilitated diffusion. Velocity increases linearly with the 

concentration of diffusing guests in the context of simple diffusion.96  
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Figure 2.7: Schematic representation of the ‘U-tube’ model used to measure anion transport rates. 

 

 

To ensure that the binding requirements are satisfied, close attention must be paid to the conditions. 

For example, organic anionic molecules must have compatibility with the receptor sites. These 

molecules should be characterised by a significant level of solubility in the aqueous phase. 

Additionally, the anions chosen should have low solubility, or not be soluble in the organic phase, 

since these conditions attenuate the passive diffusion effect. Another important condition is that 

the carrier (i.e. a cored HBP molecule) must be organic soluble with no aqueous solubility.  

To investigate anions, effective analytical techniques, include Orion-Combined Fluoride Electrode, 

ultraviolet-visible (UV/Vis) spectroscopy, and nuclear magnetic resonance (NMR) spectroscopy, 

can be applied. In the present research, UV/Vis spectroscopy is employed. Furthermore, various 

molecular weights for HBP can be utilised to investigate quantitative aspects of the host system’s 

selectivity, while it is also possible to target various organic anion molecules. 
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2.3. Results and Discussion 

2.3.1. Synthesis of N,Nʹ-bis-(3-acetoxyphenyl) isophthalamide 

The core must have functional groups that compatible with AB2 monomer 3,5-diacetoxybenzoic 

acid. Consequently, the di-functional acetyl receptor based on isophthalamide R1 was chosen.  

 

Figure 2.8: Chemical structure of free receptor/core (R1). 

 

The first step in the process was the synthesis of N,Nʹ-bis-(3-hydroxyphenyl) isophthalamide (2), 

which was achieved according to the modified procedure described by Malone et al.97 The mixture 

of two equivalents of 3-aminophenol and anhydrous N,Nʹ-dimethylacetamide (DMAc) were 

degassed and flushed with argon and the reactor cooled to 0 oC. One mole of isophthaloyl chloride 

was added slowly over 30 min and stirred for 6 hours at room temperature. The product was 

precipitated from cold distilled water to give product 3 as a white solid in a good yield of 75% 

(Scheme 2.4).  

 

 

Scheme 2.4: Synthesis of N,Nʹ–bis (3-hyrdoxyphenyl) isophthalamide. 
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The mechanism is comprised of three stages (Scheme 2.5). 3-aminophenol functions as a 

nucleophile and attacks the carbonyl group of isophthaloyl chloride compound to form a tetrahedral 

intermediate. The second stage involves deprotonation of the atom from the ammonium 

intermediate using another amine as base. This led to reintroduction of the carbonyl group with 

chloride as the leaving group.  

 

Scheme 2.5: Mechanism of nucleophilic substitution reaction of carboxylic acid derivatives. 

  

Analysis of the 1HNMR spectrum’s coupling and integration confirmed the structure of amide 2. 

The peaks corresponding to the OH and NH protons were observed as two singlets, both with an 

integral of two at 10.28 ppm and 9.46 ppm respectively. A highly deshielded single peak at 8.48 

ppm corresponding to one aromatic proton (Ha), attributed to the very strong effect of two carbonyl 

groups. Another singlet at 6.52 ppm corresponded to two aromatic protons (Hg) (Figure 2.9). The 

mass spectrum showed a signal at 347, indicative of the MΗ¯ ion. The FT-IR spectrum of amide 2 

shows a new peak at 1681 cm-1 that corresponds to the amide stretching vibration. The obtained 

N,Nʹ-bis-(3-hydroxyphenyl) isophthalamide was pure enough to be carried forward to the next 

stage of synthesis. 
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Figure 2.9: The 1HNMR spectrum for N,Nʹ–bis (3-hydroxyphenyl) isophthalamide (2). 

 

The next stage of the synthetic procedure was to acetylate the hydroxyl terminal groups of amide 

2 (Scheme 2.6).  

 

 

Scheme 2.6: Synthesis of N,Nʹ- bis-(3-acetoxy-phenyl)-isophthalamide 

 

The amide 2 was dissolved in anhydrous pyridine and cooled in an ice bath. Acetyl chloride was 

then added dropwise after degassing. The reaction was stirred at room temperature for 4 hours. The 

solvent was removed, and the crude product was dissolved in DCM and washed with saturated 

NaHCO3 solution and distilled water to remove the by-product (acetic acid). The product was 

dissolved again in chloroform and filtered. The cream solid was then recrystallized in a minimum 
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of DCM and petroleum ether (40-60), yield obtained was 56%. Acetylation of a hydroxyl group 

was performed in the presence of pyridine, which played an important role in the synthesis while 

also acting as a solvent. It successfully neutralized the acid protons formed during the synthesis 

and also worked as a nucleophilic catalyst, helping to speed up the reaction.98  

The 1HNMR spectrum shows that the acetylation process was successful as the –OH signal, present 

at 10.28 ppm in the spectrum for amide 2 was no longer visible. In addition, a singlet at 2.29, 

corresponding to six methyl protons of the acetate groups, was now visible (Figure 2.10). A mass 

spectrum gave a signal at 433 for the MH+ ion confirming the exact chemical formula  

 

 

Figure 2.10: 1HNMR spectrum for [N,Nʹ-bis-(3-acetoxyphenyl)-isophthalamide] receptor. 

 

As mentioned in the introduction of this chapter, cleft-like receptors have a variety of different 

conformations because of free rotation in solution – only syn-syn is optimised for binding (Figure 

2.11).99 However, in the absence of a guest, it is more likely that rotation of bonds will favour other 

conformations. 
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Figure 2.11: The different conformations of N, Nʹ-bis (3-acetoxyphenyl) isophthalamide.185 

 

The crystals of the core R1 were analysed by X-ray crystallography (Figure 2.12). Kavallieratos et 

al.99 reported that isophthalamide-based receptors demonstrate syn-anti or anti-anti  conformations 

in the absence of an anionic guest, as opposed to the syn-syn conformation, which is optimal for 

anion interaction. Usually, the binding syn-syn conformation is adopted when an anionic guest is 

included, which is driven by the two linear hydrogen bonds. In our case, it was pleasing to observe 

that the crystals were in the syn-syn conformation as the X-ray represents the lowest energy solid 

state.  

 

Figure 2.12: Shows the X-ray crystal structure of N,Nʹ- bis (3-acetoxyphenyl) isophthalamide. 
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2.3.2. Synthesis of monomer unit 3,5-diacetoxybenzoic acid  

The monomer 3,5-diacetoxybenzoic acid 3 is the AB2 monomer used for the preparation of our 

target HBP. The AB2 monomer 3 was produced by reacting commercially available 3,5-

dihydroxybenzoic acid and acetic anhydride (Scheme 2.7).100  

 

 

 

Scheme 2.7: Synthesis of 3,5-diacetoxybenzoic acid (3). 

 

The dihydroxy acid was acetylated at the 3,5-positions by refluxing with excess of acetic anhydride. 

The crude product was dissolved in hot chloroform and filtered, before precipitating in petroleum 

ether to give a white solid product in a yield of 44%. Extra care was taken to ensure that the 

temperature did not exceed 80°C, to avoid the risk of any self-polymerization. The mechanism of 

the acetylation reaction is shown in Scheme 2.8. 



47 

 

 

Scheme 2.8: The mechanism of acetylation reaction of 3,5-dihydroxy-benzoic acid in presence of acid (H-A). 

 

The 1HNMR spectrum displays a broad singlet at 9.84 ppm, indicative of the carboxylic acid 

proton. A doublet and triplet at 7.75 and 7.22 ppm corresponded to the three aromatic protons. An 

intense singlet peak was observed at 2.34 ppm, which integrated to six protons, confirming the 

presence of the acetoxy groups (Figure 2.13). The structure was further confirmed by mass 

spectrometry, which showed a molecular ion peak at 237 Daltons. The IR spectrum shows a new 

intense peak at 1691 cm-1, corresponding to C=O for the ester functional group, and an absence of 

a broad peak at 3198 cm-1 for the O-H functional group.  
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Figure 2.13: 1HNMR spectrum for 3,5-diacetoxybenzoic acid. 

 

2.3.3. Homo polymerisation of 3,5-diacetoxybenzoic acid 

The polymerisation was initially performed without a core as a resulting polymer would be used 

as a reference in control experiment. The non-cored HBP was synthesised using diphenyl ether as 

a solvent. The procedure involves two different temperatures to execute through the reaction. 

Firstly, it was heated to 225C for 45 minutes, whereby the solvent melts to ensure complete 

monomer dissolution and initial oligomers were formed. The temperature was then lowered to 

180°C for 4 hours, and the system placed under vacuum to drive the polymerisation to equilibrium. 

This allowed the removal of the by-product (acetic acid) and led to the completion of the reaction 

(Scheme 2.9).  
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Scheme 2.9: The polymerisation of 3,5-diacetoxybenzoic acid. 

 

The successful polymerisation was verified using 1HNMR spectroscopy, which is confirmed by 

the absence of the carboxylic acid proton at 9.84 ppm. Also noteworthy was a decrease in the 

intensity of the peak for methyl protons at 2.32 ppm. As the polymerization occurs, the ratio of the 

terminal acetoxy peak to the aromatic peaks decreases, which is the cause of the decrease of methyl 
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peak. The HBP has three types of repeat unit, known as the dendritic unit (D), linear unit (L), and 

terminal unit (T) (Figure 2.14). 

 

Figure 2.14: Structural units of ortho- and para-protons present in HBP. 

 

After polymerisation, the ortho-protons to the carbonyl, which were equivalent in the monomer (at 

8.21 ppm), are no longer equivalent. These protons can be a broad peak between 7.70 and 8.10 

ppm (Figure 2.15). 

 

 

Figure 2.15: The 1HNMR spectrum of aromatic protons of poly (3,5-diacetoxybenzoic acid). 
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In addition, three peaks attributed to the protons para to the carbonyl can be seen at 7.23 ppm, 7.38 

ppm, and 7.55 ppm. These are the dendritic (D), linear (L), and terminal (T) protons, respectively 

(Figure 2.16). The relative integration ratios (from 1HNMR) of these units can be used to calculate 

the degree of branching using Equation 2.1 (See section 2.1.1).  

Assignments of D, L and T were made by understanding that the number of dendritic (D) units and 

terminal (T) units are almost equivalent. This makes it relatively straightforward to identify linear 

(L) units as the large peak at 7.38 ppm. The peaks at 7.23 ppm and 7.55 ppm are approximately 

equal and correspond to the terminal units or dendritic units. We can distinguish the D or T units 

based on chemical shift, as the D protons have strong electron withdrawing aromatic groups on 

each side. As such, we can assign the D peak on the signal at 7.55 ppm. This leaves the peak at 

7.23 ppm, which must be the T unit. Applying the integration values of 0.24, 0.50, and 0.26 

obtained from the polymer (see Figure 2.16) in Equation 2.1 provided a DB around 50%, which is 

consistent with this type of AB2 polymerisation.101  

 

Figure 2.16: The 1HNMR spectrum of para-proton of poly(3,5-diacetoxybenzoic acid); assigning the values of 

dnedritic (D), linear (L), and terminal (T) units. 
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Gel permeation chromatography (GPC), calibrated against polystyrene standard, showed an Mn = 

4439 Da and a PD = 1.6. Typically, HBPs that are synthesised without control have a high PD.118, 

119 The IR spectrum provided additional information regarding the successful preparation of the 

HBP, which no longer showed the carboxylic acid peaks at 1769 cm-1 and 3600 cm-1. 

 

2.3.4. Synthesis of core functionalised HBP 1:15  

After successful synthesis and characterisation of the homo HBP, we next attempted to synthesise 

a variety of molecular HBPs with anion binding cores. The general polymerization procedure used 

for the homo polymmerisation of 3,5-diacetoxybenzoic acid was followed, but a core was added. 

The ratio of core to monomer was 1:15 (mole ratio) and mixed with an equal mass of diphenyl 

ether as a solvent. The resulting polymer was isolated by precipitation and washed repeatedly with 

cold methanol to remove any trace amounts of unreacted core. The R1 core unit reacts via the same 

mechanism described in section 2.3.3; the acetoxy groups react with the carboxylic acid groups on 

the monomer unit.   

It should be noted that we decided to use DMSO-d6 as NMR solvent instead of using CDCl3 to 

avoid the solvent peak overlapping with the products aromatic region. Moreover, the calibration of 

the core’s peaks with polymeric peaks would be more accurate and easier to calibrate. The 1HNMR 

spectrum (Figure 2.17) indicated a new broad signal from the core at 6.90 ppm and to the right of 

the polymer signals, which corresponded to the protons Hg (in position para to the amide group in 

the core molecule). These are the most shielded core protons. At 8.73 ppm to the left of the polymer 

signal, a broad multiplet was seen corresponding to the Ha signal of the core. The broadness of the 

signals provides evidence that the core had been incorporated. A broad multiplet can be seen at 

7.30-8.30 ppm, corresponding to the polymeric protons. It should be noted that there is 

considerable amount of overlap between the remaining core signals and polymer signals due to the 

similarity in chemical shifts. As a result, direct assignment of these particular signals is extremely 

difficult. 
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Figure 2.17: 1HNMR expansion (6.5 to 9 ppm) of HBP 1:15. On the right, a monitored signal (Hg) at 6.90 ppm 

corresponding to the incorporated core can be seen, using DMSO-d6. 

 

 

Gel Permeation Chromatography (GPC) gave an approximate molecular weight of 6000 g/mol. It 

should be noted that GPC underestimates the molecular weight of HBPs since it is calibrated 

against linear polystyrene. HBPs adopt a globular conformation in solution, which are smaller in 

volume than an equivalent linear analogue. Another technique used to calculate Mn was 1HNMR 

analysis, which overestimates molecular weight, giving an Mn of 8000 g/mol. This is calculated 

by integrating the peak at 6.89-6.91 ppm, corresponding to two protons Hg (in position para to the 

amide group of the core). The AB2 monomer 3,5-diacetoxybenzoic acid has two acetoxy groups 

and a single carboxylic acid, which is consumed after each monomer is added. However, two 

acetoxy group are subsequently introduced. The number of monomer units present can be estimated 

from 1HNMR spectrum, by integrating the monitored peak (Hg) of the core to the HBP’s peaks, 

which allows us  to calculate the number of polymeric protons (AB2 monomer protons). Thus, an 
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approximate number of monomer units around the core could be estimated. The monomer units in 

HBP6000 would be almost 40 units. In this case, we can estimate the structure shown (Figure 

2.18). By increasing the globular structure of the HBP, we expect to see more discrepancy between 

Mn of GPC and NMR. This is because of using a linear polymer as standard in GPC device, which 

increases the error when compared with a non-linear polymer.  

However, at the 6000 g.mol-1 (estimated by GPC), the HBP6000 was just below the onset of dense 

packing. This means that the core in HBP6000 should bind well to anions. The next step in this 

study was to synthesize HBP systems that were both higher and lower than the optimum dense 

packing limit (6000-8000 g.mol-1). These would provide insight into whether steric effects, 

geometric limitations, and/or electronic effects play a significant role in anion binding studies. 
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Figure 2.18: Representative structure of cored HBP6000 (ratio 1:15). 
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2.3.5. Synthesis of core functionalised HBP 1:5  

Although a HBP with an Mn 6000 g/mol would be an ideal polymer for optimum anion 

interactions. A 1:5 core to monomer ratio should give a HBP with small Mn and allow us to test 

the theory of dense packing using a smaller less well-defined HBP. We would predict weaker 

binding for this polymer. The general procedure of homo polymerisation of 3,5-diacetoxybenzoic 

acid, as discussed in section 2.3.3, was used. 1HNMR would be used to determine the success of 

core incorporation; the spectrum can be seen in Figure 2.19. The polymer signals should become 

less dominant as the core peaks increase; this was observed for HBP with 1:5 ratio. The spectrum 

shows singlet at 6.89 ppm, which corresponds to the protons para to the amide group of the core, 

as these are the most shielded protons present. A multiplet can also be seen at 8.74 ppm, indicative 

of the Ha signal, which is the most deshielded peak. The remaining core signals are harder to see, 

as they were overlapped with the polymer signals between 7.30 and 8.30 ppm (Figure 2.19). 

 

Figure 2.19: 1HNMR expansion (6.5 to 9 ppm) of HBP 1:5. On the right, a monitored signal (Hg) corresponding to 

the incorporated core can be seen, using DMSO-d6. 
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The molecular weight of this HBP was 3000 g/mol, as determined by 1HNMR, with GPC giving a 

value of 2800 g.mol-1. The small margin between the estimated Mn values provide confidence in a 

high level of core incorporation. From the 1HNMR, we estimated that almost 12 monomer units 

surrounded the core unit, creating a less globular or oligomeric structure system (Figure 2.20). 

 

Figure 2.20: Representative structure of cored functionalised HBP3000 (ratio 1:5). 

 

2.3.6. Synthesis of core functionalised HBP 1:25  

To further test the dense packed limit of the HBP, we wanted to synthesise a polymer with an Mn 

above the dense packed limit. Binding to this polymer would be difficult due to steric effect. We 

predict much weaker binding for this polymer.  The general polymerisation procedure was used 

with an increased core-monomer ratio of 1:25. The 1HNMR signals of the polymer become more 
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dominant, thereby reducing the sharpness of core signals (Figure 2.21). A broad doublet at 6.91 

ppm is seen for the Hg protons of incorporated receptor. For HBPs with high molecular weight, the 

determination of the incorporated core’s peaks was difficult, as the core signals are weak relative 

to the monomer; this can therefore lead to high inaccuracy in any spectral interpretation or 

calculation based on the integration of these peaks. 

 

 
Figure 2.21: 1HNMR expansion (6.5 to 9 ppm) of cored HBP 1:25. On the right, a monitored signal (Hg) 

corresponding to the incorporated core can be seen, using DMSO-d6. 

 

Analysis of the HBP with ratio 1:25 by GPC gave a molecular weight of 3,000 g.mol-1, and NMR 

gave an Mn of 22,000 g.mol-1. However, the discrepancy between estimated molecular weights of 

HBP 1:25 is much higher than observed for the HBP6000 and HBP3000 systems. GPC and NMR 

only provide an estimated molecular weight. In our case, we used a core group analysis but not 
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every HBP might have a core unit. In our case, it likely that core incorporation within the polymeric 

structure is relatively low.  

Accordingly, the reaction failed to give a large molecular weight. Therefore, it was decided to 

continue heating and to add more monomer (to increase the ratio of the incorporated core within 

the HBP). As a result, the molecular weight doubled to 6000 g.mol-1 as measured by GPC and 

1HNMR gave an Mn value of 14,000 g.mol-1. This means that the ratio of core within the HBP had 

increased. We subsequently repeated the reaction and in an attempt to drive the equilibrium, a high 

vacuum pump was used. The analysis of the molecular weight obtained from the second attempt 

was 14,000 g.mol-1 by GPC and NMR. Analysis also conducted around 80 monomer units 

surrounded the core to give the globular polymeric system shown in Figure 2.22. This means that 

the HBP14000 was starting to become a much less open structure and the core was sterically 

hindered. 
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Figure 2.22: Representative structure of cored functionalised HBP 1:25. 
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2.3.7. Anion binding assay using 1HNMR titration analysis  

Following the successful synthesis of an anion receptor based on isophthalamide and its core 

incorporation within several HBPs, the next step was to evaluate the anion binding efficacy of free 

receptor, and the HBPs (HBP1, HBP3000, HBP6000 and HBP14000). A 1HNMR titration was 

used to assess anion binding. Anions have various properties that must be considered in the design 

of receptor molecules. The most critical properties are size and shape. It was decided that a 

contrasting range of anions would provide a more in-depth set of results regarding selectivity. The 

anions chosen were halides (Cl¯, Br¯), which are spherical and soluble in water, hydrophobic anions 

such as p-phenolate, benzoate (Y-shaped) and sulphate (tetrahedral). The NMR experiments were 

carried out using d-chloroform as solvent. The anions were used as their tetrabutyl ammonium 

salts. 

The core unit and the core-functionalised HBP solutions were made up fresh and each was titrated 

against the various anionic guests. Each titration solution began with 0.5 mL of the host species at 

a concentration of 20 mg/mL in an NMR tube. The anionic guest, at the same concentration, was 

added in aliquots (20-30 μL) to the host solution. 1HNMR spectra were analysed and the chemical 

shift (ppm) of the NH protons and the proton Ha (in position para to the carbonyl group) were 

monitored (Figure 2.23). After each addition of the anionic guest solution, signals from the 

monitored protons were observed to shift downfield. This shift downfield continues to the point 

where the solution was saturated, and no further changes in shift were observed. Moreover, the 

intensity of the peak was reduced with each addition, along with a broadening of the peak. Topspin 

2.6 software was used to process the spectra obtained.  
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Figure 2.23: 1HNMR spectra depicting the change in NH resonances in core when titrated against 

tetrabutylammonium chloride (using CDCl3 as solvent). 

 

The data for various anions binding to just the core unit is illustrated in Graph 2.1, which shows 

that increasing anion concentration leads to an increase in Δδ, depending on the nature of the anion 

used. This indicates that hydrogen bonding between the isophthalamide receptor and anions has 

taken place. Thus, the 1HNMR titration analysis confirmed that the synthesised core would bind 

anions. 
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Graph 2.1: 1HNMR data obtained from titration of free receptor R1 against variety of anions [chloride, bromide, 

iodide, sulphate, p-nitrophenolate, and benzoate]. 

 

However, when studying the polymers it was apparent from the spectra (Figure 2.24), that the 

polymer signals dominate, making it difficult to identify the core signals. Although, the strongest 

binding comes from chloride, it was extremely difficult to see any change in chemical shift. With 

a larger HBP, it becomes even more difficult. To overcome this problem, we had to do a large 

number of scans for each titration, however, it was still difficult to see any changes. Thus, we 

decided to look for a more practical and simpler method to estimate the level of encapsulation. A 

colourimetric method using UV-Vis was considered. A UV-Vis analysis requires that the anion be 

coloured. Therefore, the experiments focused on the coloured p-nitrophenolate anion.  
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Figure 2.24: NMR data of HBP3000 titrated against TBACl.  

 

2.3.8. UV-Vis anion transportation study  

To assess anion binding and the importance of the HBP, the ability to transport the water-soluble 

phenolate anion across a hydrophobic phase was used. As well as being coloured 4-nitrophenolate 

(PNP-) is water-soluble, which makes it suitable for use in a colourimetric method and detection 

using UV-Vis spectroscopy (Scheme 2.10). The transportation begins with the anion in the aqueous 

phase one (aq.I), which is carried to aqueous phase two (aq.II) through an intermediate organic 

phase.  

 

Scheme 2.10: The equilibrium equation of 4-nitrophenol and 4-nitrophenolate anion. 
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A tris buffer solution was used to prepare the solutions of p-nitrophenolate at different pH. 4-

nitrophenolate has a pKa of 7.16 at 22 °C, which means that it will be protonated at acidic pH. 

Dichloromethane was used as a solvent to prepare a range of organic solutions of HBP3000, 

HBP6000 and HBP14000 as well as the free receptor core R1 at pH 8 (where the PNP will be 

mostly deprotonated). The concentration of the HBP solutions were prepared using the molecular 

weights estimated by GPC. 

The next stage of study consisted of a comparison between core and functionalised HBPs. Different 

molecular weights of cored HBPs were chosen. According to the previous study,102 it was predicted 

that HBP6000 (medium HBP) would have the best size for optimum binding, due to its open but 

ordered structure. On the other hand, the HBP14000 (large HBP) would bind less well to anions, 

as a result of steric hindrance. Finally, the HBP3000 has no steric hindrance, but the structure is 

‘too open’, which will reduce the binding interactions from the HBP.  

A U-tube was charged with an organic phase, with or without receptor, and a magnetic stirring bar 

was placed at the bottom. The coloured aqueous anion solution was carefully added in the first arm 

(Aq.I). The other arm (Aq.II) was charged with buffer solution only. The organic phase was 

continuously but gently stirred until the anion concentration gradient between Aq.I and Aq.II 

reached equilibration. Aliquots were analysed at specific times and it was observed that the colour 

decreased in Aq.I as it intensified in Aq.II, confirming that anions were transported from one arm 

to the other.  

The anion efficacy of the carriers was measured by monitoring the transported p-nitrophenolate 

concentration using UV-Vis spectroscopy. The p-nitrophenolate anions absorbed at λmax of 405 

nm. Concentration of the transported anion was determined using a Beer - Lambert analysis: to 

give an extinction coefficient (ε) of 2.29 × 105 mole-1 L-1 cm-1. Thus, it was possible to determine 

the concentration of transported anions as a function of time. To compensate for passive diffusion, 

a control experimental using just DCM was carried out (Graph 2.2). This showed that the number 
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of anions transported by passive diffusion was relatively low. This amount was subtracted from the 

results obtained using the different anion receptors. 

 

 

Graph 2.2: UV/Vis data for transported anion (p-nitrophenolate), using DCM (passive diffusion) and free receptor 

(R1) carrier. 

 

The data obtained is shown in Graph 2.3. It is apparent HBP6000, the medium HBP showed the 

highest transport affinity for the phenolate. This result is supported by the dense packed theory.102 

Interaction can also be supported by π-π and hydrophobic interactions, leading to optimum binding. 

However, within the free receptor, the hydrogen bond interaction is the only interaction that can be 

utilised for binding anions. Experiments were repeated at least three times and graph displays mean. 
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Graph 2.3: UV/Vis data for transported anion (p-nitrophenolate), using different carriers [Small HBP (3000 g.mol-

1), Medium HBP (6000 g.mol-1), Large HBP (14000 g.mol-1), and free receptor] (error was about ±5%). The 

molecular weight of the HBPs were calculated based on GPC data. 

 

Moreover, although the small HBP3000 has less affinity than the medium HBP6000 to transport 

p-nitrophenolate anion, but it is still better than the receptor alone. However, the large HBP14000 

has less ability for anion transportation, because of the high steric hindrance.  An additional control 

experiment was performed using uncored HBP (homo HBP 4000 and 9000 g.mol-1). The data 

shows that the homo HBP did not have an effect on anion transportation. Experiments were 

repeated at least three times and graph displays mean (Graph 2.4).  
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Graph 2.4: UV/Vis data for transported anion (p-nitrophenolate), using different carriers [Medium HBP (6000 

g.mol-1), homo HBP (4000 g.mol-1) and free receptor]. The molecular weight of the HBPs were calculated based on 

GPC data. 

 

 

Consequently, π-π interactions are not sufficient alone for binding and transporting the aromatic 

phenolate. Furthermore, these experiments were repeated at pH 8.5 to try and optimize anion 

binding. The results were similar to those obtained at pH 8, with slightly faster transportation. This 

can be attributed to a higher concentration of the deprotonated p-nitrophenol molecules in AqI.  
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2.4. Conclusion 

The initial target of this chapter was to synthesis an organic anion cleft receptor that would 

incorporated within a HBP system. An isophthalamide based anion receptor R1 was selected, and 

synthesised via a two-step pathway. This receptor was incorporated within the HBP using a 

reversible transesterification reaction and 3,5- diacetoxybenzoic acid as a monomer. 1HNMR and 

GPC techniques were used to confirm the structure, total core incorporation within the HBP and 

molecular weights  

 

Three different cored functionalised HBPs were synthesised with core to monomer ratio  of 1:5, 

1:15 and 1:25 that gave different molecular weights, 3000, 6000 and 14000 g/mol (by GPC), 

respectively. After successful synthesis, the anion transport properties were performed in organic 

solvent. The purpose of this study was to determine whether the organic soluble cored 

hyperbranched polymers could encapsulate and transport a water soluble anion guests via its core, 

from an aqueous phase (aq. I), and through an organic phase to a second aqueous phase (aq.II). The 

anion transport study was performed using U-tube experiment, and UV/Vis spectrometry was 

chosen to calculate the concentration of transported anion species, and the anion solution was 

prepared at pH 8. The concentration of the different HBP systems were prepared based on the 

molecular weight, as determined by GPC analysis. 

 

 In order to compare the ability of binding anion species by different cored-HBP with the free 

receptor, it was concluded that the polymer system of 6000 g/mol (at the dense packing limit) 

accommodate and transport anion species better than free receptors. Non-covalent binding can be 

supported by π-π and hydrophobic interactions, leading to optimum binding. Within the free 

receptor, the hydrogen bond interaction is the only interaction that can be utilised for binding 

anions. Although the small HBP3000 (below the dense packing limit) has less affinity than the 
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HBP6000 to transport p-nitrophenolate anion, it is still better than the receptor alone. However, 

the large HBP14000 (over the dense packing limit) has less ability of anion transportation because 

of the high steric hindrance. It is noteworthy that, the non-cored HBP has no affect upon binding 

anion species. 
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2.5. Experimental 

2.5.1 Chemicals and Instrumentation 

Solvents and reagents 

All chemicals and reagents were obtained from commercial supplier (primarily Sigma-Aldrich) 

and were used without further purification unless otherwise stated.  

 

Nuclear magnetic resonance spectroscopy (NMR)  

All NMR samples were prepared using deuterated solvents supplied by Sigma Aldrich. 1H NMR 

and 13C NMR spectra were recorded using a Bruker AV1400 MHz machine. The NMR spectra 

were analysed using Topspin 3.2 NMR software. Shifts are quoted as ppm and couplings quoted 

in Hertz.  

 

Fourier transform infrared spectroscopy (FTIR) 

FTIR spectroscopy was performed in the solid state (in reflectance mode) using Perkin Elmer 

Spectrum RX FT-IR System in the range of 700 to 4000 cm-1. 

 

UV-Vis spectroscopy 

The ultraviolet absorbance was recorded on an Analytik Jena AG Specord s600 UV/Vis 

Spectrometer and analyzed using its attached Software (WinASPECT). 

 

Fluorescence Spectroscopy  

Fluorescence results were obtained using a HORIBA Scientific Fluoromax-4 spectrofluorometer 

using its attached software (FluorEssence V3). 
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Mass spectrometry 

The form of ionisation used was dependent on the molecular weight of the sample in question. For 

samples with a low molecular weight, an Electrospray ionisation (ES) was used to record spectra. 

The instrument used was a WATERS LCT mass spectrometer. For samples with a high molecular 

weight, Matrix assisted laser desorption ionisation (MALDI) was required. The instrumentation 

used was a Bruker Reflex III MALDI -ToF mass spectrometer. 

 

pH measurement 

The pH of the buffer solutions prepared was substantiated using a pH 210 Microprocessor pH 

Meter from Hanna Instruments Ltd. (Leighton Buzzard, UK). The device was calibrated using pH 

4.0 and pH 7.0 standard solutions, prepared with buffer tablets (Sigma-Aldrich, Poole, UK). 

 

Gel Permeation Chromatography/ Size Exclusion Columns  

Analytical THF GPC data was obtained at room temperature using either a high molecular weight 

column (3x300 mm PL gel 10 µm mixed-B), or a low molecular weight column (2x600 mm PL 

gel 5um (500 Å) mixed-E). Calibration was achieved by using polystyrene standards (Mn 220-1, 

1,000,000 Da) and molecular weights are thus reported relative to these specific standards used. 

The samples were run using Fisher GPC grade THF as a solvent stabilised with 0.025 % BHT 

(which was supplied to the columns by a Waters 515 HPLC Pump at 1.00 mLmin-1). Toluene was 

added to the prepared sample as a flow marker, before injection through a 200 µL sample loop with 

a Gilson 234 Auto Injector. The concentration of a sample was studied using an Erma ERC-7512 

refractive index detector and, where applicable, by UV using a Waters Millipore Lambda Max 481 

LC Spectrophotometer. Aqueous GPC data was acquired using a Millipore Waters Lambda-Max 

481 LC spectrometer with a LMW/HMW column. The eluent which was used was 

NaNO3/NaH2PO4 (pH=7) buffer solution (unless stated otherwise). The data attained was then 
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analysed using  GPC-online software. Samples were filtered using Whatman® GD/X syringe filters 

with a pore size of 0.45 µm prior to analysis. 

 

2.5.2. Synthesis of  N,Nʹ-bis-(3-hydroxyphenyl)-isophthalamide (2) 

A 250 mL round bottom flask equipped with a stirrer was 

charged with 3-aminophenol (6.55 g, 60 mmol) and 

anhydrous N,Nʹ-dimethylacetamide (20 mL). The 

mixture was degassed and flushed with argon. The 

reactor was cooled to 0 oC using ice-bath, then isophthaloyl chloride (6.09 g, 30 mmol) was added 

slowly over 30 min via syringe, stirring was then continued at room temperature for 6 h. The 

reaction mixture was then poured into cold distilled water and filtered followed by washing several 

time with distilled water. The crude product was purified by dissolving in a minimum amount of 

hot ethanol followed by hot filtration. The filtrate was then precipitated in distilled water and left 

overnight to crystalize. The product was dried in vacuum oven at 40 oC, yield 8.1 g (75 %). 

1H NMR (DMSO-d6, 400 MHz) δ: 10.28 (s, 2Η), 9.46 (s, 2Η), 8.48 (s, 1Η,) 8.11 (dd, 2H, J=8.0, 

2.0) 7.68 (t, 1Η, J=8.0), 7.39 (m, 2Η) 7.22-7.10 (bm, 4Η), 6.52 (bm, 2Η). 13C NMR (DMSO-d6, 

400 MHz) δ: 107.8, 111.7, 111.2, 127.3, 128.5, 129.7, 131.1, 135.4, 140.6, 158.2, and 165.3. FTIR 

(cm-1): 3364 (Ν-Η stretch) 3188, (Ο-Η stretch) 1646, 1604 (amide C=O stretch), 1547, 1489, 1450, 

1266, 683. ESI-MS (ΜΗ-) = 347.0, and m.p. = 246-248 oC. 

 

2.5.3. Acetylation of N, Nʹ-bis-(3-actoxyphenyl)-isophthalamide (R1) 

A dried round bottom flask was charged with N,Nʹ-bis-(3-

hydroxy-phenyl)-isophthalamide (2.50 g, 5.80 mmol) and 

dissolved in anhydrous pyridine (20 mL). The flask was 

degassed with nitrogen in ice bath for 10 min before 
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dropwise addition of acetyl chloride (2.44 mL, 34.40 mmol), resulting in the mixture colour 

gradually changed to deep red. The reaction mixture was then stirred at room temperature for a 

period of 4 h. Pyridine was then distilled off under vacuum distillation. The crude product was 

dissolved in DCM and followed by washing with saturated solution of sodium hydrogen carbonate 

and distilled water to remove any trace amount of acid. The organic layer was then separated using 

separating funnel and the solvent was evaporated under reduce pressure. The product was dissolved 

in chloroform and left to slowly evaporate overnight. The product was dissolved in 30 mL 

chloroform and filtered. The cream solid was recrystallized by dissolving in a minimum amount of 

hot DCM, followed by adding dropwise of petroleum ether (40-60) until the yellow solution 

remained cloudy. The solution was left to evaporate slowly, the cream coloured crystals were 

collected, yield 1.4 g (56%). 

1ΗNMR (acetone-d6, 400 ΜΗz) δ: 9.86 (s, 2Η), 8.56 (s, 1Η), 8.21 (dd, 2Η, J=8.0, 2.0), 7.81 (t, 1Η, 

J=2.0), 7.72-7.65 (bm, 4Η), 7.43-7.37 (bm, 2Η), 6.92 (dd, 2Η, J=8.0, 1.0), 2.29 (s, 6Η). 13CNMR 

(acetone-d6, 400 MHz) δ: 168.9, 164.7, 151.5, 140.3, 135.5, 130.4, 128.7, 126.5, 117.2, 117.2, 

117.0, 113.6, and 20.0.  FTIR (cm-1): 3050-3100 (aromatic C-H, stretch), 1765 (acetate C=O, 

stretch), 1646 (amide C=O). ESI-MS (MH+) = 433.1, and m.p. = 166-168 ˚C. 

 

2.5.4. Synthesis of 3,5-diacetoxybenzoic acid (3)  

A 500-mL round-bottomed flask that was fitted with a reflux condenser and 

equipped with a magnetic stirrer bar was charged with 3,5-dihydroxybenzoic 

acid (160 mmol, 25.01 g) and  acetic anhydride (75 mL). The reaction 

mixture was heated to reflux at 160 0C, gradually the dihydroxybenzoic acid 

went into acetic anhydride giving a brown solution then the reaction was kept 

to reflux for 6h. The acetic acid by-product and the excess acetic anhydride were removed under 

high vacuum distillation. The remaining solid was dissolved in about 100 mL of refluxing 
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chloroform and filtered hot. A white solid compound was obtained by adding appropriate amount 

of petroleum ether to the mother liquor.  The mixture was then left overnight to crystalize, was 

filtered and washed with cold petroleum ether. The collected white solid product was dried in 

vacuum oven (40 0C). Same procedure was repeated for further recrystallization, yield 11.0 g 

(44 %). 

1ΗNMR (CDCl3, 400 ΜΗz) δ: 9.48 (br s, 1Η), 7.75 (d, 2Η, J=2), 7.22 (t, 1Η, J=2), 2.34 (s, 6Η). 

13CNMR (CDCl3, 400 MHz) δ: 170.5, 168.5, 150.8, 130.8, 121.0, 120.6, and 20.62. FTIR (cm-1) 

3400-2400, 1765 (COOH), 1691(COOR). ES-MS (MH-) 237, and m.p. = 140-142 ˚C.  
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2.5.5. General procedure for polymerisation of 3,5-diacetoxybenzoic acid 

3,5-Diacetoxy benzoic acid (various amounts) and diphenyl ether (various amounts) were 

dispensed into a 250 mL round bottom flask, which was then thoroughly degassed and flushed with 

nitrogen. The mixture was heated to 225 °C and stirred for a period of 45 minutes. The temperature 

was reduced to 180 °C and the reaction was subsequently placed under reduced pressure for 4 

hours. The crude mixture was dissolved in refluxing THF and precipitated into cold methanol (800 

mL) and placed in a freezer overnight to maximise precipitation. The resulting solid was filtered 

off and washed with cold methanol, yielding the polymer. 

2.5.5.1 Polymerisation of 3,5-diacetoxybenzoic acid (non-cored HBP) 

The general procedure was followed where 3, 5-diacetoxy-benzoic acid (3.95 g, 20 mmol) and 

diphenyl ether (3.95 g, 20 mmol) were reacted together, yielding 2.05 g (51%).  
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1HNMR (CDCl3, 400 MHz) δ: 8.20-8.02 (br d, 1H), 7.96-7.79 (br d, 2H), 2.38 (br s, 3H). 13CNMR 

(CDCl3, 400 MHz) δ: 169.7, 165.5, 150.1, 131.1, 130.7, 121.3, 120.9, and 21.0. FTIR (cm-1) 2979, 

2218, 2045 (aromatic C-H, stretch) 1744, (ester C=O, stretch) 1367, 1276. GPC: Mn = 4000, and 

PD = 1.89. 

 

2.5.5.2 Polymerisation of 3,5-diacetoxybenzoic acid with N,Nʹ-bis-(3-acetoxyphenyl)-

isophthalamide core using a 1:15 ratio  

The general procedure was followed where 3,5-diacetoxy-benzoic acid (2.18 g, 9.15 mmol), 3-

N,Nʹ-bis-(3-acetoxyphenyl)-isophthalamide (0.25 g, 0.72 mmol) and diphenyl ether (2.5 g, 5.58 
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mmol) were reacted together, yielding the polymer, which was a light brown/grey solid powder in 

appearance, yield 369 mg (54 %).  

1H NMR (DMSO-d6, 400 MHz) δ: 8.55-8.67 (bm, 2Η), 8.20-8.33 (bm, 1Η), 7.65-8.08 (bm, 1Η, 

2Η ), 7.40-7.64 (bm, 4Η), 7.19-7.39  (bm, 2Η [core], 2Η, [polymer] ), 6.72-6.90 (bm, 2Η [core]), 

2.25 (bs, 3Η, [polymer]). 13C NMR (DMSO-d6, 400 MHz) δ: 168.8, 163.8, 162.8, 151.2, 139.1, 

130.9, 130.7, 129.7, 121.3, 120.9, 117.5, 114.0, and 21.0. FTIR (cm-1) 2009-2158 (aromatic C-H) 

1741 (ester C=O, stretch) 1369, 1286, 757. GPC: Mn = 6300, Mw = 12100, PD = 1.39 and Mn (by 

NMR estimation) = 8000. 

 

2.5.5.3 Polymerisation of 3,5-diacetoxybenzoic acid with N,Nʹ-bis-(3-acetoxyphenyl)-

isophthalamide core using a 1:5 ratio  

 

 

The general procedure was followed where 3,5-diacetoxy-benzoic acid (688 mg, 2.89 mmol), 3- 

N,Nʹ-bis-(3-acetoxyphenyl)-isophthalamide (0.25 g, 0.72 mmol) and diphenyl ether (0.95 g, 5.58 
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mmol) were reacted together, yielding the polymer, which was a light brown/grey solid powder in 

appearance, yield 393 mg (57 %). 

1HNMR (DMSO-d6, 400 MHz) δ: 8.57-8.74 (bm, 2H, [Core] NH) 8.06-8.33 (bm, 1H [Core], 2H 

[Core]), 7.67-8.04 (bm, 1H [Core], 2H [Polymer]), 7.47-7.66 (bm, 4H, [Core] ), 7.04-7.46  (bm, 

2H [Core],  2H, [Polymer]) 6.71-6.94 (bm, 2H, [Core]) 2.34 (bs, 3H [Polymer]). 13CNMR (DMSO-

d6, 400 MHz) δ: 169.7, 168.8, 164.5, 163.8, 163.5, 162.8, 151.2, 139.0, 133.3, 131.3, 130.7, 129.5, 

129.2, 128.3, 125.6, 121.3, 120.9, 117.5, 113.9, and 21.0. FTIR (cm-1) 2000-2050 (aromatic C-H) 

1740 (ester C=O stretch) 1370, 1287, 757 GPC: Mn = 3800, Mw = 7300, PD = 1.89 and Mn (by 

NMR estimation) = 2700. 

 



80 

 

2.5.5.4 Polymerisation of 3,5-diacetoxybenzoic acid with N,Nʹ-bis-(3-acetoxyphenyl)-

isophthalamide core using a 1:25 ratio  

 

The general procedure was followed where 3,5-diacetoxy-benzoic acid (5.41 g, 22.7 mmol), 3- 

N,N’-bis-(3-acetoxyphenyl)-isophthalamide (0.25 g, 0.72 mmol) and diphenyl ether (3.01 g, 17.68 

mmol) were reacted together, forming the white solid powder, yield 3.51 g (65%). 
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1H NMR (DMSO-d6, 400 MHz) δ: 8.50-8.71 (bm, 2H [Core]), 8.22-8.43 (bm, 1H [Core]), 8.09-

8.19 (bm, 2H [Core]), 7.75-8.11 (bm, 1H [Core], 2H [Polymer]), 7.19-7.62 (bm, 4H, [Core], [Core]  

2H, [Polymer]), 6.72-6.89 (bm, 2H, [Core]), 2.31 (bs, 3H [Polymer]). 13C NMR (DMSO-d6, 400 

MHz) δ: 168.8, 162.8, 151.2, 130.9, 130.7, 129.7, 123.2, 121.3, 120.9, 118.9, and 21.0. FTIR (cm-

1) 2972, 2931, 2505 (aromatic C-H, stretch), 1742 (ester C=O, stretch), 1442, 1277, 754. GPC: Mn 

= 14000, Mw = 36000, PD = 2.48 and Mn (NMR estimation) = 22000. 
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Chapter Three: Incorporated 
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3.1 Introduction 

3.1.1 Diblock copolymers: Structures and properties  

Copolymers that present qualities dictated by product composition are typically intermediate 

among the qualities of the parent homopolymers. Alternating copolymers are distinguished as 

those single monomers that may follow one another consistently in the polymeric chain within the 

limit. Meanwhile, there are two approaches for regularly combining monomers. One approach 

involves end-to-end addition to connect the extended linear sequences of one monomer to the linear 

sequences of another, resulting in block copolymers. The second approach involves fixing B chains 

at sites on the A backbone chain, resulting in the branched structure known as a graft copolymer. 

Figure 3.1 shows the potential structures that can be formed when these approaches are applied – 

it can be observed that the blocks are organised differently, and they may range in size from a few 

monomers to several thousand.103  

 

 

Figure 3.1: Block and graft copolymers 
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Block length and chemical composition dictate the properties of block copolymers. More 

specifically, the miscibility of two distinct block types is established by the chemical constitution 

of the blocks; miscibility is augmented by covalent bonding between two different blocks, yet a 

predisposition towards separation and development of heterogeneous systems is generally 

displayed by such structures. Various morphologies can thus arise, influenced by several factors, 

including the relative lengths of the blocks, whole-molecule molecular weight, the continuity of 

one phase by comparison to another, as well as sample preparation procedure. 

 

3.1.2 Synthesis of diblock copolymers  

According to the architecture of the polymer of interest, a range of synthetic approaches can be 

employed. When synthesising polymers, an innate issue is that irreversible chain termination and 

transfer reactions hinder regulation of product molecular mass. Furthermore, it is challenging to 

control the aggregation of highly polydispersed polymers because of a lack of uniformity. 

However, the use of living polymerisation techniques can help to prevent this issue.104 Living 

polymerisation reduces the possibility of the chain termination of a growing polymer occurring. 

Atomic transfer free radical polymerisation (ATRP) and ring opening polymerisation (ROP) are 

two examples of living polymerisation techniques that can facilitate the fabrication of diblock 

copolymers.105  

The formation of a carbon-carbon bond via a transition metal catalyst is enabled by ATRP. This 

technique is characterised by the balancing of a low concentration of active propagating species 

and a high number of dormant chains. The following chapter will address this polymerisation 

method in more detail. 

A type of chain growth polymerisation, ROP is characterised by the fact that the polymer terminal 

end serves as a reactive centre, which is the site of joining of additional cyclic monomers, yielding 
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a polymer chain of greater length via ionic propagation. Anionic, cation and catalyst represent the 

existing forms of ROP mechanisms.106,107  

‘Monomer-activated’ and ‘coordination-insertion’ are the two types of catalyst-based ROP 

techniques. In monomer-activated ROP, a catalyst activates the monomer molecules and 

subsequently the polymer chain is attacked by the activated monomer. In the coordination-insertion 

ROP technique the mechanisms underpinning propagation are monomer-catalyst coordination and 

monomer insertion into a metal oxygen bond of the catalyst . As shown in Scheme 3.1, an alkoxide 

bond mediates the attachment of the growing chain to the metal in the propagation step.108 

Biodegradable and biocompatible polymers with a high molecular weight can be produced by 

catalysed coordination-insertion ROP.109  

 

Scheme 3.1: Mechanism of the initiation step for coordination–insertion ROP, adapted from M. Labet and W. 

Thielemans.108
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3.1.3 Self-assembly of diblock copolymers  

A chemical compound demonstrating hydrophilicity as well as hydrophobicity is classified as an 

amphiphile. The formation of an amphiphilic copolymer can be achieved through the use of 

hydrophilic and hydrophobic monomers or segments that have undergone polymerisation. 

Meticulous customisation of the two monomer units can enable the formation of diblock structures 

with particular properties. The properties of amphiphilic copolymers are similar to surfactants, 

which are also amphiphilic in nature (Figure 3.2).   

 

Figure 3.2: Similarity between two amphiphilic compounds 1) Surfactant (SDS) 2) Diblock copolymer 

 

Figure 3.3 shows the various aggregated morphologies that can form from diblock copolymers. 

This is enabled by the fact that the two blocks interact differently with the surrounding 

environment, which results in self-assembled structures formed through hydrophobic 

interactions.110 Clustering of the hydrophobic portions of the molecule is induced by the 

preferential dissolution of the hydrophilic portion in water, being entropically better than the 

organisation of water around every individual hydrophobic portion of the polymer in solution. 

Compared to simple surfactant counterparts, these self-assembly polymer structures are 

significantly larger. The size, geometry, configuration and degree of architecture depends on the 

length of the hydrophobic and hydrophilic blocks, and the nature of the components, solvent 

system, temperature and concentration. 
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Figure 3.3: Different geometries formed by diblock copolymersin water taken from “Block copolymer 

nanostructures” Image taken from (T. Smarta, H. Lomasa, M. Massignania, M. V. Flores-Merinoa, L. R. Perezb, and 

G. Battaglia).111 
 

A) Spherical micelles. Interior formed of hydrophobic chain, with hydrophilic chains facing water. Characterised by low 

critical packing number and strong curvature. Radius is close to that of the length of the polymer chain. 

B) Cylindrical ‘rod like’ micelle. Cross section is similar to that of spherical micelles. Micelle length is highly variable 

so micelles are polydisperse. 

C) Membrane bilayer. Likely to form vesicle structures with two distinct water compartments, one forming the core and 

one in the external environment.  
 

The critical micelle concentration (CMC) is a particular minimum concentration of unimers in 

solution necessary for amphiphiles to aggregate. At low concentration the soluble blocks are 

sufficient to maintain the solubility of the unimers, existing separately and demonstrating no 

aggregation. Self-assembly of block copolymers occurs as the concentrations exceed this minimum 

(the CMC), which reduces the free energy of the system. The relative sizes of the soluble and 

insoluble portions control curvature of the assembly and then dictate the type of structures that 

form (includes micelle and, vesicles).112,113  

The molecular shape of each amphiphile also influences the type of aggregated structures and is in 

turn dependent on the volume (V) of hydrophobic and hydrophilic blocks. As depicted in Figure 

3.4, a small hydrophobic block gives a cone-shaped amphiphile, which forms micelles during self-
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assembly. By contrast, structures resembling rods with an almost cylindrical amphiphile shape 

form vesicles at elevated volume.114–116 This dependence on the unimer shape is reformed to a 

‘packing parameter’ (p), defined by Equation 3.1: 

p = V/a.l               … (3.1) 

(V) the volume of hydrophobic block, (a) the area of the hydrophilic block, (l) length of the 

hydrophobic part. 

 

Figure 3.4: The different morphologies obtained by targeting different packing 

parameters, p.  Image taken from Reference.117  

To ensure the production of micelles, a low concentration and short hydrophobic segment are then 

required. 
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3.1.4 Exploiting the encapsulation properties of polymeric micelles  

Amphiphilic block copolymers represent a wide range of materials, from the simple linear diblock 

structures that contain two hydrophilic and hydrophobic blocks, to far more complex systems. An 

extensive study of polymeric micelles has shown its potential for use in several applications, 

including nano-bioreactors, viral gene vectors and drug delivery agents.118 This interest in diblock 

copolymers has grown because of their ability to self-assemble in both bulk and solution. The 

spontaneous self-assembly of diblock copolymers can create supramolecular nanoparticles 

possessing a hydrophobic core shielded by a hydrophilic periphery. The hydrophobic interior of 

the micelle can be used to encapsulate hydrophobic materials, such as drugs. There are many other 

examples of utilising these micelles for specific applications.98  

Micelles based on the amphiphilic copolymer poly (ethylene oxide) and poly (-caprolactone), with 

both linear and star architectures, have been studied by Quaglia et al. The study showed that these 

types of polymeric micelles exhibit low toxicity towards red blood cells, thus they can be utilised 

as drug delivery agents for lipophilic drug molecules.98  

Zhang et al. synthesised a series of monomethoxy poly (ethylene glycol)- poly (lactide) (mPEG-

PLA) diblock copolymers. These was used to investigate the encapsulation of Cyclosporin, which 

is a highly lipophilic immunosuppressant drug used in post-allogeneic organ transplant and severe 

cases of ulcerative colitis. The drug was encapsulated effectively by these nanocarriers and resulted 

in improved intestinal absorption, which promises improved oral absorption of weakly absorbed 

drugs.119  

More recently, Wang et al.120 examined the capability of polyethylene glycol–

phosphatidylethanolamine (PEG-PE) micelles as drug carriers for doxorubicin hydrochloride and 

vinorelbine tartrate. The results showed that the loaded micelles reduced drug hydrolysis, in 

addition to sustained release.  
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Hongfan et al.121 synthesised star-shaped block copolymers based on poly(D,L-lactide-co-

glycolide) (PLGA) and poly(ethylene glycol) (PEG) with different numbers of arms (3s/4s/6s-

PLGA–PEG) in order to investigate their micelle properties and their loading capacity towards 

Doxorubicin (DOX) (Figure 3.5). The DOX-loaded 4s-PLGA–PEG micelles possessed the highest 

efficiency of cellular uptake and lowest cytotoxicity, probably because of the difference in micelles 

size and PEG distribution on the surface of the micelles. 

 

 

 

Figure 3.5: Structural tailoring of arm numbers from star shaped-PLGA–PEG copolymers (3-arm/4-arm/6- 

arm-PLGA–PEG) could provide a new strategy for designing drug carriers of high efficiency. Image taken from 

reference.121 

  



91 

 

3.2 Aim and Objectives 

Our initial organic binding system was developed to serve as proof of principle and specifically to 

demonstrate that an anion receptor molecule can be covalently incorporated within a HBP and 

retain the ability to bind an anion. The ultimate goal was to develop a host system that can 

selectively bind and transport hydrophobic guests in water. We have an effective organic HBP 

binding system, but it requires functionalisation for its aqueous solubilisation. We can solubilize 

this organic HBP or synthesise a new water soluble HBP. It would be synthetically challenging to 

synthesise a new HBP or to convert the terminal groups of the organic HBP system.114 In addition, 

the interior of a water soluble HBP may not be sufficiently hydrophobic, as their architectures may 

allow water within their cavity. Therefore, we decided to encapsulate HBP6000 within a water-

soluble macromolecular aggregation. 

For the purpose of this research, a linear amphiphilic diblock polymer could be used to encapsulate 

the anion binding HBP6000 in aqueous medium. This self-assembled structure must be water-

soluble, while maintaining sufficient internal hydrophobicity for the HBP to reside in. It was also 

important that the receptors have been retained within the micelle during any extraction process. 

Here, we decided to encapsulate the free receptor (R1) and the cored-HBP6000 within the interiors 

of polymeric micelles system using an amphiphilic diblock copolymer of type AB (Figure 3.6).  
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Figure 3.6: Representative of cored-HBP encapsulation within micelle in aqueous environment 

 

mPEG is a common polymer; and is a popular choice for the hydrophilic block of a micelle system. 

Meanwhile, the hydrophobic block is crucial for creating a ‘dry’ micellar region. The compound 

initially considered for the synthesis of the hydrophobic block was polycaprolactone (PCL). This 

polymer is a widely studied biocompatible and non-toxic polymer.122 Hence, the diblock copolymer 

chosen was poly(ethyleneglycol) methylether-block-poly(ɛ-caprolactone) (mPEG45-b-PCLn). 

These are relatively easy to synthesise with control via a ring opening polymerisation (ROP) 

technique, as control is important. 

The proposed hyperbranched polymer must reside within the hydrophobic pocket of the polymeric 

micelle. Therefore, it is crucial to determine the diameter of the hyperbranched polymer as well as 

the size of the hydrophobic interior of the micelle. It is therefore, important to make sure that the 

HBP system has adequate space within the hydrophobic region. The size capacity of micelles can 

be estimated by assuming the distance between three atoms in the chain (between a C1 and C3) is 
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around 1.5 Å. The length of one hydrophobic segment with 7 bonds will be around 6 Å (Figure 

3.7). 

  

Figure 3.7: Calculation of the size of one ε-caprolactone monomer 

 

Thus, for a micelle molecule consisting of 10 monomer units of PCL, the hydrophobic block of the 

diblock copolymer will have a maximum length of 60 Å, giving a micelle diameter of 120 Å (or 

12 nm) when fully extended. The average molecular weight (Mn) of HBP6000 has almost 40 

monomer units. This HBP system contains approximately 20 bonds across its diameter. 

Consequently, the maximum diameter of the HBP will be 60 Å, making it possible to fit into the 

hydrophobic cavity of the micelle (Figure 3.8).  

 

Figure 3.8: The fitting of HBP within micelle at equilibrium (figure shown is representative) 
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3.3 Results and Discussion 

3.3.1 Synthesis of mPEG45-b-PCLn diblock copolymers 

A series of amphiphilic diblock copolymers of poly (ethylene glycol) methyl ether-block- poly (ε-

caprolactone) (mPEG-b-PCLn) (DB), with varying mPEG/PCL molar ratios, were synthesised for 

comparison. This synthesis proceeded via the tin (II) catalysed ring opening polymerisation of ɛ-

caprolactone, initiated by mPEG (Scheme 3.2). The first stage of synthesis involved drying the 

mPEG for 1 hour at 130ºC under vacuum. The apparatus was then degassed and ɛ-caprolactone 

added. This was followed by the addition of tin catalyst and the reaction was stirred for 24 hours 

at 130ºC. The white solid obtained was dissolved in dichloromethane and precipitated into 

petroleum ether 40-60 to yield the diblock copolymer.  

 

 

Scheme 3.2: Synthesis of mPEG45-b-PCLn (DB) 

 

The 1HNMR spectra of the polymers (in deuterated chloroform) had singlets at 3.38 and 3.65 ppm, 

corresponding to the terminal methyl and methylene protons of PEG section, respectively. The five 

methylene units of the PCL block were observed at 2.32, 1.66, 1.39 and 4.07 ppm, corresponding 

to the α, β+δ, γ and ɛ positions respectively (Figure 3.9). In addition, the IR spectrum had a peak 

at 1721 cm-1, corresponding to the ester carbonyl instead of 1748 cm-1 for the carbonyl in the ɛ-

caprolactone monomer.  
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Figure 3.9: The 1H NMR spectrum of mPEG45:PCL20 (DB20) 

 

1HNMR and GPC analysis were utilized to determine the PCL chain lengths (n), which were 

compared to the theoretical for the four polymers DB10, DB20, DB40 and DB60. The number of 

protons in PEG was constant at 180 and set as standard for integration. Comparing the ratio of this 

standard peak to that of the PCL peaks at 1.39 ppm, 1.66 ppm and 2.33 ppm, the number of 

hydrogen atoms in the hydrophobic PCL region were determined, along with the number of repeat 

units and Mn. The molecular weights determined by GPC and NMR, and the theoretical and 

experimental chain lengths of the hydrophobic segment, along with the PDI are shown in Table 

3.1. 
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Table 3.1: Summary of the molecular weights, polydispersity, and PCL units of mPEG45-b-PCLn determined by 1H 

NMR spectroscopy and GPC 

 
 

DP-   Represents the number of repeat units per polymer chain of the hydrophobic segment. 

a- PCL units calculated from methylene proton signal at 2.33 ppm, with the terminal methyl group of PEG unit set as the 

standard. 

b- Calculation based on feed ratio of the monomer units to mPEG unit. 

c- As determined by integration of 1H NMR in CDCl3. 

d- As determined by LMW THF GPC (reported as polystyrene-PSTY equivalents). 

The two complexes consist of fixed molecular weight. 

 

The data shows that the Mn values via GPC are lower than those obtained by NMR, due to the 

calibration method. Overall, the data shows that the polymers were synthesised with some degree 

of control relative to the mPEG to monomer ratio. The next step is preparation of polymer micelles 

from the synthesised diblock copolymers for intended encapsulation. 

 

3.3.2 Aggregation of Diblock Copolymers into Micelle Structures  

Before further steps were taken, we examined the water solubility of the prepared diblock 

copolymers and their formation into micelle structures. The formation of micelles and their size 

Number Target  

DP 

Actual   

DPa 

Mn/g mol-1 PD 

Theoreticalb 1H NMRc GPCd 

DB10 10 15 3141 3700 3400 1.4 

DB20 20 30 4282 5400 4400 1.8 

DB40 40 70 6564 10,000 9900 1.4 

DB60 60 100 8848 13,500 12,000 1.3 
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rely on their hydrophobic length and size, therefore, any chain elongation may result in the 

formation of alternative aggregates.123 In addition, the degree of control over reaction conditions, 

such as the concentration of molecules, gives control over the hydrophobic chain lengths, which 

enables perfect spherical polymeric micelles to be formed. However, the results have shown that 

the 1:40 and 1:60 mPEG:PCLn ratios were insoluble in aqueous solution. Previous results within 

the group have shown similar results using various chain lengths of the hydrophobic CL 

segment.123 Therefore, it was decided to work with hydrophobic chain lengths that were readily 

studied, specifically the diblock mPEG-b-PCL 1:10 (DB10) and mPEG-b-PCL 1:20 (DB20). The 

resulting micelles were expected to have sufficient internal space to encapsulate the proposed 

HBP6000 system.  

The aggregation properties of the selected diblock copolymers were analysed using a variety of 

methods. 1HNMR spectra were obtained in CDCl3 and D2O to acquire a spectrum of the non-

aggregated and micellar system respectively. In D2O the hydrophobic part of diblock copolymers 

is essentially hidden from the solvent as it forms the internal environment within the aggregated 

structure. This results in a significant decrease of the peaks of the hydrophobic PCL units. The 

1HNMR experiments were carried out at relatively high concentration (>20 mg/mL) (Figure 3.10). 
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Figure 3.10: The 1H NMR spectra of mPEG-b-PCL20 in (A) CDCl3 and (B) D2O 

 

3.3.3 Determination of critical micelle concentration (CMC) 

Prior to any encapsulation studies, the appropriate concentration required to form micelles must be 

determined. In order to form the micelles, the concentration of polymer must be above the critical 

micelle concentration (CMC). This information is important: if the concentration is too low, then 

micelles will not form. If the concentration is too high, larger morphological species may form. 

The CMC could be used to describe the thermodynamic stability of the micelles.124  

Pyrene was used as a fluorescence probe to determine the CMC. This technique is based on the 

fact that a fluorescence dye (pyrene) displays different fluorescence properties according to its 

surroundings. That is, pyrene will exhibit different fluorescence behaviour inside or outside the 

micelle,125 and this change in behaviour is used to determine the CMC.  

Careful interpretation is required as the concentration of pyrene should be low (10-7 M) so that any 

changes can be precisely measured as micellization occurs. Also, changes in fluorescence can 

B) D2O 

A) CDCl3 
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sometimes be attributed to the presence of hydrophobic impurities, or association of the pyrene 

probe with individual polymer chains or premicellar aggregates.126  

The fluorescence spectrum of pyrene in water exhibits five predominant peaks. It has been shown 

that the ratio of the first (I1 at 421 nm) and third peaks (I3 at 439 nm) is a sensitive parameter 

affected by pyrene's environment. Thus, CMC was ascertained using the I3/I1 ratio.127,128 The I3/I1 

pyrene ratio is monitored with respect to the concentration of diblock copolymer and is measured 

at constant excitation wavelength and variable emission wavelengths corresponding to I1 and I3. 

The intensity of the I3/I1 of pyrene from the emission spectra were plotted against diblock 

copolymer concentration in Figure 3.11 and 3.12. The I3/I1 remains constant up to a certain diblock 

concentration and increases sharply as micelles form. The break point in the fluorescence 

behaviour of pyrene occurs around 5 x 10-6 mg/mL of DB10 and 2 x 10-6 of DB20.  

 

 

Figure 3.11: Plot of the total intensity ratio from pyrene emission spectra versus concentration of mPEG-b-PCL10 

(DB10). 
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Figure 3.11: Plot of the total intensity ratio from pyrene emission spectra versus concentration of mPEG-b-PCL20 

(DB20). 

 

At low concentration of copolymer, the I3/I1 remained unchanged. As the concentration of the 

diblock increased, the I3/I1 started to increase, as it entered a more hydrophobic environment. This 

therefore provides information on the location of the pyrene probe in the system confirming the 

formation of micelles.129 The DB20 has more hydrophobic content, and a lower CMC than DB10. 

The specific CMC for micelle formation of the polymers DB10 and DB20 were 5x10-6 and 2x10-6 

mg/mL respectively.  

A CMC can also be determined using Dynamic Light Scattering (DLS), which monitors the size 

of various morphological structures (micelle, vesicles and tubes) as they increase with increased 

concentration.130,131 A number of diblock copolymer solutions were prepared in aqueous solution 

with the concentrations ranging from 1x10-6 to 2x10-3 mg/mL. The data obtained with respect to 

concentration was plotted and the graphs for DB10 and DB20 are shown in Figure 3.12.  
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Figure 3.12: Effective hydrophobic diameter of mPEG-b-PCL10 (DB10) and mPEG-b-PCL20 (DB20) at changing 

concentrations. 

 

The graph in Figure 3.12 shows three distinctive areas, indicating three possible aggregated 

structures (unimers, micelles and vesicles). The average diameter at concentrations between   1-5 

µg/mL were between 75-85 nm and 85-115 nm for the solvated micelles of DB10 and DB20, 

respectively. The formation of micelles was examined within the CMC values measured using 

pyrene and fluorescsnce.132  

The DLS values were considerably larger than expected for a standard micelle. This is because it 

is a measurement of the micelles plus the associated solvent, which in this case is water.110,133 As 

a result, the diameter measurements by DLS are an overestimation of the actual particle sizes. Table 

3.2 highlights the CMCs of DB10 and DB20 were measured by fluorescence (using pyene) and 

DLS. 
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Table 3.2:  CMC of DB10 and DB20 measured by fluorescence (using pyene) and DLS (at concentration 1x10-6 – 

4x10-6 mg/mL). 

 DB10 DB20 

CMC/pyr [µg/mL] 4-5 1.5-2 

CMC/DLS [µg/mL] 2-4 2-4 

 

 

3.3.4 Non-covalent encapsulation of anion receptor  

Polymeric micelles play an important role in the transportation, incorporation and release of active 

substances, particular for water-insoluble molecules.134 For example, it has been reported that the 

encapsulation of an insoluble porphyrin within a poly methyloxazoline-block-poly 

phenyloxazoline (PMO-b-PPO) micelle improved its water solubility, making the porphyrin more 

suitable for pharmaceutical and medical applications.135 Hence, the utilisation of a polymeric 

micelle could also solubilise our receptors (R1 and HBP6000) in aqueous medium. 

Before starting the anion binding study, it was important to examine two important variables. First, 

if the simple anion receptor R1 could be encapsulated inside the micellar core to form a micelle  

complex. Second, whether or not this complex would be stable during extraction study.  That is, 

the receptor would stay inside the micelle when organic solvent was added. We selected the free 

receptor R1 for our encapsulation study as it was simple to synthesise and was insoluble in water. 

As such, a successful encapsulation inside the micelles could offer a controlled binding site within 

bulk water, with the possibility of providing a different binding behaviour towards anions.  
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Figure 3.13: Chemical structure of free receptor R1 (left), and encapsulation of R1 within polymeric micelle DB10 

in water, cartoon representative (right). 

The encapsulation of free receptor (R1) into polymeric micelles (DB10) was carried out by an ‘oil-

dispersion’ technique. The micelles were firstly prepared in buffer solutions (pH 7.04, 0.02M) at 7 

x 10-4 M. Next, a 4 x 10-5 M DCM solution of the receptor R1 was added drop-wise to the micelle 

solution. The mixture was continuously stirred until the DCM had evaporated, yielding a micelle 

free receptor complex. Initial encapsulation was assessed using UV-Vis spectroscopy. The analysis 

revealed that R1 was completely insoluble in water, but was soluble in the presence of micelle with 

an intense band at 270 nm, confirming successful encapsulation of R1 within the micelles. The 

receptor R1 had an extinction coefficient of 42604 M-1cm-1, as determined via Beer-Lambert plot.  

After encapsulation of the receptor within the micelles was confirmed, the stability of the complex 

in water was investigated (would the free receptor stay inside the micelle phase when organic 

solvent was added). 2 mL of DCM was added to a solution of the micelle-receptor complex and 

shaken for 30 min. The aqueous layer was then collected and measured by UV-Vis spectroscopy. 

The result is shown graphically in Figure 3.15. Unfortunately, the data revealed that the micelle-

receptor complex has very weak stability in water and the receptor could be easily removed from 

the micelle. 
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Figure 3.15: Uv-Vis measurement of micelle-R1 complex before and after extraction showing poor stability of the 

receptor (R1) in the micelle during extraction conditions using DCM and shaken for 30 min.  

 

This indicates that the micelle does not provide strong enough interactions to support or hold the 

receptor. Although the micelle can provide a hydrophobic environment to bind the receptor in 

water, it is relatively weak. There are also no additional interactions that could help provide a strong 

cooperative interaction to prevent the receptor being extracted with organic solvents.   

We hoped that the HBP6000 might have improved stability within the micelle. That is the large 

hydrophobic hyperbranched polyester could provide additional interactions via electrostatic 

interactions between the PCL and hyperbranched polyester. In addition, these interactions may 

enable the HBP to work as a non-covalent crosslinker that could stabilise the micelle and help 

prevent extraction by organic solvent. The solubility of the HBP was higher in ethyl acetate than 

DCM (Figure 3.16). As such, the micelle PCL structure is similar to ethyl actate and may provide 

a better solvating environment than the external DCM (the organic solvent used for extraction).    
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Figure 3.16: Effect of solvent on the solubility of HBP (1 x10-5 M).  

 

As such, we predicted that the proposed micelle-HBP complex would have a higher stability than 

the micelle-receptor complex. We examined the encapsulation of HBP6000 and the stability of the 

resulting micelle- HBP6000 complex using the same procedure described above (Figures 3.18).   

 

 

Figure 3.18: Uv-Vis measurement of micelle-HBP6000 complex before and after extraction using DCM showing 

more stability of the receptor (HBP6000) in the micelle during extraction conditions using DCM and shaken for 30 

min. 
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Although the extraction results showed that the micelle-HBP6000 complex was more stable than 

the micelle-R1 complex, the amount of HBP extracted from the micelle was still too high. 

Therefore, this method cannot be applied for anion extraction experiments, as a significant amount 

of the binding site would be removed from the micelle. Therefore, we need to find another method 

that could increase the stability of the anion receptor within the polymeric micelle.  
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3.4 Conclusion 

Developing an organic system was to serve as proofs of principle, demonstrating that an anion 

receptor can be covalently incorporated and still maintain the ability to bind anionic species. The 

main goal of this chapter was to develop a core functionalised water soluble system. An effective 

organic binding system has been realised; therefore, the next stage was development of a core 

functionalised water soluble polymeric system. Here, we decided to encapsulate the free receptor 

and the cored-HBP within the interiors of polymeric micelles system using an amphiphilic diblock 

copolymer of mPEG45-b-PCLn. We examined the CMC of the prepared diblock copolymers 

mPEG45-b-PCL10 and mPEG45-b-PCL20 in water using fluorescence technique and pyrene as probe. 

The specific CMC for micelle formation of the polymers mPEG45-b-PCL10and mPEG45-b-PCL20 

were 5x10-6 and 2x10-6 mg/mL respectively. Another technique such as DLS was also utilised for 

determining the CMC.  

 

The encapsulation of free receptor R1 and HBP6000 into polymeric micelles mPEG45-b-PCL10 

was conducted using Uv-Vis spectroscopy. The extraction results showed that the micelle–HBP 

complex (MH) was more stable than the micelle-free receptor complex (MR). However, the 

amount of HBP extracted from the micelle was still too high for the transportation method to be 

applied for anion extraction, as a significant amount of the binding site would be removed from 

the micelle complex. 
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3.5 Experimental 

 3.5.1 Chemicals and Instrumentation 

Solvents and reagents 

All chemicals and reagents were obtained from commercial supplier (primarily Sigma-Aldrich) 

and were used without further purification unless otherwise stated.  

 

Nuclear magnetic resonance spectroscopy (NMR)  

All NMR samples were prepared using deuterated solvents supplied by Sigma Aldrich. 1H NMR 

and 13C NMR spectra were recorded using a Bruker AV1400 MHz machine. The NMR spectra 

were analysed using Topspin 3.2 NMR software. Shifts are quoted as ppm and couplings quoted 

in Hertz.  

 

Fourier transform infrared spectroscopy (FTIR) 

FTIR spectroscopy was performed in the solid state (in reflectance mode) using Perkin Elmer 

Spectrum RX FT-IR System in the range of 700 to 4000 cm-1. 

 

UV-Vis spectroscopy 

The ultraviolet absorbance was recorded on an Analytik Jena AG Specord s600 UV/Vis 

Spectrometer and analyzed using its attached Software (WinASPECT). 

 

Fluorescence Spectroscopy  

Fluorescence results were obtained using a HORIBA Scientific Fluoromax-4 spectrofluorometer 

using its attached software (FluorEssence V3). 
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pH measurement 

The pH of the buffer solutions prepared was substantiated using a pH 210 Microprocessor pH 

Meter from Hanna Instruments Ltd. (Leighton Buzzard, UK). The device was calibrated using pH 

4.0 and pH 7.0 standard solutions, prepared with buffer tablets (Sigma-Aldrich, Poole, UK). 

 

Dynamic light scattering (DLS) 

DLS results were obtained using the Brookhaven instrument 90 Plus Particle Size Analyser 

(Holtsville, NY, USA) 35 mW solid state standard laser. This instrumentation was used to 

determine the hydrodynamic diameter of nanoparticles. Particle sizing software 

9kpsdw32.exe.ver.3.80 was used for characterisation. Light was scattered at an angle of 90 ° with 

each run lasting 2 minutes at a temperature of 37.5 °C. Samples were filtered using Whatman® 

GD/X syringe filters with a pore size of 0.45 µm, prior to analysis. Results reported are based upon 

volume distribution. 

 

Gel Permeation Chromatography/ Size Exclusion Columns  

Analytical THF GPC data was obtained at room temperature using either a high molecular weight 

column (3x300 mm PL gel 10 µm mixed-B), or a low molecular weight column (2x600 mm PL 

gel 5um (500 Å) mixed-E). Calibration was achieved by using polystyrene standards (Mn 220-1, 

1,000,000 Da) and molecular weights are thus reported relative to these specific standards used. 

The samples were run using Fisher GPC grade THF as a solvent stabilised with 0.025 % BHT 

(which was supplied to the columns by a Waters 515 HPLC Pump at 1.00 mLmin-1). Toluene was 

added to prepared sample as a flow marker, before injection through a 200 µL sample loop with a 

Gilson 234 Auto Injector. The concentration of a sample was studied using an Erma ERC-7512 

refractive index detector and, where applicable, by UV using a Waters Millipore Lambda Max 481 

LC Spectrophotometer. Aqueous GPC data was acquired using a Millipore Waters Lambda-Max 
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481 LC spectrometer with a LMW/HMW column. The eluent which was used was 

NaNO3/NaH2PO4 (pH=7) buffer solution (unless stated otherwise). The data attained was then 

analysed using  GPC-online software. Samples were filtered using Whatman® GD/X syringe filters 

with a pore size of 0.45 µm prior to analysis. 

 

3.5.2. General procedure for the synthesis of di-block copolymers  

 

A dried two-neck round bottom flask was filled with dry mPEG2000 and stirred under vacuum at 

130 0C for 2h. The reaction system was refilled with nitrogen gas and Ɛ-caprolactone (varied in 

ratio to the mPEG monomer units) was added by using syringe through the rubber septum followed 

by stannous octoate (few drops). The solution was stirred overnight at 130 0C. The resulting white 

solid at room temperature dissolved in DCM and precipitate into petroleum ether 40-60 0C to yield 

methyl polyethylene glycol-block-polycaprolactone.  

 

3.5.2.1 Synthesis of mPEG-b-PCL10 di-block copolymers (DB10): 

Ɛ-Caprolactone (1.83 mL, 16.5 mmol) was reacted with mPEG2000 (3.00 g, 1.5 mmol) to yield 3.75 

g of mPEG-block-PCL10.
  

1HNMR (CDCl3, 400MHz) δ: 1.39 (p, 2H, γ-CH2), 1.64 (p, 4H, β and δ-CH2), 2.31 (t, 2H, α-CH2), 

3.48 (s, 3H, CH3O-), 3.64 (s, 180H, OCH2CH2O), 4.05 (t, 2H -CH2OH). 13CNMR (CDCl3, 

400MHz,) δ: 24.8, 25.5, 28.9, 34.1, 64.0, 70.8, and 173.5. FTIR (cm-1): 2987 and 2865 (CH2), 1719 

(COOR), 1991 (C-O-C). GPC: Mn = 3400, Mw = 4700, PD = 1.41. Mn (estimation NMR) = 3700. 
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3.5.2.2. Synthesis of mPEG-b-PCL20 di-block copolymers (DB20): 

Ɛ-Caprolactone (3.66 mL, 33 mmol) was reacted with mPEG2000 (3.00 g, 1.5 mmol) to yield 7.4 g 

of mPEG-block-PCL20. 

 1HNMR (CDCl3, 400 MHz) δ: 1.39 (p, 2H, γ-CH2), 1.67 (m, 4H, β and δ-CH2), 2.32 (t, 2H, α-

CH2), 3.40 (s, 3H, CH3O-), 3.66 (s, 180H, OCH2CH2O), 4.07 (t, 2H -CH2OH). 13CNMR (CDCl3, 

400 MHz) δ: 24.3, 25.9, 28.3, 34.5, 64.2, 70.5, and 173.8. FTIR (cm-1): 2987 and 2868 (aliphatic 

CH2), 1720 (COOR), 1189 (C-O-C). GPC: Mn= 4400, Mw= 8000, PD = 1.84, and Mn (by NMR 

estimation) = 5400. 

 

3.5.2.3. Synthesis of mPEG-b-PCL40 di-block copolymers (DB40): 

Ɛ-Caprolactone (6.85 mL, 60 mmol) was reacted with mPEG2000 (3.00 g, 1.5 mmol) to yield 7.4 g 

of mPEG-block-PCL40.
  

1HNMR (CDCl3, 400 MHz) δ: 1.4 (p, 2H, γ-CH2), 1.67 (m, 4H, β and δ-CH2), 2.33 (t, 2H, α-CH2), 

3.39 (s, 3H, CH3O-), 3.65 (s, 180H, OCH2CH2O), 4.08 (t, 2H -CH2OH). 13CNMR (CDCl3, 

400MHz) δ: 24.9, 25.5, 28.1, 34.7, 64.2, 70.5, and 173.5. FTIR (cm-1): 2987 and 2868 (CH2), 1720 

(COOR), 1185 (C-O-C). GPC: Mn = 9900, Mw = 13900, PD = 1.40. Mn (estimation NMR) = 10000. 

 

3.5.2.4. Synthesis of mPEG-b-PCL60 di-block copolymers (DB60): 

Ɛ-Caprolactone (11.30mL, 102mmol) was reacted with mPEG2000 (3.00 g, 1.5 mmol) to yield 12.93 

g of mPEG-block-PCL60.
  

1HNMR (CDCl3, 400 MHz) δ: 1.41 (p, 2H, γ-CH2), 1.65 (m, 4H, β and δ-CH2), 2.34 (t, 2H, α-

CH2), 3.41(s, 3H, CH3O-), 3.65 (s, 180H, OCH2CH2O), 4.08 (t, 2H -CH2OH); 13CNMR (CDCl3, 

400MHz) δ: 24.7, 25.6, 28.1, 34.1, 64.1, 70.7, and 173.5. FTIR (cm-1): 2944 and 2864 (CH2), 1719 

(COOR), 1974 (C-O-C). GPC: Mn = 12000, Mw = 16300, PD = 1.35. Mn (estimation NMR) = 

13500. 
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3.5.3 Micelle formation 

Micelle samples of di-block copolymers were prepared by direct dissolution method in which an 

aqueous solution of polymer (1 mg mL-1) was vigorously stirred for 2h, sometimes heating was 

required. 

 

3.5.4 Encapsulation of HBP within polymeric micelles   

HBP loaded/encapsulated polymeric micelles were prepared by an oil-in-water emulsion method 

for the slightly water soluble mPEG-b-PCL di-block copolymer. This method involved dropwise 

addition of HBP dissolved in a suitable organic solvent to the preformed micelle solution. The 

mixture was stirred for 1 to 2 hours to remove the organic solvent by evaporation.  
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Chapter Four: Co-micellization of 

mPEG-Amide Anion Binding Receptor 

with Water-Soluble Diblock Polymers 
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4.1 Introduction 

According to the findings from the previous chapter, it was hypothesised that using a controlled 

microenvironment for a macromolecular anion binding receptor could trigger less “leaching” into 

the organic medium if the binding site was bound to a hydrophilic molecule.  This was hypothesised 

to increase the stability of the anion receptor within the micellar structure during extraction studies, 

and the use of PEG to tether the receptor and hold it within the micelle was proposed for this 

purpose. Another reason for using tethered receptors is to isolate the binding sites from each other 

and prevent dimerization, as this phenomenon could inhibit anion binding by reducing the number 

of binding sites available, decreasing the efficiency of the receptor. 

 

PEG is used in various chemical, biomedical and pharmaceutical applications, due to being non-

toxic, non-immunogenic, biocompatible, and water-soluble.136 However, one obvious 

disadvantage of PEG is a lack of reactive groups in its polymeric ether chains, which means that 

synthesis of PEG derivatives with active and functional terminated groups is of great interest. 

An excellent example of a modification of PEG is PEGylation. PEGylation of a biomolecule can 

cause changes in its physicochemical properties such as hydrophilicity, size, and molecular weight, 

as well as adjustments in conformation and steric hindrance.137 Arginine deiminase (ADI) has been 

studied as an anti-cancer enzyme in this context. However, ADI has a short circulating half-life, 

and it has thus been formulated with PEG to overcome this problem and increase its therapeutic 

activity (Figure 4.1). ADI-PEG retains half of its enzyme activity after forming an amide bond 

between the PEG and the protein, along with an obvious increase in the pharmacokinetic and 

pharmacodynamic properties of the formulation after PEGylation.138  

 



115 

 

 

Figure 4.1: PEGylated ADI enzymes as used in anticancer therapy.138  

 

In recent decades, a large number of PEG derivatives have been synthesized;139–141 among these, 

amino terminated PEG is one of the most important. Several PEG preparation procedures with 

primary amino groups have been undertaken,142–144 but one of the most straightforward methods 

for the synthesis of PEG-NH2 is through the conversion of the terminate hydroxyl group to a “good” 

leaving group (a halide or sulfonyl compound), followed by an amination reaction using the excess 

of ammonia.  

Luan et al.145 synthesised and evaluated methoxypolyethylene glycol–poly (glutamic acid) 

(mPEG–PGA) to act as a drug carrier. This synthesis was begun by substituting the terminal 

hydroxyl group of mPEG with an amino group, followed by ring opening polymerisation with 

BLG-NCA (Scheme 4.1).   
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Scheme 4.1: Synthesis of diblock polypeptide mPEG-PGA. 

 

 

4.1.1 Amide based receptors  

Amide NH groups have been used to generate a wide range of anion binding receptors, which can 

act as hydrogen bond donor groups. In 1986, Pascal et al.12 discovered one of the first amide based 

receptors, deriving it from the protein salmonella typhimurium. The X-ray of its crystal structure 

shows that the sulphate interacts via seven hydrogen bonds, five of which contain amide N-H 

protons that form a polypeptide backbone. This discovery led to increased attention being paid to 

the design of neutral organic macrocycles encompassing several inwardly-facing N-H groups, in 

the hope that these might sufficiently enhance the binding of hydrophobic anions.  The reported 

macrocycle compound is shown in Figure 4.2.  
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Figure 4.2:  Chemical structure of 2, 15, 28-trioxo-3, 16, 29-triaza-6, 19, 32-trithial [7.7.7] (1, 3, 5- cyclophane).12  

 

The tetra amide macrocyclic anion receptor (Figure 4.3) shows the highest level of affinity towards 

F¯ from among a mixture of F¯, Cl¯, Br¯, AcO¯, and H2PO4
¯ ions, according to UV/Vis and 1HNMR 

studies. The selectivity trend of amide-based receptors toward these anions is most probably 

triggered by size complementarity between the guest and the cavity. Moreover, the formation of 

hydrogen bonds between the receptor and the fluoride anion results in a visible colour change, 

offering the potential for use as a colourimetric sensor.146  

 

 

 

Figure 4.3: Chemical structure of Macrocyclic tetra amide (3’-nitrobenzo)[2,3-d]-(3’’-nitrobenzo)[9,10-d]-1,4,8,11-

tetraazacyclotetradecane-5,7,12,14-tetraone. 

 

The selectivity trend of anion binding in the carbazole receptor (Figure 4.4) was determined by 

Jurczak,147 who showed that H2PO4
¯ > PhCOO¯ > Cl¯. The selectivity towards H2PO4

¯ is due to 

anion interaction with cavity size, though, in addition, the four oxygen atoms in the H2PO4
¯ moiety 

increase the number of hydrogen bonding interactions and form a more stable complex.  While the 
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chloride anions are also basic, the chloride volume is smaller than that of phosphate and the cleft 

is too wide for the chloride anions.   

 

 

Figure 4.4: Carbazole receptor  

 

Robina et al.148 reported the use of amide bonds within a furyl-cyclopeptide receptor (Figure 4.5). 

According to 1HNMR titration and ESI-MS studies, the developed cyclopeptide receptor produces 

1:1 complexes with three different anions, though it shows high selectivity towards chloride. 

 

 

Figure 4.5: Chemical structure of C3-symmetric furyl-cyclopeptide receptor as developed by Robina et al. 
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4.2 Aim and Objectives 

Based on the previous findings, which suggest that the use of a controlled microenvironment for 

anion binding in water could be achieved if the binding site was encapsulated within the 

hydrophobic interior of a polymer micelle, the simplest method would involve micelle 

encapsulated binding sites. However, if the methodology is used for extraction from organic media, 

there is a high chance of removing the binding site, as shown in Figure 4.6 A (and reported in the 

previous chapter).  Thus, this study attempted to tether the receptor with a water-soluble PEG, on 

the grounds that this would form part of the micelle and reduce the possibility of leaching (Figure 

4.6 B).  

 

Figure 4.6: Graphical representation of Host-Guest system formed using diblock and functionalised mPEG. 
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This work thus represents a proof of principle.  It is not an attempt to make the best ligand possible, 

but rather to prove the validity of using a PEG-tethered receptor within a polymer micelle. Hence, 

the initial stage of this project involved the selection of an anion binding cleft that could be tethered 

or co-micellized within the polymeric micellar structure, and the next stage thus became 

demonstrating increased selectivity towards hydrophobic species as compared to a free receptor in 

water. 

This chapter focuses on using functionalised mPEG with an anion receptor, that can be co-

micellized with an amphiphilic polymer to generate a stable encapsulated system to prevent the 

binding site from diffusing out of the micelle during the extraction process. Another advantage of 

using a functionalized mPEG is to prevent the receptor dimerizing, as shown in Figure 4.7,which 

is a known phenomenon that inhibits anion binding. 

 

Figure 4.7: Representative structures showing the dimerization phenomenon. 

 

The synthesis of the target molecules and their characterisation is presented in the next section, 

followed by an examination of the aggregation behaviour of the amphiphilic polymers. Finally, the 

anion binding efficiency of the host system, along with control experiments, is studied.  

  



121 

 

4.3 Results and Discussion 

4.3.1. Synthetic strategies for designing a functionalised mPEG 

The synthetic approach to developing receptor R2 (Figure 4.8) included two main synthetic steps. 

The anion receptor 3,5-bis(benzoyl amino)-benzoic acid was chosen as a binding site, requiring 

preparation of an mPEG that was more reactive than mPEG-OH and which could produce a more 

stable compound. Thus, mPEG-NH2 was chosen.  

 

 

Figure 4.8: Structure of methoxy polyethylene glycol functionalised with amide based receptor. 

 

4.3.1.1. Synthesis of 3,5-bis(benzoyl amino) benzoic acid (1) 

The first step in synthesising receptor R2 was the production of 3,5-bis(benzoyl amino)-benzoic 

acid 1. This was achieved by activation of a carboxylic acid as the corresponding acid chloride, 

followed by an amine reaction. The high reactivity of acid chlorides with amines generally leads 

to fast coupling, which can be particularly useful for sterically hindered materials.149 Anion 

receptor 3,5-bis(benzoyl amino) benzoic acid was thus synthesised in a single step using 3,5 

diaminobenzoic acid and benzoyl chloride (Scheme 4.2). This synthetic procedure was based upon 

the methodology outlined in the work by Yunmei et al.150  
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Scheme 4.2: Synthesis of 3,5-bis(benzoyl amino) benzoic acid. 

 

The synthesis of amide 1 was carried out by stirring benzoyl chloride in solution with 3,5-

diaminobenzoic acid into N-methyl-2-pyrrolidone (NMP). The reaction mixture was then 

precipitated into HCl/water, and the solid product washed with methanol to give amide 1, which is 

a greyish product. 

 The 1HNMR spectrum of amide 1 was in accordance with the literature (Figure 4.9), with singlet 

peaks at 13.10 ppm and 10.52 ppm, corresponding to the OH and NH protons, respectively. The 

most intense peaks, at 8.01 ppm and 7.49 ppm (c and d), were assigned as the 10 new aromatic 

protons (Figure 4.9). The mass spectrum showed an MH+ signal at 361. IR spectroscopy was used 

for further characterisation,with peaks corresponding to the C=O (carboxylic acid) and N-H of the 

amide groups were seen at 1703 and 1666 cm-1, respectively.  
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Figure 4.9: The 1HNMR spectrum of 3,5-bis(benzoyl amino) benzoic acid. 

 

The mechanism for this involves two stages. The first is a nucleophilic attack by the lone pair on 

the nitrogen with the partially positive carbon of the carbonyl and followed by a proton being 

removed by a base. The second is removal of chloride as the double bond between the carbon and 

oxygen forms, and gives ammonium hydrochloride as a by-product (Scheme 4.3).  

 
Scheme 4.3: Nucleophilic addition-elimination mechanism 
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4.3.1.2. Synthesis of mPEG-NH2 

The mPEG-NH2 for this study was prepared in two steps, creation of the tosylate derivative, 

followed by an amination reaction. Methoxy polyethylene glycol tosylate 2 (Scheme 4.4) was 

produced according to the method reported by Zhang,145  in which NaOH solution was reacted with 

mPEG-OH, before the addition of tosyl chloride. The product obtained after work up offered an 

88% yield as a white solid.  

 

 

Scheme 4.4: Synthesis of mPEG-tosylate (2) 

 

The success of the reaction was confirmed by the appearance of a new singlet at 2.48 ppm in the 

1HNMR spectrum. This corresponds to the methyl protons of the tosylate group. In addition, the 

new aromatic protons were seen at 7.32 to 7.80 ppm. The 13CNMR data also showed peaks at 126, 

128, 139, and 144 ppm, confirming the presence of an aromatic ring, and the broad peak at 3300 

cm-1 for the O-H functional group was no longer visible in the IR, confirming the successful 

addition of the tosylate group.  

 

Amination was achieved by dissolving tosylate 2 in a solution of 6 M ammonium hydroxide and 

stirring for 3 days at 60°C. The product was obtained after work up and purification by precipitation 

from petroleum ether (40-60) (Scheme 4.5). 

 

Scheme 4.5: Synthesis of mPEG-NH2 (3) by reacting tosyl 2 with ammonium solution for 3 days. 
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Confirmation that the tosyl group was removed was achieved by analysis of the proton NMR 

spectrum (Figure 4.10), with the aromatic protons signals no longer visible. Moreover, a triplet was 

seen in the upper field at 3.14 ppm, corresponding to the terminal methylene group adjacent to NH, 

rather than the signal 3.83 ppm, which is typical of PEG-OH.  

 

Figure 4.10: The 1HNMR spectrum of mPEG-NH2 in CDCl3. 

 

4.3.1.3. Synthesis of mPEG-R (R2) 

Amide cleft (1) can be added to the mPEG-NH2 (3) through the formation of an amide bond 

(Scheme 4.6).  
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Scheme 4.6: Synthesis of functionalised mPEG with anion binding site. 

 

This was achieved using carbodiimides reagents. Carbodiimides are popular coupling reagents, 

applied since 1955, they include N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide.HCl 

(EDC.HCl), which offers the advantage that the urea by-product is readily soluble in water or most 

organic solvents and can be easily removed.151,152 The reaction is shown in Scheme 4.7. The first 

step is conversion of carboxylic acid to an O-acylurea, and this intermediate is then used to produce 

the amide via direct coupling. However, it is also possible to form other side products such as an 

N-acylurea or carboxylic acid anhydride, which can also yield amide after reaction with the amine, 

as shown in Scheme 4.7.151  

This reaction was initially attempted using DMAP, which gave the desired product, albeit with a 

low yield. Adding a few drops of triethylamine to neutralize the HCl salt significantly increased 

the yield in subsequent attempts.  
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Scheme 4.7: The coupling of carboxylic acid and primary amines using EDC.HCl. 

 

Examining the 1HNMR spectrum showed that the coupling reaction was successful, as the –COOH 

signal at 13.10 ppm (seen in the spectrum for 1) was no longer visible. A singlet at 8.87 ppm, 

corresponding to the new amide protons of the binding site were also visible and were no longer 

observed after the addition of D2O. In addition, two singlet at 3.67 and 3.39 ppm, corresponding to 

the methylene protons of the PEG and terminal methoxy group were visible (Figure 4.11). The IR 
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spectrum showed an absence of peaks at 1703 and 3500 cm-1 seen for the carboxylic acid group of 

amide 1.  

 

Figure 4.11: NMR of receptor 6 in CDCl3 and receptor R2 in CDCl3 and D2O. 

 

4.3.2. Anion binding assay using NMR titration 

The preliminary binding properties of receptor R2 were examined using a 1HNMR titration in 

which receptor R2 (20 mg/mL) was titrated against tetrabutylammonium chloride (20 mg/mL) in 

CDCl3. The 1HNMR data showed the NH peaks of the receptor moving slightly downfield (Figure 

4.12). An increase in the anion concentration led to a further increase in Δδ, indicating hydrogen 

bonding between the amide receptor and the anions. Although these shifts were small, this 

experiment confirmed that the receptor could indeed bind the anions. The next step was the 

formation of a host system by means of the co-micellization of receptor R2 with a diblock polymer 

mPEG-b-PCL.  



129 

 

 

Figure 4.12: 1HNMR spectra depicting the change in resonances of receptor R2 when titrated against TBA salts at 

concentrations 20 mg/mL.  

 

4.3.3. Co-micellization of receptor R2 within micelles (Host formation) 

After the successful synthesis and binding assessment of receptor R2, the next stage was 

preparation of the host complex by mixing receptor R2 with diblocks mPEG-b-PCL 10 and 20 to 

form co-micelles in aqueous solution. Before doing this an experiment, the aggregation behaviour 

of receptor R2 in water was examined for comparison. The intensity of the fluorescence peak at 

502 nm was monitored with respect to the concentration of receptor R2, and the results showed 

that receptor R2 followed the Beer-Lambert law, with no aggregation taking place at the 

concentrations used (Figure 4.13). The experiment was repeated in the presence of pyrene, 

following its I3/I1 ratio, over the concentration range covered by the CMC of diblock 10 (5 μg/mL) 

and diblock 20 (2 μg/mL), which did not change, confirming that receptor R2 did not aggregate at 

the concentrations studied. Although receptor R2 possess a hydrophobic head group (the binding 

R2 

R2 + TBA salt 

0.37 ppm 

0.46 
ppm 
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site), it is inherently less hydrophobic than the mPEG-b-PCL diblock, and thus less likely to self-

assemble and form morphological structures in water at low concentrations.  

 

 

Figure 4.13: Plot of emission intensity versus concentration, confirming that receptor R2 follows Beer-Lambert 

over a large concentration range and within the CMC range. 

 

The binding site at the head of receptor R2 is not soluble in water; thus, it orients itself so that the 

head is within the hydrophobic core and co-assembles with the diblock polymer.  However, the co-

micelle formed might self-assemble with a different CMC with respect to the diblock. Thus, the 

CMC was re-assessed using receptor R2 and mPEG-b-PCL diblock at a mass ratio of 1:1 for a 

range of concentrations of R2 and diblock 10 1x10-6 to 1x10-3 mg/mL. The data obtained (Figure 

4.14) indicated that co-micellisation then took place at a higher concentration than for the CMC of 

diblock 10 alone. Specifically, the CMC of the co-micelle was ≈ 50 μg/mL (± 10 μg/mL) as 

compared to a CMC at 5 μg/mL for diblock 10 alone.  
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Figure 4.14: Characterisation of the CMC of co-micelles (R2 and diblock 10) at different concentrations using a 1:1 

ratio in water. 

 

The next experiment was designed to study the co-micellisation of receptor R2 with the diblock 

polymer. Co-micellisation was carried out using a mixture of R2 and diblock 10 or 20. The 

concentration of diblock used was 10 µg/mL for all measurements and the concentration of R2 was 

also 10 µg/mL. In the absence of the diblock polymer, the intensity of the fluorescence peak from 

R2 was low due to quenching from the solvent.  This intensity increased in the presence of 10 

μg/mL diblock, confirming that the R2 molecules were in a new microenvironment (the co-

micelle). Subsequently, experiments using a fixed concentration of 10 μg/mL of diblock and 10, 5, 

2.5, or 1.25 μg/mL of R2 were carried out, as shown in Figure 4.15. Interestingly, as the receptor 

concentration was diluted, the intensity initially increased. This was due to a reduction in self-

quenching as the concentration of receptor R2 within the micelle went down. This continued until 

a reduction in the intensity occurred due to simple dilution. These experiments confirmed that the 

receptor had been co-micellized with the diblock 10 micelle, as shown in Figure 4.16. The optimum 

concentration of receptor R2 in 10 μg/mL mPEG-b-PCL10 was 2.5-3.0 μg/mL. 
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Figure 4.15: Emission intensity measurements versus different concentrations of mPEG-R (R2) [0.625 to 10 µg/mL] 

and constant concentration of mPEG-b-PCL10 [10 µg/mL], exciting at 345 nm and emission recorded between 360-

600 nm.  

 

Figure 4.16: Co-micelle (host formation) stages; A) represent receptor R2 molecules, B) and C) represent co-micelle 

at different concentrations of receptor R2 and constant concentration of diblock (representative structures). 
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It is possible that the diameter of diblock copolymers could have an effect on the relative amount 

of receptor R2 molecules that can be encapsulated. The hydrophobic diameter of diblock 10 is 

smaller than that of diblock 20, and the receptor molecules within the diblock 10 micelle are thus 

closer together at the same ratio and may thus quench at lower ratios. The experiments were 

therefore repeated using receptor R2 and diblock 20; the results are shown in Figure 4.17. 

On this occasion the expected behaviour was observed, such that the intensity was proportional to 

the concentration of receptor R2. Thus, at the highest concentration studied, there was no 

quenching. This confirms that diblock 20, being bigger, can produce more space for the receptor.  

 

Figure 4.17: Emission intensity measurements versus different concentrations of receptor R2 [0.625 to 5 µg/mL] 

and constant concentration of mPEG-b-PCL20 [5 µg/mL]. 
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4.3.4. Stability of co-micelle system during extraction  

After co-micellisation of receptor R2 was confirmed, the stability of the co-micelle in water under 

extraction condition was investigated. Initially, 2 mL of DCM was added to 2 mL of a solution of 

co-micelle 10 at concentration 1x10-3 M and shaken for 30 min.  The aqueous layer was then 

collected and observed using UV-Vis spectroscopy. The results before and after extraction are 

shown in Graph 4.1. The data revealed that the co-micelle has a high stability in water and that the 

receptor could not be easily removed from the micelle, indicating that the PEG provides strong 

interactions with mPEG-b-PCL that help stabilise the co-micelle system. 

 

Graph 4.1: Uv-Vis measurements of co-micellized R2 highlighting co-micelle concentrations before and after 

extrcation process.  

 

4.3.5. Anion binding studies of the co-micelle host system  

Anion binding was initially assessed using the hydrophobic anion PNP. The protonated and 

deprotonated forms of PNP have different λmax values, and spectrophotometric titration was used 
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to estimate the pKa of the PNP. The titration curve obtained allowed estimation of a pKa of 7.15 

(±0.15) (Figure 4.18).  

 

Figure 4.18: Spectrophotometric determination of the pKa of PNP.  

 

The next stage was assessment of the phenolate binding at 0.01 mM with 10 mg/mL diblock 10 

and 2.5 mg/mL receptor R2. Control experiments using just diblock (Homo diblock) and with no 

diblock or receptor were also carried out. It was predicted that adding the diblock polymer alone 

to a phenolate would not affect the absorbance, while adding R2 to phenolate might reduce the 

colour intensity as a result of binding. On the other hand, using the co-micelle host system was 

predicted to reduce the absorbance the most, due to the hydrogen bonding interaction in 

combination with hydrophobic effects. 

 

Initially, the homo co-micelle and receptor R2 were studied separately as control systems. These 

experiments thus offered comparisons for whole host system, and the results are shown in Graph 

(4.2). For the homo micelle/diblock 10 (grey bar), the absorption was higher than for water alone 
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(blue bar) for all pH studied. This was not expected, and it suggests that the diblock increases 

deprotonation. However, when receptor R2 (red bar) was used, there was no significant change 

with respect to water, confirming that the receptor R2 alone does not bind. This was in contrast to 

expectations. The same results were obtained using diblock 20.  

 

 

Graph 4.2: Binding properties of receptor R2 and homo-micelle (diblock 10) as assessed using phenolate in buffer 

solution (control).  

 

The next step involved forming the co-micelle using diblock 20. It was expected that diblock 20 

would enhance binding more compared to diblock 10, due to its larger hydrophobic core.   

Experiments were carried out using the co-micelles, and the data normalised for absorbance in 

water. The results are shown in Graph 4.3; these indicate that the co-micelles appear to decrease 

absorption, which is consistent with binding of phenolate. However, both polymers behaved 

similarly, this was due to identical concentrations of receptor R2 being used for both systems.  
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Graph 4.3: Binding properties of co-micelles 10 and 20 as assessed in respect to homo-micelles using phenolate 

after subtracting the buffer (control). 

 

The sheer multitude of equilibrium processes make it hard to explain the binding observed. Simple 

acid-base reactions as well as binding interactions may affect the protonation and deprotonation of 

phenolate in the bulk-solution differently to those inside the polymeric micelle (Scheme 4.8). 

However, more work needs to be done to discover the underlying mechanism of binding. 

 

Scheme 4.8: Multi-equilibrium equations of protonation and deprotonation of PNP, both bulk-solution and local 

environment. 
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4.4 Conclusion  

It was decided to tether an anion receptor with a water-soluble molecule and make it as part of the 

micellar system by co-micellisation. This is to reduce the probability of losing the receptor through 

the extraction process and to isolate the binding site from each other and so prevent dimerization 

of the receptor from taken place.  For this purpose, we used mPEG2000 with amine spacer (mPEG-

NH2). Amide (1) and mPEG-R (R2) were successfully synthesised and its aggregation behaviour 

was examined. Co-micellisation of receptor R2 and diblock polymer was monitored using 

fluorescence technique and the receptor itself as probe. The co-micelle system has a high stability 

in water and the receptor could not be easily removed from the micelle, indicating that the PEG 

provides strong interactions with mPEG-b-PCL that help stabilise the co-micelle system. The 

binding properties of the host complex was examined based on colour changing of 4-nitrophenolate 

solution and UV/Vis spectrometry was chosen to calculate the concentration of bonded anion.  

The findings of this study was shown that creating the right microenvironment can help with 

binding hydrophobic anions in water. The system designed can thus be used for short extraction 

processes; however, the host system is not perfect for long extraction studies as some leaching 

remains. Thus, a new bulk method is required.   
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4.5 Experimental 

4.5.1. Chemicals and Instrumentation 

Solvents and reagents 

All chemicals and reagents were obtained from commercial supplier (primarily Sigma-Aldrich) 

and were used without further purification unless otherwise stated.  

 

Nuclear magnetic resonance spectroscopy (NMR)  

All NMR samples were prepared using deuterated solvents supplied by Sigma Aldrich. 1H NMR 

and 13C NMR spectra were recorded using a Bruker AV1400 MHz machine. The NMR spectra 

were analysed using Topspin 3.2 NMR software. Shifts are quoted as ppm and couplings quoted 

in Hertz.  

 

Fourier transform infrared spectroscopy (FTIR) 

FTIR spectroscopy was performed in the solid state (in reflectance mode) using Perkin Elmer 

Spectrum RX FT-IR System in the range of 700 to 4000 cm-1. 

 

UV-Vis spectroscopy 

The ultraviolet absorbance was recorded on an Analytik Jena AG Specord s600 UV/Vis 

Spectrometer and analyzed using its attached Software (WinASPECT). 

 

Fluorescence Spectroscopy  

Fluorescence results were obtained using a HORIBA Scientific Fluoromax-4 spectrofluorometer 

using its attached software (FluorEssence V3). 
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Mass spectrometry 

The form of ionisation used was dependent on the molecular weight of the sample in question. For 

samples with a low molecular weight, an Electrospray ionisation (ES) was used to record spectra. 

The instrument used was a WATERS LCT mass spectrometer. For samples with a high molecular 

weight, Matrix assisted laser desorption ionisation (MALDI) was required. The instrumentation 

used was a Bruker Reflex III MALDI-ToF mass spectrometer. 

 

pH measurement 

The pH of the buffer solutions prepared was substantiated using a pH 210 Microprocessor pH 

Meter from Hanna Instruments Ltd. (Leighton Buzzard, UK). The device was calibrated using pH 

4.0 and pH 7.0 standard solutions, prepared with buffer tablets (Sigma-Aldrich, Poole, UK). 

 

4.5.2 Synthesis of 3,5-bis(benzoylamino) benzoic acid (1) 

At 0 0C benzoyl chloride (3.05 g, 58.6 mmol) was added to a 

solution of 3,5-diaminobenzoic acid (6.8 ml, 20 mmol) in  N-

methyl-2-pyrrolidone (40 mL) and was stirred for 3 hours. 

The reaction mixture was poured into HCl/water (v/v = 1/20) to precipitate the product and then 

was collected by filtration. The precipitate was washed with methanol three times and dried to give 

3.15 g as a greyish solid.  

1H NMR (DMSO-d6, 400MHz) δ: 13.10 (br s, 1H), 10.52 (s, 2H), 8.65 (s, 1H), 8.16 (s, 2H), 8.01-

7.94 (m, 4H), 7.64-7.49 (m, 6H). 13C NMR (DMSO-d6, 400 MHz) δ: 116.3, 116.6, 127.7, 128.3, 

130.2, 131.6, 134.5, 139.5, 165.6, and 167.1. FTIR (cm-1): 1703 (s, C=O acid), 1666 (s, C=O 

amide). Mass spec: MH- = 361, and m.p. = 293-296 oC. 
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4.5.3 Synthesis of methoxy polyethylene glycol tosylate (2) 

To a solution of mPEG2000 (12.5 g, 6.2 mmol) in THF (40 mL) 

was added a solution of 6M NaOH. After the mixture cooled to 

0 °C, a tosyl chloride (25 g, 131 mmol) in THF (40 mL) was drop 

wise to the stirring mixture, then after one hour of stirring the 

reactor was warmed to ambient temperature, and was stirred another one hour. The resulting 

mixture was concentrated under vacuum. The residue was dissolved in acidic water and extracted 

with DCM in separation funnel. The organic layer was dried over anhydrous MgSO4 and 

concentrated by the rotary evaporator to give tosylate as light yellow solid (14 g, 56%).  

1H NMR (CDCl3, 400MHz) δ: 7.80-7.32- (d, 4H), 3.67 (s, 180H), 3.46 (s, 3H), 2.48 (s, 3H). 13C 

NMR (CDCl3, 400 MHz) δ: 70.9, 116.6, 126.7, 128.3, 139.2, and 144.6. FTIR (cm-1): 2876 

(aliphatic CH2, stretch), 1466, 1105 (C-O, asymmetrical stretch).  

 

4.5.3.1 Synthesis of methoxypolyethylene glycol amine (3) 

A 250 mL one-neck round-bottom flask was charged with mPEG-TS 

(5g, 2.23mmol) and ammonia solution (75%v/v). The reaction 

mixture was stirred at room temperature for 3 days. The resulting mixture was extracted with DCM 

to separate the ammonium toluene sulfonate salt from the aminated polymer, then the organic layer 

was washed with NaOH solution to prduce the free amino polymer. The product was concentrated 

under vacuum and precipitated over petroleum ether then was stored in the freezer for a night. To 

this end, the product was decanted from the cold petroleum ether and dried to give light brown 

solid, yield 1.5g (32%).  

1ΗΝΜR (CDCl3, 400 MHz) δ: 3.68 (s, 180 Η), 3.37 (s, 3Η), 3.14 (t, 3Η). FTIR (cm-1): 2877 (b, 

NH2), 2153 (s, Ν-Η), 1466 (C-Ο). Mass spec (MALDI): 2000. 
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4.5.3.2 Synthesis of mPEG-R (R2) 

A Schlenk flask equipped with a septum and a nitrogen inlet was 

charged with mPEG-NH2 (2 g, 1 mmol), 3,5-bis(benzoylamino) 

benzoic acid 4 (0.364 g, 1 mmol), EDC (2 equiv) and DMAP (2 

equiv) in 30 mL THF. A few drops of triethylamine was then added 

and the reaction mixture was stirred overnight. After the reaction, 

the solvent was evaporated under vacuum and the residual product 

dissolved in DCM, filtered out and the filtrate was then 

precipitated in ether. The product was air dried to give 1.2 g as a light yellow solid. 

1Η ΝΜR (CDCl3, 400 MHz) δ: 8.87 (s, 2Η), 8.62 (s, 1Η), 8.25 (s, 2Η) 8.05 (m, 4Η), 7.56(m, 6Η), 

3.67 (s, 178Η), 3.39 (s, 3Η), 3.14 (t, 2Η). FTIR (cm-1): 2854 (s, aliphatic C-H), 1630 (s, C=O 

amide), 1464 (C-O). Mass spec (MALDI): 2202. 
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Chapter Five: Synthesis of 

Amphiphilic Anion Sensors Using 

ATRP 
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5.1 Introduction 

To prepare a high density of anion binding substances, covalently bonded to an amphiphilic 

polymer, a control polymerisation technique was used, as this offered further opportunities to 

prepare amphiphilic polymers for water based anion receptors in a controllable microenvironment 

and avoid the possibility of receptor leaching. In order to examine the anion binding and 

recognition, a displacement colourimetric method was used.  

 

5.1.1. Anion sensors  

Several anion sensors have been reported, almost all of which rely upon a functional moiety linked 

to the signal moiety (e.g. chromogene, electrochemical group, fluorescent group).153–158   Recent 

research has focused on the development of specific sensors with the capability to recognise 

particular anions or families of anions in a competitive media, such as water, which are commonly 

used in environmental, biological or medical applications.159–166 For practical applications, such 

sensors also need to satisfy strict photophysical criteria such as being able to absorb and emit at 

long wavelengths to facilitate the use of naked eye detection.167 Such photoactive or redox sensors 

coordinate to anions and report their presence via changes in physical properties such as redox 

potential, fluorescence, or phosphorescence.168,169 In 1989, Beer reported the synthesis of the first 

redox-responsive anion receptors based on the cobaltocenium moiety (Figure 5.1).170  

 

 

Figure 5.1: Anion sensor based cobaltocenium moiety.  
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This ester-linked cobaltocenium macrocyclic receptor detected bromide guest anions in 

acetonitrile. However, poor solubility of these types of macrocyclic ligands coupled with the 

arduous synthesis process and lability to ester hydrolysis, led to research into new synthetic 

strategies. 

Another approach to anion detection, pioneered by Anslyn et al., is the displacement assay, which 

requires the creation of a host–anion complex that dissociates in the presence of other anions, 

triggering a change in the properties of the system as a whole.171 Chemical systems that respond to 

the presence of anions by means of a colour change detectable by eye are extremely rare,172  yet 

colourimetric sensors do not require the use of a potentiostat or spectrometer to detect redox or 

optical perturbations and thus still have considerable advantages over other molecular sensors.173  

Formation of a calixpyrrole–anion complex with a coloured species such as 4-nitrophenolate anion 

(PNP) was investigated by Twyman et al. Their work showed that calixpyrrole (Scheme 5.1) could 

be used to produce anion sensors that could report the presence of anions by means of a colour 

change.174 The addition of anions to solutions of calixpyrrole-PNP complex causes the yellow 

colour of 4-nitrophenolate anions to return as these are displaced from the calix[4]pyrrole anion 

binding site, supporting the displacement approach.   
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Scheme 5.1: Calixpyrrole–PNP complex and calixpyrrole–F complex structures using displacement approach.174  

 

Amendola et al.175 reported that a urea derivative (Scheme 5.2) offered a fluorometric response 

from binding to different anions in CH3CN and DMSO. Interestingly, this urea derivative exhibits 

a three-mode ON1-OFF-ON2 response to fluoride in CH3CN, which corresponds to fluorescence 

quenching when the urea compound forms a hydrogen-bond complex with fluoride, followed by 

emission of a yellow fluorescence once the complex is deprotonated by an excess of fluoride. 

 

 

Scheme 5.2: Hydrogen-bonding and proton-transfer interactions between urea derivative and fluoride anion. 
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5.1.2. Polymer based anion receptors 

Polymers have been poorly researched, despite their benefits for detection purposes, including 

multivalent effects, microdomain development, solubility and physical property adjustment, and 

processability for material development. The discovery of binding as the cause of NMR line 

widening of the 127I signal in water when polymers were present, was the basis of anion-polyolefin 

interaction (Figure 1.5).176 For the PVP polymer, a correlation was established between binding 

strength and the Hofmeister series, with particularly robust interaction between more chaotropic 

anions.177  

 

 

Figure 1.5: Polyolefins used in aqueous anion recognition. 

 

In the past decade, new research on the PNIPAM polymer with lower critical solution temperature 

(LCST) (i.e. soluble in water only to a particular temperature) revealed that kosmotropic anions 

reduced the transition temperature, which was proportional to the hydration entropy.178  By 

contrast, the transition temperature was increased by anions with poorer hydration (ClO4
¯ > SCN¯ > 

Br¯ > NO3
¯ ), which salted in the polymer at diminished concentration. These anions salted out at 

high concentration due to heightened surface tension. Concentration/LCST curve examination 

indicated that the enhanced solubility was due to an element of direct anion binding and believed 

to be achieved via the amide group as a donor of hydrogen bonds. The LCST polymer PDEA with 

a tertiary amide (i.e. no obvious anion-binding location) was employed for in-depth analysis of the 
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salting-in structural foundation.179 Interaction between identical chaotropic anions and the α-CH 

proton on the polymer backbone was revealed by joint NMR and IR spectroscopic investigations. 

Surprising as it may initially appear, this agrees with α-CH peptide proton participation in anion 

binding (e.g. CαNN motif in Section 1.3, Chapter One). 

 

For sensing purposes, the photophysical properties of conjugated system have been exploited, 

mainly by triggering desolvation, as the basis of polymer use for detection of anions in water.180 

For instance, pyrophosphate sensing via a detection-triggered aggregation mechanism yielding a 

ratiometric fluorescent reaction was achieved by adding cationic primary ammonium side chains 

to poly(phenylene-ethynylene) (Figure 1.6a).181 By contrast, when iodide and sulfonate-based 

surfactants are present, poly(thiophene) supplemented with pendant quaternary ammonium groups 

(Figure 1.6b) disintegrates in water, altering colour from red to yellow and reducing sensitivity to 

nanomolar level.182 Furthermore, tertiary ammonium groups on the thiophene block were used for 

functionalisation of poly(fluorene-β-thiophene) (Figure 1.6c), with halides in water (Cl¯  > Br¯  > 

I¯) quenching the fluorescence of that portion, without aggregation state alteration.183 Measurement 

of sub-micromolar DNA concentrations was facilitated by the use of unchanging poly(fluorene) 

block fluorescence. 
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Figure 1.6: Polymers used in aqueous anion recognition. a) Ammonium-appended poly(phenyleneethynylene). b) 

Ammonium-appended polythiophene. c) Ammonium-appended poly(fluorene-b-thiophene). 

 
The need for receptors within an aqueous media prompted a search for a polymerisation method 

that allowed formation of well-defined amphiphilic polymers that could be used as water-soluble 

anion sensors. 

 

5.1.3 Controlled polymerisation   

For the work described in this chapter, we proposed to use a polymeric micelle. In order to control 

the assembly of the micelle, we must control the synthesis of the polymers. If we do not do this, 

then broad polydispersities will occur, which leads to polydisperse aggregations. 

 

The synthesis of polymers with well-defined compositions, architectures, and functionalities has 

long been a major concern of polymer chemistry. Using conventional radical polymerisation for 

the synthesis of amphiphilic copolymers may produce undefined structures with high 

polydispersity and large quantities of homopolymers.184 Much of the current academic and 
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industrial research thus focuses on the development and understanding of new, more controlled 

polymerisation methods.185 Generally, controlled polymerisation methods are based on 

establishing a rapid dynamic equilibration between a minute quantity of growing free radicals and 

a large majority of the dormant species. The dormant chains may be alkyl halides, as in atom 

transfer radical polymerisation (ATRP); thioesters, as in reversible addition fragmentation chain 

transfer processes (RAFT); or alkoxyamines, as in nitroxide mediated polymerisation (NMP).186  

 

This work focuses on utilising transition metal catalysed atom transfer radical polymerisation 

(ATRP).  This method has many advantages over conventional living polymerisation, including 

the versatility of monomer types, tolerance of functional groups, and mild reaction conditions.187–

189 This polymerisation technique has thus been found useful in the synthesis of well-defined 

structure polymers with low polydispersity.190,191  

 

ATRP is a multicomponent system consisting of a selected monomer, an initiator with a 

transferable halogen, and a metal catalyst (Scheme 5.4). Other factors such as solvent, ligand and 

temperature must also be considered for successful ATRP, however. Several typical monomers, 

such as styrenes, acrylates, acrylamides, and acrylonitrile, have been effectively polymerised using 

ATRP.192 Alkyl halides (RX) are typically used as the initiator in ATRP, and in terms of the 

concentration of RX, the rate of polymerisation is first order, and best control over molecular 

weight is found where the X is either bromine or chlorine.186 The catalyst is possibly the most 

significant factor in ATRP, as it determines the equilibrium between the dormant and active 

species. 

 

Scheme 5.4 illustrates the general mechanism for ATRP. The active species (radicals) are generated 

through a reversible redox process catalysed by a transition metal complex (the Mt
n-Y/Ligand, 
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where Y may be either another ligand or the counterion), which itself undergoes a one electron 

oxidation with concomitant abstraction of a pseudo-halogen atom (X) from the dormant species 

(R-X).  

 

 

Scheme 5.4: Transition Metal-Catalysed ATRP.186   

 

This process occurs at a constant rate of activation (kact) and deactivation (kdeact). The polymer 

chains grow in a comparable way to that seen in conventional radical polymerisation, based on the 

addition of the intermediate radicals to monomers at a constant rate of propagation kp. In a well-

controlled ATRP, no more than a few percent of the polymer chains undergo termination (kt), which 

occurs mainly through radical coupling and disproportionation. However, other side reactions can 

restrict the molecular weights achieved. 

The oxygen sensitivity of ATRP is the biggest factor in terms of quenching the polymerisation. 

The use of an oxidatively stable catalyst in ATRP overcomes this air-sensitivity problem, which is 

associated with lower oxidation state metals. Thus, a reducing agent is added to reduce the catalyst 

system and keep the polymerisation going without losing control over the polymerisation.  

 

5.1.4. AGET ATRP  

Activators that can be generated by electron transfer (AGET) or activators regenerated by electron 

transfer (ARGET) have recently been reported as potential new initiation processes for ATRP.193–

195 These methods allow ATRP processes to be conducted with significantly lower concentrations 
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of catalyst (10 ppm or less) in the presence of excess reducing agents such as ascorbic acid, tin(II) 

2-ethylhexanoate, or glucose. In one example of an AGET ATRP, the excess Cu(II) deactivator 

(formed in the termination reaction) was continuously regenerated to its original active Cu(I) state 

by the addition of an excess of reducing agent (Scheme 5.5).196 It has also been demonstrated that 

the small amount of copper catalyst required not only leads to an environmentally benign 

polymerisation process but also drastically suppresses side-reactions between the chain end and 

the catalyst, enabling improved chain-end functionality and high molecular-weight polymers with 

low polydispersity.197 Moreover, AGET ATRP of 2-(dimethylamino)ethyl methacrylate 

(DMAEMA) can be successfully carried out without the addition of external reducing agents as 

DMAEMA serves as both the monomer and internal reducing agent due to its tertiary amine 

group.186  

 

 

 Scheme 5.5. Proposed mechanism of AGET ATRP.186  

 

ATRP was used to synthesise a coil-rod-coil triblock copolymer of P(MMA-co-NBDAE)-b-PF-b-

P- (MMA-co-NBDAE, where MMA, NBDAE, and PF refer to methyl methacrylate, 4-(2-

acryloyloxyethylamino)- 7-nitro-2,1,3-benzoxadiazole, and polyfluorene, respectively. These 

polymeric micelles serve as optical fluoride sensors, offering visual detection capability in several 

effective solvents such as THF and acetone (Scheme 5.3).198  
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Scheme 5.3: Synthesis of triblock copolymer based fluoride sensor using ATRP technique. 
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5.2 Aim and Objectives  

The main aim of this study is to produce anion sensors that report by means of colour change. To 

this end, 4-nitrophenol (PNP), a yellow water-soluble molecule when deprotonated that becomes 

colourless and organic soluble when protonated or bound to a receptor, is used. This colour change 

offers a practicable indicator for use as a colourimetric sensor, and the intensity of the colour can 

also be used to measure how strongly the anion (A-) binds to the PNP-receptor complex by using a 

displacement approach. Colourimetric sensors are, after all, simply host-anion complexes that 

dissociate in the presence of other anions, triggering changes in the physical properties of the 

system.171 

This chapter examines the preparation of a host-anion complex using phenolate anions bound to 

isophthalamide-based receptors incorporated within water soluble macromolecules to produce 

discrete molecular hosts capable of reporting anion binding through colour changes. It also 

investigates whether the local environment around the binding site provided by the macromolecule 

may disturb any anion binding properties, allowing further measurement of change in colour 

intensity to act as an indicator of binding affinity. A schematic representation of this is shown in 

Figure 5.2, where the phenolate anion is displaced by another anion with a stronger binding affinity, 

resulting in a return to a yellow colour visible to the naked eye.  

 

Figure 5.2: Hydrogen-bonding interactions between indicator complex based anion sensor; the A- (anion) will 

eliminate the phenolate anion (PNP) from the binding site if it binds more strongly (schematic illustration). 
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For this purpose, an amphiphilic polymer involving a hydrophilic part (block A) and a hydrophobic 

part (block B-co-C) copolymerised with anion binding sites and hydrophobic units (Figure 5.3) is 

proposed.  

 

 

Figure 5.3:  Macromolecular topology of mPEG-b-P(MMA-co-Rec) (Schematic representation).  

 

The design of the anion binding monomer requires a polymerisable group such as the methacryloyl 

group, and an isophthalamide based receptor. This monomer can be polymerised with MMA in the 

presence of a mPEG macroinitiator. From the retrosynthetic perspective, the simplest route to the 

desired product, 10, is the synthesis of 5-acryloyloxy isophthalic acid 9, which is made by the 

acetylation of 3,5-diacetoxy phenol (Scheme 5.8). 
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Scheme 5.6: Retrosynthetic route to the target molecule, changing 5-methacryloyloxy-N,Nʹ-diphenyl isophthalamide 

into the corresponding synthons. 
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5.3 Results and Discussion 

5.3.1 Synthesis of mPEG macroinitiator 

PEG has a broad range of applications and is often seen in covalent attachments to other 

materials.199 Several mPEG-based graft copolymers have been synthesised by employing methoxy 

polyethyleneglycol with 2-bromo- or 2-chloro-2-methylpropionate as the macroinitiator.200,201  

A preparation of mPEG-macroinitiator 5 was done following Dehgani,202 reacting mPEG2000 with 

2-bromoisobutyryl bromide and triethyl amine in anhydrous toluene. The product was obtained in 

a 60% yield after purification (Scheme 5.7). 

 
Scheme 5.7: Synthesis of mPEG macroinitiator using triethyl amine as a catalyst. 

 

The 1HNMR spectrum in CDCl3 showed that the reaction was successful, with a new signal, 

corresponding to the six protons of the two methyl groups becoming visible at 1.95 ppm. In 

addition, a peak at 3.64, corresponding to the 178 methylene protons of PEG, and another at 3.39 

ppm,  corresponding to the three protons of the methoxy in mPEG, also appeared (Figure 5.4). A 

carbonyl peak at 1741 cm-1 was observed in the IR spectrum, indicating the formation of the α-

bromocarbonyl ester. GPC indicated that the Mn was around 2000, comparable to the starting 

material, thus confirming the absence of polymer degradation. The mass spectrum results were 

similar to those from the mPEG, except that peaks were further separated by two mass units, due 

to the isotope of bromine, as seen in Figure 5.5.   
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Figure 5.4: The 1HNMR spectrum of the mPEG-macroinitiator using CDCl3. 

 

 

 

 

 
Figure 5.5: Mass spectrum of mPEG (left) and mPEG macroinitiator (right). 

mPEG mPEG-Initiator 
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5.3.2 Synthesis of acryloyloxy-based isophthalamide monomers 

As mentioned in the aims section of this chapter, acryloyl-based isophthalamide R3 was chosen as 

the anion receptor, as it contains a suitable anion binding site and a polymerizable group.    

 

 

 

The first step of the synthetic route was the synthesis of 5-methacryloyloxy-isophthalic acid 1 by 

means of the acylation/acrylation reaction of 5-hydroxy isophthalic acid. The acylation was carried 

out in mixture of water and ether in the presence of alkali (Schotten-Baumann conditions), 5-

hydroxy-isophthalic acid was reacted with methacryloyl chloride in diethyl ether and NaOH. After 

the reaction, the organic phase was separated, and the crude product precipitated out of the aqueous 

phase by adding diluted HCl. A white solid product 1 was obtained in a very good yield of 87% 

after filtration and washing with water (Scheme 5.8).  

 

 

Scheme 5.8: Synthesis of 5-acryloyloxy isophthalic acid 
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Examining the 1HNMR spectrum in DMSO-d6 showed that the acrylation process was successful, 

as the –OH signal, present at 10.28 ppm in the spectrum for the starting material, was no longer 

visible, while a singlet at 2.02 ppm, corresponding to three protons of the methyl group, and singlets 

at 6.33 and 5.91 ppm corresponding to the two protons of the methylene group, were visible. Peaks 

corresponding to the COOH protons were observed at 13.52 ppm as one broad singlet, with an 

integral of two protons. A singlet also appeared at 8.36 ppm, corresponding to one aromatic proton 

(Ha), with another at 7.97 ppm corresponding to the two remaining aromatic protons (Hb) (Figure 

5.6). A peak at 18.8 ppm in the 13CNMR spectrum corresponded to the carbon of the methyl group, 

and the carbon of the carbonyl group was seen at 167.5. The mass spectrum showed a signal for 

MH+ at 251, and the product had a melting point of 254 to 256 °C. These data together indicated 

that the 5-methacryloyloxy-isophthalic acid was pure enough to carry out the next stage of 

synthesis. 

 

 

Figure 5.6: 1HNMR spectrum for 5-acryloyloxy isophthalic acid. 
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The next stage of the synthetic procedure was the formation of the isophthalamide utilising the 

amide coupling reaction (Scheme 5.9), described by Azrah Abdul Aziz was followed.203 

 

 

Scheme 5.9: Synthesis of 5-acryloyloxy-1,3-diphenyl isophthalamide 

 

Freshly distilled aniline and 4-DMAP were dissolved in anhydrous THF, and a THF solution of 5-

methacryloyloxy-isophthalic acid and EDC added. After work up, the resulting product was 

purified by flash chromatography to give a white solid with an 80% yield. 

 

The 1HNMR spectrum in DMSO-d6 showed that the coupling reaction was successful, with the –

COOH signal, present in the spectrum for 1, being no longer visible at 13.10 ppm. A singlet at 

10.50 ppm, corresponding to the two new amide protons, became visible, while a doublet peak at 

7.80 ppm and two triplets at 7.40 and 7.13, corresponding to the 10 aromatic protons of the two 

new phenyl groups, were also visible (Figure 5.7). The mass spectrum had a signal for MH+ at 401. 
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Figure 5.7: 1HNMR spectrum using DMSO-d6 for 5-acryloyloxy-N,Nʹ-diphenyl isophthalamide receptor (10). 

 

Isophthalamide receptor R3 was only soluble in DMSO, which is a coordinating solvent. 

Unfortunately, this competes for H-bonding and thus prevents NMR binding studies. This lack of 

solubility was due to the aromatic molecules stacking together in π- π face-to-face. This was 

addressed by replacing the aromatic amine with an alkyl amine to reduce π stacking and improve 

solubility.  

At this stage, the opportunity to modify the receptor, so that binding was maximised was also taken. 

For receptor R3, the ester linkage cannot become involved in binding, due to amide rotamers there 

is only one conformation that has the correct geometry to bind anions (Scheme 5.10A). However, 

replacing the ester with an amide allows all three conformations to provide suitable binding sites, 

as seen in Scheme 5.10B.  
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Scheme 5.10: A) Binding and non-binding configurations of ester-linkage receptor. B) Binding and non-binding 

configurations of amide-linkage receptor.  
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5.3.3 Acylation of 5-amino isophthalic acid with methacryloyl chloride 

Isophthalamide R4 was therefore selected as the target monomer, as this has more amides suitable 

for anion binding possess alkyl-solubilizing group. This was obtained by acylating 5-amino 

isophthalic acid to give amide 2.  

 

A solution of 5-amino-isophthalic acid and triethylamine in toluene, was reacted with methacryloyl 

chloride. After work up and purification, product 2 was obtained in an 80% yield (Scheme 5.11). 

 

Scheme 5.11: Acylation reaction of 5-amino isophthalic acid with methacryloyl chloride in nonpolar organic solvent 

using triethylamine as a catalyst to produce 5-methacrylamide isophthalic acid (2). 

 

The 1HNMR spectrum of 2 showed that the NH2 signal was no longer visible at 5.62 ppm. A new 

peak, visible at 10.80 ppm, was assigned to the N-H. This was no longer visible when CD3OD used 

as the NMR solvent. A singlet at 1.98 ppm, corresponding to the three methyl protons, and two 

singlets at 5.79 and 5.45 ppm, corresponding to the two protons of the methylene group, were also 

observed in the spectrum. The peaks corresponding to the OH protons were observed as a broad 

singlet, with an integral of two protons at 13.10 ppm, though this was again no longer visible when 

CD3OD was used as the NMR solvent (Figure 5.8). The mass spectrum showed an MH+ at 250. 5-
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methacrylamide isophthalic acid was deemed to be sufficiently pure to be carried forward to the 

next stage of synthesis. 

 

Figure 5.8: 1HNMR spectrum of 5-methacrylamide isophthalic acid (2) in DMSO-d6. 

 

5.3.4 Synthesis of 5-methacrylamide-N,Nʹ-dipropyl isophthalamide or N-(3,5-dipropylamine 

isophthaloyl)-2-methylprop-2-enamide (R4) 

  

The first attempt to synthesise compound R4 followed the previously determined amide coupling 

procedure outlined in section 3.2. However, this reaction was unsuccessful. A second attempt was 

made using the diacid chloride of 2 followed by reaction with amine. The isophthalic acid 2 was 

reacted with freshly distilled thionyl chloride in DMF, and the organic solvent and excess thionyl 

chloride were evaporated, with the resulting residue dissolved in a solution of chloroform and 

pyridine. Propylamine (2 eq.) was then added and the mixture stirred at 0 °C for five hours. The 

solvent was then removed, and the residue washed with distilled water to remove any unreacted 
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amine hydrochloride. The product was recrystallized from ethyl acetate, yielding isophthalamide 

R4 as a white solid in 21% yield.  

To improve the yield, it was decided to synthesise the amide using acid chloride and 

diisobutyl(amino)aluminium (DIBALH), as described by Park.204 DIBALH (1.1 M in hexane) was 

added dropwise to a solution of 1-propylamine and the mixture stirred for three hours at 0 °C. The 

5-acrylamide-isophthalic chloride in DMF was then added slowly to the reaction mixture, and 

stirred for a further 10 minutes. The reaction was quenched with HCl and the product extracted 

using diethyl ether. The crude product was obtained by removing the ether, and purification using 

flash column chromatography to give isophthalamide R4 as a white solid in a yield of 91% (Scheme 

5.12). The mechanism suggested by Park 224 is shown in Scheme 5.13. 

 

 

Scheme 5.12: Synthesis of amide R4 in two steps: forming diacid chloride, followed by amide formation using 

DIBALH. 
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Scheme 5.13: Steps involved in using DIBALH for amide formation. 

 

The 1HNMR spectrum showed that isophthalamide had been obtained, as the –COOH signal 

present at 13.10 ppm was no longer visible, while a singlet at 8.49 ppm, corresponding to the two 

amide protons, was visible. Furthermore, a singlet at 10.47, corresponding to the N-H directly 

connected to the aromatic ring, two triplets at 3.23 ppm and 0.97 ppm, and a multiplet at 1.54 ppm, 

corresponding to the 14 protons of the two propyl chains (Figure 5.9). The mass spectrum showed 

a signal for the MH+ at 332.  
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Figure 5.9: The 1HNMR spectrum for 5-acryloylamide-N,Nʹ-dipropylamine isophthalamide monomer 

 

5.3.5. Anion binding assay using 1HNMR titration 

Following the successful synthesis of an anion receptor based on isophthalamide R4, the next step 

was to evaluate the anion binding properties. This was carried out using a 1HNMR titration. To 

study the relative affinity of receptor R4, a variety of anions were chosen, including chloride, 

bromide, iodide, benzoate, sulphate, phosphate, and phenolate. These 1HNMR experiments were 

carried out using d-chloroform as solvent; the anions used were in the form of their tetrabutyl 

ammonium salts. 

Each titration solution began with 1 mL of the host species in an NMR tube at a concentration of 

20 mg/mL. Then, 10 to 50 μL aliquots of an anion stock solution of the same concentration were 

added to the NMR tube and the spectrum recorded. The chemical shifts (ppm) of the NH protons 

x 

y 

z 

2(N-H) 
N-H 
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and the proton Ha with reference to the carbonyl group were monitored. After each addition of the 

anionic guest, the NH and Ha protons were observed to shift downfield. The data for various anions 

is illustrated in Graph 5.1, which shows that increasing anion concentration leads to an increase in 

Δδ, due to hydrogen bonding between the isophthalamide receptor and the anions. Thus, the 

1HNMR titration analysis confirms that the synthesised core would bind anions.  

 

Graph 5.1: 1HNMR data obtained from titration of receptor R4 against chloride, bromide, iodide, benzoate, 

phosphate, and sulphate anions. 

 

This data indicates that receptor R4 binds the chloride anion most strongly. Bromide and iodide 

binding was lower, which was due to their large size.  Receptor R4 had less ability to coordinate 

with tetrahedral anions such as phosphate and sulphate. The next step was to investigate a 

colourimetric displacement approach using Uv-Vis measurements and a complex of receptor R4 

with 4-nitrophenolate, which can be used to measure binding of other anions.   
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5.3.6 Displacement approach using UV-Vis spectroscopy 

An investigation into whether the complex between receptor R4 and phenolate would be broken 

via competitive binding with other anions was conducted as when binding takes place, the 

phenolate is released, producing a colour change that can be used as the basis for a colourimetric 

displacement assay. The colourimetric properties of this complex were studied using UV-Vis 

spectroscopy.  

The addition of R4 (1 x 10-2 M) to a solution of TBA-PNP (0.6 x 10-5 M) in CH2Cl2 at room 

temperature caused a significant decrease in intensity of the phenolate peak at 432 nm (Figure 

5.10). This colour change was attributed to the formation of a new receptor complex (R5).  

 

 

Figure 5.10: Decreasing absorbance of 4-nitrophenolate anion upon addition of R4 in CH2Cl2. 

 

This solution was studied as a probe/sensor for anions. Specifically, when other anions are added 

to this colourless solution, they can compete for binding to the receptor and release phenolate. At 

this point the colour will return, as shown in Scheme 5.14.  
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Scheme 5.14: Addition of anions to solutions of ion sensor complex causing the yellow colour of the p-

nitrophenolate anion to return as it is displaced from the R4 anion binding site 

 

The experiment was carried out by adding solutions of tetrabutylammonium chloride, bromide, 

benzoate, phosphate, and sulphate (1 x 10-3 M in all cases) to the PNP complex R5 (1 x 10-4 M) 

The resultant absorption at the PNP λmax were recorded. All experiments were repeated three times 

and the data averaged. (Figure 5.11).  

 

 

Figure 5.11: Relative absorbance of solutions containing R4, PNP, and various anions in DCM. 
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The relative absorbance values for each anion indicated that the strongest absorbance occurred with 

chloride, followed by benzoate. This trend reflects the relative affinities of receptor R4 for these 

particular anions. The success of using receptor R4 as an anion sensor allowed the project overall 

to continue, and the next step was synthesis of functionalized amphiphilic polymer that could self-

assemble into a water based anion binding system.  

 

5.3.7 Copolymerisation of methyl methacrylate and receptor R4 using ATRP  

Amphiphilic block copolymers such as mPEG-b-PS, can be synthesised using a standard radical 

method.205–208 However, conventional radical polymerisation methods can form large quantities of 

homo polymers or diblocks of inconsistent chain length.209  ATRP techniques are preferred, as they 

allow the preparation of polymers with greater control over chain length, thus reducing the quantity 

of homo polymers. This is particularly important when attempting to synthesise diblocks for use in 

self-assembly.   

This copolymer of R4 and MMA was synthesised in toluene using mPEG-Br as an initiator, with 

CuBr and N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA) as a homogenous catalyst 

and ligand, respectively. A freeze-pump thaw cycle technique was used to deoxygenate the reaction 

flask to begin polymerisation, then after 15 hours, the mixture was cooled, diluted with DCM, and 

passed through a short Al2O3 column to remove the copper catalyst. The product was then obtained 

by precipitation with ether. After the reaction, the 1HNMR results showed that the only product 

was mPEG-b-PMMA (Figure 4.12), and that no receptor had been incorporated. 
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Figure 5.12: 1HNMR in CDCl3 of the polymer obtained by ATRP.  

 

It was decided to repeat polymerisation using high oxidative state of the metal catalyst with 

reducing agent tin(II) 2-ethylhexanoate to avoid the oxygen sensitivity, which might increase the 

anion receptor content. Different ratios of MMA to receptor R4 were used and the time of 

polymerisation increased to 24 hours. The reaction temperature was also increased to encourage 

the macroinitiator to be more reactive. However, the only polymer obtained in all cases was mPEG-

b-PMMA. The crystals of receptor R4 were then analysed using X-ray crystallography to 

determine whether anything about its structure might be preventing polymerisation (steric or 

geometric issues). However, the X-ray structure (Figure 5.13) did not show anything that might 

prevent polymerisation. At this point, it was assumed that the problem was due to reduced reactivity 

in receptor R4.  
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Figure 5.13: X-ray crystal structure of receptor R4. 

 

However, on one occasion (21st attempt), some of receptor R4 was observed in the polymer, albeit 

with low degree of polymerisation, as determined by 1HNMR (Figure 5.14). An attempt was made 

to form a micelle from the product, but no signs of self-assembl was observed. Specifically, nothing 

was detected by DLS or CMC. At this stage, the work was halted due to time restrictions.   

 
 Figure 5.14: 1HNMR in CDCl3 of the polymer obtained by AGET ATRP. 
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5.5.4 Conclusion  

For this project, it was necessary to bind anions in water. To achieve this, the search was made to 

find a way to encapsulate receptors within the hydrophobic core of a polymeric micelle. 

Specifically, it was important to covalently incorporate binding sites as co-monomers during 

controlled synthesis of an amphiphilic diblock polymer. This polymer would consist of a PEG 

block and a second block containing both the copolymer of methyl methacrylate and an anion 

receptor. 

First, receptor R3 (aromatic isophthalamide recepotr) was synthesised. However, the lack of 

solubility of this receptor in most of organic solvents had prevented NMR binding study to be 

carried out. For this reason, an amide-linkage receptor with alkyl chain (R4) was synthesised using 

acid chloride and diisobutyl(amino)aluminium (DIBALH). Second, the binding studies was 

conducted with variety of anions using 1HNMR. The data indicates that receptor R4 binds the 

chloride anion most strongly. Displacement approach using Uiv-Vis measurements revealed that 

adding receptor R4 to phenolate will decrease the intensity of yellow colour and forming receptor 

complex R5. Receptor complex R6 was also formed as a results of adding variety of anions to the 

receptor complex R5, which makes the colour to come back. Finally, ATRP was used to synthesis 

the copolymer of methyl methacrylate and receptor R4 using mPEG-Br as an initiator. Although, 

many attempts of polymerisation were conducted but low polymerisation degree of R4 content 

within the copolymer was achieved.  
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5.5 Experimental 

5.5.1 Chemicals and Instrumentation 

Solvents and reagents 

All chemicals and reagents were obtained from commercial supplier (primarily Sigma-Aldrich) 

and were used without further purification unless otherwise stated.  

 

Nuclear magnetic resonance spectroscopy (NMR)  

All NMR samples were prepared using deuterated solvents supplied by Sigma Aldrich. 1H NMR 

and 13C NMR spectra were recorded using a Bruker AV1400 MHz machine. The NMR spectra 

were analysed using Topspin 3.2 NMR software. Shifts are quoted as ppm and couplings quoted 

in Hertz.  

 

Fourier transform infrared spectroscopy (FTIR) 

FTIR spectroscopy was performed in the solid state (in reflectance mode) using Perkin Elmer 

Spectrum RX FT-IR System in the range of 700 to 4000 cm-1. 

 

UV-Vis spectroscopy 

The ultraviolet absorbance was recorded on an Analytik Jena AG Specord s600 UV/Vis 

Spectrometer and analyzed using its attached Software (WinASPECT). 

 

Fluorescence Spectroscopy  

Fluorescence results were obtained using a HORIBA Scientific Fluoromax-4 spectrofluorometer 

using its attached software (FluorEssence V3). 
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Mass spectrometry 

The form of ionisation used was dependent on the molecular weight of the sample in question. For 

samples with a low molecular weight, an Electrospray ionisation (ES) was used to record spectra. 

The instrument used was a WATERS LCT mass spectrometer. For samples with a high molecular 

weight, Matrix assisted laser desorption ionisation (MALDI) was required. The instrumentation 

used was a Bruker Reflex III MALDI -ToF mass spectrometer. 

 

pH measurement 

The pH of the buffer solutions prepared was substantiated using a pH 210 Microprocessor pH 

Meter from Hanna Instruments Ltd. (Leighton Buzzard, UK). The device was calibrated using pH 

4.0 and pH 7.0 standard solutions, prepared with buffer tablets (Sigma-Aldrich, Poole, UK). 

 

Dynamic light scattering (DLS) 

DLS results were obtained using the Brookhaven instrument 90 Plus Particle Size Analyser 

(Holtsville, NY, USA) 35 mW solid state standard laser. This instrumentation was used to 

determine the hydrodynamic diameter of nanoparticles. Particle sizing software 

9kpsdw32.exe.ver.3.80 was used for characterisation. Light was scattered at an angle of 90 ° with 

each run lasting 2 minutes at a temperature of 37.5 °C. Samples were filtered using Whatman® 

GD/X syringe filters with a pore size of 0.45 µm, prior to analysis. Results reported are based upon 

volume distribution. 

 

Gel Permeation Chromatography/ Size Exclusion Columns  

Analytical THF GPC data was obtained at room temperature using either a high molecular weight 

column (3x300 mm PL gel 10 µm mixed-B), or a low molecular weight column (2x600 mm PL 

gel 5um (500 Å) mixed-E). Calibration was achieved by using polystyrene standards (Mn 220-1, 
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1,000,000 Da) and molecular weights are thus reported relative to these specific standards used. 

The samples were run using Fisher GPC grade THF as a solvent stabilised with 0.025 % BHT 

(which was supplied to the columns by a Waters 515 HPLC Pump at 1.00 mLmin-1). Toluene was 

added to prepared sample as a flow marker, before injection through a 200 µL sample loop with a 

Gilson 234 Auto Injector. The concentration of a sample was studied using an Erma ERC-7512 

refractive index detector and, where applicable, by UV using a Waters Millipore Lambda Max 481 

LC Spectrophotometer. Aqueous GPC data was acquired using a Millipore Waters Lambda-Max 

481 LC spectrometer with a LMW/HMW column. The eluent which was used was 

NaNO3/NaH2PO4 (pH=7) buffer solution (unless stated otherwise). The data attained was then 

analysed using  GPC-online software. Samples were filtered using Whatman® GD/X syringe filters 

with a pore size of 0.45 µm prior to analysis. 

 

5.5.2 Synthesis of mPEG macroinitiator (5) 

A solution of mPEG2000 (10 g, 5.0 mmol) and TEA (1.4 mL, 10 

mmol) in 80 mL anhydrous toluene was cooled in an ice-water 

bath. 2-Bromoisobutyryl bromide (1.2 mL, 10 mmol) was then 

slowly added over 30 min via syringe to the reaction under 

continuous stirring and nitrogen bubbling. The reaction was warmed up to room temperature and 

further stirred for 2 days. After the reaction, the solution was filtered to remove the by-product 

triethylamine hydrobromide precipitate. The solvent was half evaporated and then the polymer was 

precipitated in a 10 fold excess of cold diethyl ether. The resulting product was dissolved in CH2Cl2 

and extracted with alkaline water. The organic layer was harvested and dried over MgSO4, then the 

solvent was removed under reduced pressure and the product obtained was dried in vacuum oven 

(at 38 oC).  Yield 3 g, (60%). 
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1HNMR (CDCl3, 400 MHz) δ: 4.31 (t, 2H); 3.64 (m, 178H); 3.39 (s, 3H); 1.95 (s, 6H). FTIR (cm-

1): 2867 (s, aliphatic C-H), 1636, 1461 (C-O). Mass spec (MALDI): 2142. 

 

5.5.3 Synthesis of 5-methacryloyloxy isophthalic acid (1) 

5-Ηydroxy-isophthalic acid (1.0 g, 5.4 mmol) was dissolved in 10 mL 

water and NaOH (0.68 g, 16.2 mmol) was then added. This suspension 

was cooled using ice bath and within 2 hours a solution of methacryloyl 

chloride (0.62 mL, 5.4 mmol) in 5 mL diethyl ether was added. The 

reaction solution was stirred overnight at room temperature. After the 

reaction, the organic phase was separated and the crude product was precipitated out of the aqueous 

phase after adding dilute HCl (10:1). The product was washed with water several times and dried. 

Yield 0.87 g (87%). 

1H NMR (CD3SOCD3), δ: 13.52 ppm (s, 2H); 8.36 (s, 1H); 7.97 (s, 2H); 6.33 (s, 1H); 5.91 (s, 1H); 

2.01 (s, 3H). 13CNMR (CDCl3, 400 MHz, δ: 18.3, 120.9, 125.3, 132.4, 140.3, 166.9, and 167.5. 

Mass spec (MH+): 251, m.p. = 254-256 oC. 

 

5.5.4 Synthesis of 5-methacryloyloxy isophthaloy-N,Nʹ-diphenyl amine  monomer (R3) 

A one-neck round bottom flask was charged with freshly distilled 

aniline (1.25 g, 5 mmol) and 4-DMAP (1.3 g, 10 mmol) then 

dissolved in 100 mL anhydrous THF. The reaction mixture was 

cooled to 0-5 C with ice water bath. After degassing for 10min, a 

mixture of 5-methacryloyloxy isophthalic acid (0.93 mL, 10 mmol) 

and EDC (2.1 g, 1.0 mmol) were dissolved in anhydrous THF and 

then were added to solution. After stirring for 2h, the reaction mixture was stirred overnight at 

room temperature. 20-30 mL distilled water was added, then the THF was evaporated under 
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reduced pressure. The resulting precipitate was filtered and washed twice with water dried at room 

temperature. Further purification was conducted by flash column chromatography using 

CH2Cl2/acetonitrile (10:1) as the eluent to give the white product. Yield 1.0 g, 80%. 

1HNMR (DMSO-d6, 400 ΜHz) δ: 10.50 (s, 2Η) 8.50 (s, 1Η) 8.01 (s, 2Η), 7.80 (m, 4Η), 7.40 (t, 

4Η), 7.13 (t, 2Η), 6.37 (s, 1Η), 5.99 (s, 1Η), 2.06 (s, 3Η). 13CNMR (DMSO-d6, 400 MHz) δ: 18.4, 

120.8, 124.9, 129.1, 137.2, 137.7, 139.3, 164.2, and 165.4. Mass spec (MH+): 401.2. 

 

5.5.5 Synthesis of 5-methacrylamide isophthalic acid (2) 

A mixture of 5-amino-isophthalic acid (1.8 g, 10 mmol), and TEA (1.4 

mL) in 50 mL of toluene was given a dropwise addition of methacryloyl 

chloride (1.3 g, 12.5 mmol) over the course of 30 min at 0-5 oC. The 

reaction was stirred for further 6 hours. The filtrate was washed free of 

triethylamine hydrochloride with 500-600 mL of 3 N aqueous HCl. The 

product obtained was dried and recrystallized from 30% aqueous ethanol. Yield 1.4 g (80%). 

1HNMR (DMSO-d6, 400 ΜHz) δ: 13.10 (br,s, 2H), 10.80 (s, 1H), 8.02 (s, 1H), 7.92 (s, 2H), 5.70 

(s, 1H); 5.40 (s, 1H); 1.98 (s, 3H). 13CNMR (DMSO-d6, 400 MHz) δ: 18.3, 120.9, 125.3, 132.4, 

140.3, 166.9, and 167.4. Mass spec (MH+): 250. 

 

 

5.5.6 Synthesis of 5-methacrylamide-N,Nʹ-dipropyl isophthalamide (R4) 

Three necked round bottom flask equipped with a magnetic stirrer, 

nitrogen inlet, and a condenser was charged with 5-methacrylamide 

isophthalic acid 11 (1.0 g, 4.4 mmol), freshly distilled thionyl chloride 

(10.0 mL) and 5.0 mL of DMF. The flask was stirred at room temperature 

for 30 min and then gently heated up to 60 oC for 6 h. Excess of amount 
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of thionyl chloride and solvent was then distilled off. The resulting pale yellow product the bis acyl 

chloride was used directly for the next reaction.  

First procedure followed for amide formation by different bases (pyridine, TEA and excess of 

amine): To the residue, 20.0 mL of CHCl3 and 2.2 mL of base (TEA) were added. After the solution 

was cooled down to 0-5 oC, a twofold amount of n-propylamine was added slowly and stirred for 

2 h. The reaction solution was then evaporated and the crude product was purified by silica gel 

column chromatography using ethyl acetate/ hexane (1:1) as eluent to give a white solid product; 

yield 0.21 g (21%). 

Second procedure followed for amide formation using DIBALΗ: A dried and argon flushed flask 

equipped with a magnetic stirrer was charged with propylamine (1.47 mL) and 10 mL of THF. 

After cooling to 0 oC, DIBALH (15.6 mL, 1.1 M in hexane) was added dropwise. The reaction was 

stirred for 3 h at room temperature and then a solution of isophthaloyl chloride solution was added 

slowly over 10 min and stirred for further 10 min. the reaction was stopped by adding 10 mL of 

1N HCl and water. The product was separated with diethyl ether (2 x 10 mL) and the organic layers 

were dried over MgSO4, then filtered and concentrated under reduced pressure. The resulting 

product was purified by column chromatography on silica gel; yield 0.7 g, (70%)   

1HNMR (CDCl3), δ ppm: 8.87 (s, 1H); 8.29 (s, 2H); 7.93 (s, 1H); 6.80 (s, 2H); 5.87 (s, 1H); 5.49 

(s, 1H); 3.36 (q, 4H); 2.05 (s, 3H); 1.61 (m, 4H); 0.95 (t, 6H). 13CNMR (CDCl3, 400 MHz, δC): 

11.9, 19.1, 22.8, 41.7, 120.9, 121.0, 122.3, 136.0, 139.6, 140.6, 166.1, and 167.0. Mass spec (MH+): 

332, m.p. = 128-130 oC. 

 

5.5.7 ATRP (General procedure) 

A Schlenk flask with a magnetic stir bar and a rubber septum was charged with mPEG-Br (3 g, 1.5 

mmol), MMA (0.15 mL, 1.5 mmol), receptor 12 (0.6 g, 1.5 mmol), PMDETA (0.52 mL, 3 mmol) 

and toluene (20 mL). The flaks was deoxygenated by three freeze-pump thaw cycles, backfilled 
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with nitrogen, and then CuBr (0.22 g, 1.50 mmol) was introduced into the flask under the protection 

of nitrogen flow.  Finally, the reaction mixture was degassed with another three freeze pump thaw 

cycles, and then sealed followed by immersing the flask into an oil bath and stirred at 70 oC to start 

the polymerisation. After reaction overnight, the flask was taken away from the bath, and the 

reaction mixture was cooled to room temperature; the reaction mixture was diluted with DCM (10 

mL) and then passed throw a short Al2O3 column (basic, activated) to remove the copper catalyst. 

The resulting solution was concentrated and poured into anhydrous ethyl ether to precipitate the 

product. The product was separated by filtration and further purified by redissolving/ 

reprecipitating with DCM/ethyl ether, and finally dried in vacuum for 3 days.  

 

5.5.8 AGET ATRP (General procedure) 

All polymerisation procedure were conducted in a Radleys Carousel 12 place Reaction Station. 

The general procedure in the presence of air was as follows; mPEG-Br (3 g, 1.5 mmol), CuBr (0.22 

g, 1.5 mmol), PMDETA (0.52 mL, 3 mmol), MMA (0.15 mL, 1.5 mmol), receptor 12 (0.6 g, 1.5 

mmol), and DMF (20 mL) were added into a dry Schlenk tube under stirring. The flask was 

thoroughly purged by vacuum and flushed with nitrogen (three cycles). 300 μL of tin(II) 2-

ethylhexanoate (Sn(Oct)2 was added to the reaction mixture via syringe. The mixture was bubbled 

with nitrogen for 10 min. The reaction flask was then in a Radleys Carousel 12 place Reaction 

Station at 90 oC. After a definite time, the tube was placed in an ice bath to stop the reaction. The 

resultant mixture was then poured into methanol for precipitation. The polymer was obtained by 

filtration, washing and drying in vacuum for two days.  

1HNMR (CDCl3), δ ppm: 7.6-7.54(br m, 3Η), 3.45 (s, 180Η), 3.23 (t, 3Η), 1.55-147 (br m 2Η), 0.9 

(m, 3H).  
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