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Abstract 

This thesis reports on the design, synthesis and structural characterisation of a novel 

family of pyrene-isoxazole-calix[4]arenes. An investigation of their metal cation 

sensing abilities using techniques including absorbance, fluorescence and 1H NMR 

spectroscopies follows. 

The novel work begins by developing a pyrene-isoxazole appended calix[4]arene, PIC 

that could selectively detect and report, via fluorescence spectroscopy, on the 

presence of Cu2+ ions in MeCN. The host:guest binding interaction was investigated 

by 1H NMR spectroscopy. Stern-Volmer analysis of the quenching mechanism, 

Benesi-Hildebrand analysis of the binding constant and detection limit calculations 

were performed in characterisation of the binding properties of this host. 

The relationship between the modular building blocks and the conformational 

presentation of the host structures and their metal cation sensing abilities was 

probed by design of three new members of this family, structurally related to PIC. 

Each member differed at just one key position. EPIC, introduced an ethylene linker 

between the lower rim of the calixarene and the isoxazole heterocycle, PPIC 

introduced an alkyl chain between the isoxazole rings and the pyrene units and MPIC 

incorporated methoxy groups in place of the hydroxyl groups of PIC. Each host was 

successfully synthesised using catalyst-free click cycloaddition and were structurally 

characterised using the full suite of analytical techniques including solid state 

structures of EPIC and MPIC. 

Fluorescence spectroscopic studies indicated that whilst EPIC, PPIC and MPIC, like 

PIC, had affinities for Cu2+ binding, there were subtle differences in the binding 

association of the H:G complexes (Ka values varied between 33,000 ς 6,000 M-1) and 

in the information that could be extracted from the NMR spectroscopic study of their 

binding. 

In order to probe real-world applications such as waste water analysis, studies 

involving PIC in aqueous MeCN were conducted. A tendency for the host to self-

assemble and form supramolecular structures in the aqueous media was 

hypothesised on the basis of emission and absorbance data and supported by SEM 

images. 

PIC was shown to be fluorescent in drop-casted solid state samples and subsequently 

in electrospun PIC doped polymeric microfibers. The fluorescent microfibers 

responded spectrofluorometrically to the presence of Cu2+ cations in water.  
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1.1 Calixarene Chemistry 

1.1.1 Overview 

Calixarenes are a class of versatile macrocycles. Their popularity stems from their 

ease of synthesis, their functionalisable upper and lower rims and their wide range 

of applications. This section will provide an overview of the history of calixarenes, 

their general applications and synthetic methods for lower rim functionalisation. 

1.1.2 History of Calixarenes 

Calixarenes were first synthesised in Germany by Adolph von Baeyer in 1872. He 

observed that mixing formaldehyde and phenol in the presence of a strong acid 

resulted in the formation of a resinous mixture.1 At the time, isolation of pure 

products from this material was not possible. Even though Baeyer was unsuccessful 

at characterisation of the mixture, his work was pivotal in the beginning of phenol-

formaldehyde chemistry which paved the way for calixarene chemistry. 

In 1902, in the United States, Leo Baekeland began an investigation into base-

catalysed phenol-formaldehyde reactions. After several years of research he 

demonstrated that by using a defined amount of base the reaction could be 

controlled resulting in polymeric products of reproducible rigidity. He patented this 

process in 1907 and his material became known as Bakelite, which was one of the 

first commercially available synthetic plastics.2  

Depending on their substitution pattern, phenols have the possibility of reacting with 

formaldehyde at the ortho- and/or para-positions. Thus the formation of a wide 

variety of crosslinked polymers where each phenolic unit can be attached to up to 

three other phenolic units can result. This potential lack of regioselectivity was a 

problem in the initial phenol-formaldehyde chemistry. In 1942, seventy years after 

.ŀŜȅŜǊΩǎ formaldehyde experiments, !ƭƻƛǎ ½ƛƴƪŜ ŀƴŘ 9ǊƛŎƘ ½ƛŜƎƭŜǊ άǎƛƳǇƭƛŦƛŜŘέ ǘƘŜ 

reaction using a para-substituted phenol in a condensation reaction with 

formaldehyde.3 A para-substituted phenol can only react at the ortho- positons 

thereby reducing the possible number of polymeric products. Zinke and Ziegler 

proposed that the product of their reaction had the cyclic tetrameric structure shown 
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in Figure 1.1. Concomitantly, Joseph Niederl and his colleague Heinz Vogel in New 

York University proposed a cyclic tetrameric structure for the product of their acid 

catalysed reactions between aldehydes and resorcinols.4 

 

Figure 1.1: Tetrameric structure proposed by Zinke and Ziegler as the product of base 

catalysed reaction between p-tert-butylphenol and formaldehyde.3 

David Gutsche coined the term ΨΨŎŀƭƛȄŀǊŜƴŜΩΩ ƛƴ мфтр ŀƴŘ ǘƘƛǎ ƴŀƳŜ first appeared in 

print in 1978.5 The name is derived from the Greek word calix ƳŜŀƴƛƴƎ ΨΨǾŀǎŜΩΩ ƻǊ 

ΨΨŎƘŀƭƛŎŜΩΩΤ and arene which indicates the presence of aryl residues in the macrocyclic 

array, Figure 1.2Φ ! ŎŀƭƛȄώƴϐŀǊŜƴŜ Ŏƻƴǘŀƛƴǎ άƴέ ŀǊȅƭ ǊŜǎƛŘǳŜǎ ƛƴ ǘƘŜ ƳŀŎǊƻŎycle; 

calix[4]arenes, calix[6]arenes and calix[8]arenes are the most heavily represented in 

the literature. Calix[4]arenes can present as four distinct conformers: cone, partial 

cone (paco), 1,3-alternate and 1,2-alternate, Figure 1.3. 

 

Figure 1.2: a) Space filling diagram of a calix[4]arene, b) Greek vase and c) 

calix[4]arene with upper rim p-tert-butyl substituents. 

Gutsche saw the potential of calixarenes as molecular baskets capable of functioning 

as enzyme mimics. Cyclodextrins6 and crown ethers7 had previously been utilised for 

this purpose, but he noted that calixarenes had two distinct advantages: (i) they were 

easy to synthesise, whereas cyclodextrins were only available by isolation from 

natural sources; and (ii) they had a true basket-like shape, whereas crown ethers had 
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ŀ ƳƻǊŜ ŘƛǎŎ ƭƛƪŜ ǎƘŀǇŜΦ DǳǘǎŎƘŜΩǎ ǎŜƳƛƴŀƭ ǿƻǊƪ ƻƴ ŎŀƭƛȄŀǊŜƴŜǎ ǎǇŀƴƴŜŘ ǘƘǊŜŜ ŘŜŎŀŘŜǎ 

and included: the establishment of the structures of the parent cyclic tetramer, 

hexamer and octamer, a study of their conformational properties and the 

development of methods for the functionalisation of the upper and lower rims of the 

calixarene skeleton. 

 

Figure 1.3: Common conformations of substituted calix[4]arenes.  

1.1.3 General Applications of Functionalised Calixarenes 

Calixarenes have unique three dimensional structures with hollow inner cavities. This 

characteristic, taken together with the ease of functionalisation of the upper and 

lower rims, gives rise to many applications within supramolecular chemistry, 

including molecular recognition, sensing and self-assembly, catalysis, 

nanotechnology and drug delivery.8 

In a recent publication, Rao et al. reported a drug storage and release application of 

a lower rim monocholesteryl derivatised calix[4]arene, Figure 1.4.9 This 

functionalised calix[4]arene showed instantaneous gelation in THF:MeCN (1:1, v/v) 

at a minimum gelator concentration of 0.6%. Gelation was also achieved in the 

presence of three different drugs, doxorubicin, curcumin and tocopherol, >90% 

release of the drugs was subsequently demonstrated in water. The guest-entrapped 

gels exhibited the same microstructures as the guest-free gels. Fluorescence 



Chapter 1  Introduction 

5 
 

spectroscopy and molecular mechanics studies suggested that the drug molecules 

occupied the hydrophobic pockets of the calixarene. 

 

Figure 1.4: Cholesteryl derivatised calix[4]arene capable of gel formation, storage 

and release of the three drug molecules shown.9 

Vigalok et al. have reported catalytic activity of lower rim heterocycle functionalised 

calix[4]arenes.10 A three-step synthesis led to a triazole derivative which, upon 

exposure to TiCl4 and N,N-diisopropylethylamine (DIPEA), formed a Ti4+ complex 

capable of catalysing TMS-CN addition to benzaldehyde. No catalytic activity was 

observed when control reactions were carried out with the Ti4+ complex of 1,3-

dimethylcalixarene, confirming the role of the heterocyclic ring in the catalytic cycle.  

A more recent publication cites a copper-catalysed, one-step lower rim amination 

reaction which produced pyrazole functionalised calixarenes which also formed 

complexes with some main group and transition metal ions.11 The pyrazole Ti4+ 

complex, shown in Figure 1.5, had superior catalytic activity to its triazole analogue 

in promoting TMS-CN addition to benzaldehyde. 
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Figure 1.5: Ti4+ complex of a pyrazole functionalised calix[4]arene used to catalyse 

TMS-CN addition to benzaldehyde and cyclohexene epoxidation reactions.11 

Environmental and human health have suffered due to the widespread use of 

pesticides. The potential binding of a naphthol-appended calix[4]arene to six 

common pesticides was investigated using fluorescence spectroscopy. Enhancement 

of the intensity of the fluorescence emission signal of the functionalised calixarene 

occurred when exposed to only one of this group: metolcarb. No such change 

occurred in the case of the five other pesticides examined in the same study.12 To 

facilitate exploitation of the sensor in the field, the calix[4]arenes were immobilised 

onto gold nanoparticles using a triazole forming click cycloaddition reaction. Contact 

angle measurements were used as a simple and visual method to determine if 

metolcarb was present, Figure 1.6. This easily executed technique consists of a stage, 

a syringe, a light source and an optical aid with a reticule for angle measurement. A 

droplet of a metolcarb containing solution was shown to form a specific contact angle 

of 20.6 ± 2.0° on the gold nanoparticle surface, while solution samples of the five 

other pesticides tested had contact angles >113°. Therefore, the calixarene 

functionalised gold nanoparticles were suitable for the rapid detection of metolcarb 

in an environmental setting. 

 

Figure 1.6: Left: Naphthol-appended calix[4]arene immobilised onto gold 

nanoparticles used for the detection of the pesticide metolcarb.12 Right: General 

diagram showing a contact angle measurement.13 
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Calix[4]arenes modified on the upper rim with arylacetylene units, Figure 1.7, have 

been utilised in selective spectrofluorometric sensing of the common explosive 

trinitrotoluene (TNT) from an aqueous medium. Arylacetylene substituents are 

known to widen the calixarene cavity and this increased size combined with the 

hydrophobicity of the cavity provides selectivity for TNT.14 In a more robust 

application it has been noted that fluorescence emission resulting from filter paper 

coated with the modified calixarene was quenched upon exposure to TNT vapour as 

visualised under a UV lamp at 365 nm, thus environmental on-site detection of TNT 

was possible. 

 

Figure 1.7: Arylacetylene modified calix[4]arene used in TNT detection.14 

Iodide is an essential nutrient for healthy development of the human body and is of 

particular importance for pregnant women and children. Therefore, sensors capable 

of selective and sensitive iodide detection at low concentrations remain highly 

sought after. Maity et al. have designed and synthesised a water soluble 1,3-

alternate p-sulphonatocalix[4]arene capable of detecting iodide to a remarkable limit 

of 2.5 µM.15 They anchored this calixarene onto the surface of gold nanoparticles, 

Figure 1.8. In aqueous solutions these nanoparticles show a vivid colour change from 

pink to blue in the presence of iodide. It is understood that the iodide is oxidised to 

iodine at the exposed surface of the nanoparticle which results in a change of the 

size and morphology of the particles causing the colour change of the solution. 
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Figure 1.8: Gold nanoparticles with anchored p-sulphonatocalix[4]arene used for the 

colourimetric detection of the iodide ion.15 

1.1.4 Synthetic Approaches to Functional Calixarenes 

The upper and lower rims of calixarenes have been modified with an extensive range 

of functional groups including carboxylic acids, amides, crown ethers and azacrown 

ethers.16 However, as the novel calixarenes studied in this ŀǳǘƘƻǊΩǎ ǿƻǊƪ ŀƭƭ Ŧŀƭƭ ƛƴ ǘƘŜ 

category of lower rim functionalised molecules, this section will give a brief overview 

of the range of chemistries employed for functionalisation at the lower rim, a topic 

which has been the subject of an attractive review by Creaven et al.17 

1.1.4.1 1,3-Disubstitution of the Lower Rim 

The hydroxyl groups of the lower rim of calixarenes are useful handles to introduce 

various functional groups and Williamson ether syntheses have been a popular 

synthetic tool.18 Typically a base, often potassium carbonate, is used to generate the 

calixarene alkali salt and an alkyl halide is introduced to the resulting alkoxide, 

culminating in the formation of a mono-substituted phenoxy-ether. This can then be 

selectively deprotonated at the distal positon and further alkylated to give 1,3-

disubstituted products. The regioselectivity of the second alkylation reaction can be 

explained by the relative stability of the intermediate alkoxides leading to 1,2- and 

1,3-disubstituted products. 1,3-Distal are favoured over 1,2-proximal products due 

to the availability of proximal hydroxyl moieties to stabilise the intermediate alkoxide 

leading to the 1,3-disubstituted product, Scheme 1.1. 
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Scheme 1.1: General synthetic scheme for formation of 1,3-distal disubstituted 

calix[4]arenes by ether formation; stabilising hydrogen bonds of the intermediate 

alkoxides are shown with dashed lines. Inset: Structure of a 1,2-proximal 

disubstituted calix[4]arene. 

Lower rim functionalisation of calixarenes with crown ethers has been popular due 

to the potential of the crown as a metal binding site. Ungaro and co-workers were 

the first to report the synthesis of a member of this family.19 Their method involved 

treating the parent calix[4]arene with two equivalents of potassium tert-butoxide 

and one equivalent of pentaethylene glycol ditoluene-p-sulphonate. Following 

heating at reflux in benzene for 48 hrs the crown ether functionalised calix[4]arene 

shown in Scheme 1.2 was formed in 30% yield. 

 

 

Scheme 1.2: Synthesis of the first calix-crown from Ungaro and co-workers.19 
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Calixarenes with pendant amide or ester groups have been synthesised in a manner 

analogous to the Williamson ether synthesis. Following deprotonation, ester or 

amide functional groups have been introduced using appropriate halogenated 

esters20 or isocyanates.21 If desired these groups can be used as handles for further 

derivatisation. In one example, Bitter et al. cycloamidated a lower rim diester 

functionalised calix[4]arene using a polyamine, to produce in 93% yield the capped 

calix[4]arene shown in Scheme 1.3.22 This derivative showed potential as a 

chromogenic optical sensor for alkali and alkaline earth metal ions.  

 

Scheme 1.3: Synthesis of a lower rim carboxamide capped calix[4]arene from a 1,3-

diester calix[4]arene.22 

1.1.4.2 Tetrasubstitution of the Lower Rim 

Tetrasubstitution is usually achieved by functionalisation of a 1,3-distal disubstituted 

calix[4]arene. It requires a strong base such as sodium hydride due to the difficulty 

in forming the alkoxide ion when there are no proximal hydroxyl groups present for 

stabilisation by intramolecular hydrogen bond formation. In one example Shen et al. 

formed a fully substituted calixarene by reaction of a distally methylated precursor 

with ethyl 4-bromobutanoate in the presence of sodium hydride, Scheme 1.4.23 

 

Scheme 1.4: Synthesis of a tetrasubstituted calix[4]arene from reaction of a distally 

methylated precursor and ethyl 4-bromobutanoate using NaH as a base.23 
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1.2 Metal Ion Sensors 

Metal ions are ubiquitous in biological systems and in the environment. They are 

present in very precise amounts and any deviation from the concentration norm can 

have drastic effects on ecosystems and human health. For this reason, chemosensors 

that can selectively and sensitively detect and report on the presence of metal ions 

in solution are widely desired. This section will give details on the general design of 

metal ion sensors, beginning with examples of non-calixarene based metal ion 

sensors before discussing calixarene based metal ion sensors. 

1.2.1 General Design of Metal Ion Sensors 

An excellent review by de Silva et al. highlights the importance of the involvement of 

synthetic organic chemists in sensor design and manufacture. Their review highlights 

ŜȄŀƳǇƭŜǎ ƻŦ άǎƛƳǇƭŜέ ŀƴŘ ƳƻǊŜ ƛƴǘǊƛŎŀǘŜ ƳŜǘŀƭ ion sensors.24 The design of any 

sensor, whether it is to be used to detect a cation, anion or neutral species must 

deliver the same three criteria:  

 i) a receptor, 

The receptor or binding site is the location where the analyte of interest interacts 

with the sensor.  

ii) a reporter group 

The reporter group is a functionality that must undergo a measurable change upon 

analyte binding such as absorbance or emission, Figure 1.9.25 

iii) a linker group. 

The linker group or molecular scaffold is the framework that must hold the binding 

site and reporter unit in the desired orientation; it can take various forms, from a 

simple linker, as in the pictorial representation below, to a complex framework. 
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Figure 1.9: Schematic showing the recognition of an analyte by a chemosensor.25  

1.2.2 Non-Calixarene Based Metal Ion Sensors 

Sensitive and inexpensive methods that give real-time results are essential for the 

detection of heavy metal ions from aqueous samples in environmental and biological 

fields. In one such example Suresh et al. designed and synthesised a cyclodextrin 

based probe for Fe3+ and Ru3+ detection, Figure 1.10.26 When p-nitrophenol is added 

to a solution containing per-6-amino-ɓ-cyclodextrin, an inclusion complex is formed 

and the solution changes from colourless to an intense yellow. The colour change 

occurs due to the presence of the p-nitrophenolate anion, formed by abstraction of 

the phenolic proton by an amino group of the cyclodextrin. It was hypothesised that 

in the presence of a suitable cation the protonation/deprotonation process may be 

reversed and p-nitrophenol regenerated, thereby creating a colourimetric cation 

sensor. Aqueous solutions of fourteen mono-, di- and trivalent metal ions were 

examined and the change from yellow to colourless was observed only with Fe3+ and 

Ru3+. Thus the presence of Fe3+ and Ru3+ can be determined colourimetrically and 

spectrophotometrically. 

 

Figure 1.10: Per-6-Amino- -̡cyclodextrin and 4-nitrophenol used for the naked eye 

detection of Fe3+ and Ru3+.26 
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Cryptands are another well-known sub-group of macrocyclic ligands. They have 

hollow inner cavities along with nitrogen and oxygen donor atoms available to act as 

efficient binding sites. In the late 1990s Ghosh et al. designed and synthesised three 

heteroditopic cryptands with different cavity sizes which were capable of detecting 

and reporting on the presence of the lanthanide ions Eu3+ and Tb3+, as well as 

transition metal and Pb2+ ions.27 The supramolecular structures were designed with 

anthracene reporter units attached to the three secondary amino groups of each 

cryptand, Figure 1.11. The anthracene moieties of the hosts showed no fluorescence 

emission due to a photoinduced intramolecular electron transfer (PET) between 

them and the lone pairs on the amino nitrogen atoms. However, in the presence of 

an analytical quantity of a suitable transition metal ion, such as Cu2+ or Ni2+, a 

fluorescence signal emerged. The signal arose since the nitrogen lone pairs, formerly 

involved in PET, became involved in metal ion complexation. In the absence of a PET 

mechanism the anthracene units fluoresce. Of the three trianthryl derivatised 

cryptands investigated, the one with the smallest cavity size, Figure 1.11a, was 

capable of distinguishing between Eu3+ and Tb3+ in solution. 

 

Figure 1.11: Three trianthryl derivatised cryptands of various cavity sizes designed by 

Ghosh et al. for lanthanide and transition metal ion detection.27 

An interesting class of crown ether platinum(II) alkynyl terpyridine complexes were 

designed and synthesised by Tang et al., Figure 1.12.28 They investigated their 

complexation abilities with alkali, alkaline earth and transition metal ions using 

fluorescence spectroscopy. Complex 1 shows an enhancement of the fluorescence 

emission on binding with Mg2+ and Ca2+, while complex 2 which shows a purple colour 

in MeCN in the absence of metal ions, changes to various distinct shades of orange, 
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yellowish-brown or yellow when introduced to the triflate salts of Li+, Na+, Mg2+, Ca2+, 

Cd2+ and Zn2+. 

 

Figure 1.12: Crown ether platinum(II) alkynyl terpyridine triflate salt complexes used 

for the detection of alkali, alkaline earth and transition metal ions.28 

1.2.3 Calixarene Based Metal Ion Sensors 

There is a plethora of excellent literature on calixarenes as metal ion sensing 

agents.29-31 Beer et al. have demonstrated that a calix[4]arene functionalised with 

lower rim acid and amide groups can be used to extract toxic metal ions, including 

lanthanide ions, from aqueous solutions containing low levels of nuclear waste.32 

They hypothesised that the introduction of an electroactive ferrocene moiety to the 

framework could provide an electrochemical sensing handle.33 The monomeric 

ferrocene derivative, Figure 1.13, showed anodic potential shifts of up to 60 mV upon 

the addition of one equivalent of lanthanide ions, while ferrocene-bridged calixarene 

dimers underwent much larger shifts of up to 200 mV in the presence of the same 

relative amount of lanthanide ions.  
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Figure 1.13: Monomeric ferrocene derivatised calix[4]arenes used for the detection 

of trivalent lanthanide ions.33  

Dublin based researchers Nolan and Diamond were amongst the first to design 

analytical sensors for soft metal ions utilising coordinating nitrile functional groups, 

Figure 1.14.34 Host:guest interactions were monitored by Ion Selective Electrode (ISE) 

based potentiometry and selectivity with sensor a was observed for Hg2+ and Ag+ 

cations amongst a range of thirteen cations studied. In order to tune the cation 

coordination abilities of their sensors, electron delocalising aromatic groups were 

positioned proximal to the nitrile groups, Figure 1.14b. This structural modification 

resulted in suppression of the Hg2+ cation complexation and thus produced a 

selective and sensitive sensor for Ag+ cations. 

 

Figure 1.14: Nitrile functionalised calixarenes used for the electrochemical detection 

of a) Hg2+ and Ag+ and b) Ag+ ions.34 
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An optical sensor for heavy metal ion detection based on a fiber coated with an 

immobilised azo-bearing chromogenic calix[4]arene has been designed by Benounis 

et al., Figure 1.15.35 The calixarene functions as a complexing agent via the nitrogen 

atoms of the amide groups. It was found that the light intensity output from the 

optical fiber increased in proportion to the concentration of metal ions present. The 

system was suitable for the detection of Cu2+, Co2+ and Cd2+ to limits of 1 µM,                    

1 x 10-3 µM and 1 x 10-4 µM respectively. The lifetime of the sensor was shown to be 

greater than eight months. 

 

Figure 1.15: Chromogenic p-tetrakisphenylazocalix[4]arene tetra-amide derivative 

used for sensing Cu2+, Co2+ and Cd2+ ions.35 

1.3 Fluorescence Spectroscopy Overview 

This section will give a brief overview of the principles behind fluorescence 

spectroscopy, the structure of fluorophores and the detection of analytes by 

fluorescence spectroscopy. 

1.3.1 Basic Principles of Fluorescence Spectroscopy 

Luminescence is the emission of light from a substance in an electronically excited 

state occurring independently of temperature. Fluorescence and phosphorescence 

are specific forms of luminescence. 

At standard temperature and pressure (STP) conditions most molecules will occupy 

the lowest vibrational level (─0) of their ground electronic state (S0). When a photon 

of light energy is absorbed, the absorbing species is elevated to produce excited 
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electronic states (Sn, n > 0). For each excited state there are a number of vibrational 

levels. Excited species relax through a number of processes including intramolecular 

charge transfer, conformational change, energy transfer, excimer formation and 

internal conversion. Excited state molecular collisions cause the molecule to lose 

energy and relax to the lowest vibrational level of the excited state (vibrational 

relaxation). From there the molecule can return to the ground electronic state, 

emitting light energy in the form of fluorescence. Intersystem crossing involves a 

άŦƻǊōƛŘŘŜƴέ ǘǊŀƴǎƛǘƛƻƴ from a singlet excited state to a triplet excited state (Sn Ą Tn, 

n > 0). Relaxation of the molecule from the triplet excited state to the ground state 

results in the emission of light as phosphorescence. These various processes are 

represented in the Jablonski diagram shown in Figure 1.16. 

 

Figure 1.16: Jablonski diagram showing the transitions giving rise to absorption (A), 

fluorescence (F) and phosphorescence (P) emission spectra.36 

As is apparent in the Jablonski diagram, the energy of the emission is typically less 

than that of absorption and thus fluorescence typically occurs at lower energies, or 

longer wavelengths, than the excitation light. Thus, the difference in energy between 

the absorbed and emitted photons allows them to be distinguished from each other. 

Irish physicist George Stokes was one of the first to observe the difference between 

the band maxima of the absorption and emission spectra of the same electronic 

transition which subsequently became known as the Stokes shift, Figure 1.17.37 
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Figure 1.17: Generic absorption and emission spectra showing the Stokes shift 

between their band maxima.37 

1.3.2 Fluorophore Overview 

A fluorophore is a molecule, or a unit within a molecule, that can emit fluorescent 

light following excitation from light of a particular wavelength. A fluorophore 

typically contains several fused aromatic rings. The efficiency of a fluorophore is 

measured by a number of characteristics including the fluorescence quantum yield 

(ʊύ, fluorescence lifetime ( )̱ and Stokes shift.  

The fluorescence quantum yield (ʊύ measures the ratio of photons emitted to 

photons absorbed to a maximum value of 1, this value can be used to compare the 

fluorescence efficiency of a fluorophore. The fluorescence lifetime (̱) refers to the 

duration that a fluorophore remains in the excited state before returning to the 

ground state, this can vary from picoseconds to hundreds of nanoseconds (10-12 ς   

10-9 s). A large Stokes shift can indicate the efficiency of a fluorophore as it allows for 

differentiation between absorbed and emitted photons.  

The following section will give a brief overview of some commonly encountered 

fluorophores.  

1.3.2.1 Common Fluorophores 

Naphthalene, anthracene, coumarin, fluorescein and pyrene are among the most 

commonly encountered fluorophores, Figure 1.18.  
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Figure 1.18: Structures of commonly encountered fluorophores.  

Naphthalene, mostly obtained from coal tar, consists of two fused rings. It is classed 

as a polycyclic aromatic hydrocarbon (PAH). Generally as the degree of conjugation 

increases, the wavelengths of absorption and fluorescence also increase. Thus, 

pentacene, with five linearly fused rings, emits in the red region, while naphthalene 

emits in the UV region of the electromagnetic spectrum, Figure 1.19.38 

 

Figure 1.19: Diagram of the electromagnetic spectrum showing the colours making 

up the visible light region.39 

Anthracene comprises three linearly fused aromatic rings and, like naphthalene, it is 

most commonly extracted from coal tar. Anthracene is colourless but when excited 

with ultraviolet light it emits fluorescence in the blue region of the electromagnetic 

spectrum. An extensive range of substituents have been introduced to the 

anthracene framework and the fluorescence emission of the resulting derivatives 
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cover the entire visible spectrum. For example, 9,10-bis(p-dibutylaminostyryl)-2,6-

bis(p-t-butylstyryl)anthracene emits red light (632 nm), Figure 1.20a,40 while a series 

of 1,8-diaryl substituted anthracenes emit in the blue region, Figure 1.20b.41 

Substituted anthracenes are recognised as highly efficient light emitting materials 

and have been incorporated in organic light emitting diodes (OLED)42 which find 

application in a variety of devices, for example mobile phones, car stereos, digital 

cameras and white solid state lighting. 

 

 

Figure 1.20: a) 9,10-Bis(p-dibutylaminostyryl)-2,6-bis(p-t-butylstyryl)anthracene 

capable of emitting red light40 and b) 1,8-diaryl anthracene derivatives capable of 

emitting blue light.41 

Coumarin is a member of the benzopyrone family, it is fluorescent but with low 

quantum yield. Efficiency can be improved by appropriate substitution. Fluorescence 

emission in the blue-green visible light region is produced by substituted coumarins. 

A number of methyl derivatives have been utilised as efficient pH indicators showing 

a large variation in fluorescence intensity with respect to pH, Figure 1.21.38 

 

Figure 1.21: Structures of substituted coumarins used as fluorescent pH probes.38 
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Fluorescein was first prepared by reacting phthalic acid and resorcinol over a zinc 

catalyst. It is red in colour and emits fluorescent light in the green region of the 

electromagnetic spectrum. It is one of the most commonly used fluorescent dyes 

with recent applications in neurosurgery, dermatology and endomicroscopy.43 The 

isothiocyanate derivative is commonly used to attach fluorescein to molecules of 

biological interest such as antibodies or proteins by nucleophilic attack on the central 

electrophilic carbon of the isothiocyanate group, Scheme 1.5. This allows for 

fluorescence microscopy imaging techniques to be used in disease diagnosis. 

 

Scheme 1.5: General scheme for a protein labelling reaction using fluorescein 

isothiocyanate (FITC). 

1.3.2.2 Pyrene 

Pyrene is a planar molecule with four fused rings, it makes up approximately 2% of 

coal tar. Upon excitation at an appropriate wavelength it displays monomer 

emissions between 380 to 420 nm; if two pyrenes are in close contact such as in a 

concentrated solution, excimer emission will be observed in the range 410 to 500 

nm. The potential to form inter- or intramolecular pyrene excimers is due to the 

relatively long fluorescence lifetime, ~410 ns for excited state pyrene units. 

1.3.3 Detection of Analytes using Fluorescence Spectroscopy 

Fluorescence spectroscopy is a popular method for analyte detection due to the 

intrinsic sensitivity, selectivity, rapid response time, low cost and the possibility of in 

situ monitoring. Using an appropriate hosting molecule the detection of cations, 

anions and neutral species is possible, if a reporting fluorophore is built into the 

sensor. In analyte sensing by fluorescence spectrometer, the recognition event can 
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involve a number of photoinduced processes including energy transfer, excimer 

formation or electron transfer. 

1.3.4 Energy Transfer 

Fluorescence resonance energy transfer (FRET), also known as Förster resonance 

energy transfer (FRET) is a mechanism of energy transfer between chromophores 

either intermolecularly, i.e. between separate light sensitive units or 

intramolecularly, i.e. between two light sensitive functional groups within one 

molecule. One molecule, or functional group, acts as a donor (transfers energy) and 

the other as an acceptor, or quencher (accepts energy). If the emission spectrum of 

the donor overlaps with the absorption spectrum of the acceptor, energy transfer 

will occur. The efficiency of the energy transfer depends on the distance between the 

donor and the acceptor, the relative orientation of the dipole moments and the 

degree of spectral overlap. Ono et al. designed a FRET based sensor for mercury ions 

in aqueous solutions. An oligonucleotide chain with two Hg2+ binding sequences 

ǎŜǇŀǊŀǘŜŘ ōȅ ŀ ƭƛƴƪŜǊΣ ǿƛǘƘ ŀ ŦƭǳƻǊŜǎŎŜƛƴ ŦƭǳƻǊƻǇƘƻǊŜ ŀǘ ǘƘŜ оΩ-terminus and a non-

ŦƭǳƻǊŜǎŎŜƴǘ ŘŀōŎȅƭ ǉǳŜƴŎƘŜǊ ƳƻƛŜǘȅ ŀǘ ǘƘŜ рΩ-terminus, D-ODN-F, Figure 1.22.44 On 

binding with Hg2+ ions the oligonucleotide forms a hairpin structure and FRET occurs 

between the fluorescein and dabcyl moieties. No fluorescence quenching occurs with 

a range of ten other metal ions, thus the sensor is selective for Hg2+ ion detection. 

 

Figure 1.22: FRET based oligonucleotide sensor for Hg2+ with fluorescein donor and 

dabcyl acceptor moieties.44 
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1.3.5 Excimer Formation 

Birks has defined an ŜȄŎƛƳŜǊ ŀǎ ŀ άŘƛƳŜǊ ǿƘƛŎƘ ƛǎ ŀǎǎƻŎƛŀǘŜŘ ƛƴ ŀƴ ŜƭŜŎǘǊƻƴƛŎ ŜȄŎƛǘŜŘ 

ǎǘŀǘŜ ŀƴŘ ǿƘƛŎƘ ƛǎ ŘƛǎǎƻŎƛŀǘŜŘ ƛƴ ƛǘǎ ƎǊƻǳƴŘ ǎǘŀǘŜέΦ45 Excimer emission results when 

one molecule/fluorophore in the excited state interacts with a second 

molecule/fluorophore in the ground state. The general equation for the formation of 

an excimer (E*) is shown in Equation 1.1. 

ὓᶻ ὓᴼὉᶻ    Equation 1.1 

M is the fluorophore in the ground state. 

M* is the fluorophore in the first excited singlet state. 

The ability of a fluorophore to form excimers is related to its fluorescence lifetime as 

this determines the time available for the excited fluorophore to interact with a 

second fluorophore in the ground state. This type of excimer is classified as a dynamic 

excimer.  

For a given fluorophore the energy change associated with excimer emission is 

smaller than that for the monomer emission and thus excimer bands will occur at 

longer wavelengths than the monomer bands. 

A fluoroionophore can be designed to contain two intramolecular fluorophores 

capable of excimer formation. If a binding event, such as metal cation complexation, 

affects the separation of the fluorophores, then changes to the intensity of the 

excimer emission signal can be used to monitor the presence and quantity of metal 

ions present. Ghosh et al. designed and synthesised a simple anthracene-ligated 

benzimidazole diamide fluorescent sensor capable of excimer emission due to the 

closely spaced anthracene fluorophores, Figure 1.23.46 A binding induced destruction 

of the excimer signal was observed in the presence of organic sulphonic acids and 

Cu2+ cations. 
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Figure 1.23: Anthracene-ligated benzimidazole diamide fluorescence sensor for Cu2+ 

cations and sulphonic acids.46 

1.3.6 Photoinduced Electron Transfer 

Photoinduced electron transfer (PET) involves an electron transfer from a donor, in 

the ground or excited electronic state, to an acceptor in the opposite state. Either 

the donor or the acceptor can be the fluorophore. The general equations for PET 

processes are shown in Equations 1.2 and 1.3. Generally PET sensors do not 

fluoresce. However, in the presence of an analyte of interest PET can be shut down 

and the excited state energy emitted as fluorescence.  

 

ὃᶻ Ὀᴼὃˇ Ὀˇ     Equation 1.2 

ὃ Ὀᶻᴼὃˇ Ὀˇ    Equation 1.3 

 

A is an acceptor molecule or functional group, D is a donor molecule or functional 

group and * denotes an excited state. 

An effective acid sensor that exploits PET was designed and utilised by de Silva et al., 

Figure 1.24.47 In the host molecule the diethylamino functionality transfers an 

electron to the excited state aminonaphthalimide eliminating the possibility for 

fluorescence emission. In the presence of H+ ions the diethylamino group is 

protonated, blocking the PET pathway allowing for fluorescence emission. 
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Figure 1.24: PET based proton sensor developed by de Silva et al. with a naphthalene 

acceptor and a diethylamino donor group.47 

1.4 Analysis of Host:Guest Binding Events 

This section will give an overview of the various techniques available for the analysis 

of host:guest binding events, such as determination of the stoichiometry of a binding 

ŜǾŜƴǘ ǳǎƛƴƎ WƻōΩǎ method, analysis of the quenching mechanism of a host:guest 

system using Stern-Volmer analysis and determination of the association constant, 

Ka of a binding event using the Benesi-Hildebrand method. 

мΦпΦм 5ŜǘŜǊƳƛƴŀǘƛƻƴ ƻŦ IƻǎǘΥDǳŜǎǘ ōƛƴŘƛƴƎ {ǘƻƛŎƘƛƻƳŜǘǊȅΥ WƻōΩǎ aŜǘƘƻŘ όaŜǘƘƻŘ 

of Continuous Variation) 

WƻōΩǎ aŜǘƘƻŘ ƻŦ /ƻƴǘƛƴǳƻǳǎ ±ŀǊƛŀǘƛƻƴΣ ŀƭǎƻ ƪƴƻǿƴ ŀǎ ŀ WƻōΩǎ tƭƻǘ, is an easy and 

common method for the determination of the reactant stoichiometry of chemical 

equilibria such as host:guest interactions.48 This method is named after Pauƭ WƻōΩǎ 

1928 approach to the characterisation of host:guest associations.49  

Host:Guest equilibria is shown in Equation 1.4. 

   άὌ ὲὋ  Ὄ Ὃ   Equation 1.4 

[H], [G] and [HG] are the concentration of the host and guest species and host:guest 

complex respectively, where m and n are whole numbers. Ka and Kd are the 

association and dissociation constants respectively, given in Equation 1.5 and 

Equation 1.6. 
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    ὑ     Equation 1.5 

    ὑ     Equation 1.6 

Job showed that a plot of the intensity of the UV absorption of the host species (H) 

at a given wavelength, against the mole fraction, ɢa, of the additive [a, or guest, (G)], 

can be used to determine the stoichiometry of the binding event. At the point of 

maximum change of the JobΩs plot, the mole fraction reflects the value of the 

stoichiometric ratio of the binding event. In order to construct a JobΩǎ plot, the total 

molar concentration of the binding partners is kept constant, whilst their mole 

fraction is varied. An observable change that occurs following complex formation, 

typically absorbance or fluorescence emission intensity, is plotted against the mole 

fraction of either of the binding components. The mole fraction of the host species, 

ɢH, in a host:guest sample is given in Equation 1.7: 

    …      Equation 1.7 

WƻōΩǎ original study involved varying the mole fraction of Tl(NO3) in a Tl(NO3)/NH3 

solution and plotting the change in UV absorbance against the mole fraction, ɢH. This 

gave a symmetrical, -x2 shaped plot with a maximum at ɢa = 0.5. Examination of the 

equation for the mole fraction (Equation 1.7) reveals that a value of 0.5 occurs when 

equal concentrations of host and guest are present, thus Job concluded that a 1:1 

complex had formed. Higher order complexes such as 2:2 or n:n, also produce 

symmetrical curves with the maximum or minimum at ɢH = 0.5, but they have a subtle 

bell shape.50  

If the JobΩs plot shows a maximum change at ɢH = 0.33, there is double the amount 

of guest w.r.t. host present in solution indicating a complex of the form HG2 formed 

in solution. These plots have been shown experimentally to display a sigmoidal 

curvature on the right side of the graph.51 While complexes of the form HG2 have 

ōŜŜƴ ǾŜǊƛŦƛŜŘ ōȅ ǘƘŜ WƻōΩǎ Ǉƭƻǘ ƳŜǘƘƻŘΣ52 they can be difficult to view experimentally 

and may need computer aided fitting programs.51 



Chapter 1  Introduction 

27 
 

Conversely, a JobΩs plot which shows a maximum change at ɢH = 0.66, this indicates 

that double the amount of host w.r.t. guest was present in solution, indicating a 

complex of the form H2G formed in solution.  

1.4.2 Stern-Volmer Analysis 

The Stern-Volmer relationship, first derived and published by Otto Stern and Max 

Volmer in 1919,53 can be used to analyse fluorescence quenching and study 

molecular interactions of a host:guest system. Quenching is any process which 

decreases the fluorescence intensity and it can occur by a number of methods, of 

which dynamic and static quenching are predominant. Dynamic quenching, also 

called collisional quenching, occurs when the fluorescent species collides with a 

quencher without the formation of a complex. Static quenching occurs when a 

fluorescent unit and a quencher form a complex in the ground state which prevents 

fluorescence emission from occurring. Only static quenching is significant for 

supramolecular binding studies.  

Dynamic quenching follows the Stern-Volmer equation, Equation 1.8. 

ρ ὑ ὗ   Equation 1.8 

I0 is the fluorescence intensity in the absence of a quencher, I is the fluorescence 

intensity upon the addition of a quencher, [Q] is the concentration of quencher 

present in the solution and KSV is the Stern-Volmer quenching constant. 

The magnitude of Stern-Volmer constants (KSV) for a given host:guest system can be 

used to provide information on the association. When all other variables are held 

constant, high KSV values are associated with guests that can cause quenching at low 

concentrations.54 

The magnitude of Stern-Volmer constants vary significantly. Khoumeri et al. reported 

a KSV of 9.9 x 104 M-1 for the interaction of 1,4-dimethoxy-2,3-dibromomethyl 

anthracene-9,10-dione with silver nanoparticles in MeOH, Figure 1.25a,55 while Rao 

et al. reported a significantly larger KSV, 4.76 x 105 M-1, for the interaction of their 

triazole anthracene functionalised calix[4]arene with Co2+ perchlorate ions in EtOH, 

Figure 1.25b.18 
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Figure 1.25: Structures of a) 1,4-dimethoxy-2,3-dibromomethylanthracene-9,10-

dione55 and b) triazole-linked anthracenyl-appended calix[4]arene.18 

If quenching occurs purely by a dynamic process, then a plot of  
╘

╘
 vs. [Q] will produce 

a linear graph with KSV equal to the slope of the line. 

Unfortunately, pure 1:1 static quenching follows a nearly identical relationship as 

dynamic quenching, Equation 1.9.  

ρ ὑ ὗ   Equation 1.9 

Where Ka is the association or binding constant between the host and guest. 

Therefore the slope of a Stern-Volmer plot that follows pure static quenching 

corresponds to the binding constant for complex formation, Equation 1.5. The size 

of Ka indicates the equilibrium between the concentrations of the host:guest complex 

and individual host and guest moieties in solution. Larger values indicate that the 

equilibrium lies to the right, i.e. in favour of the complex.  

Unfortunately, a linear graph of [Q] against  does not discriminate between purely 

dynamic or purely static quenching. In such cases analysis of the fluorescence 

lifetimes or temperature dependant fluorescence studies must be used to 

discriminate between the possible quenching modes. 

In the case of pure static quenching the fluorescence lifetime of the sample will 

remain unchanged, under variable temperature conditions, since those fluorophores 
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which are not complexed, are able to emit after excitation and have normal excited 

state properties.  

In contrast, a rise in temperature would theoretically increase dynamic quenching, 

while having little or no effect on static quenching. This is due to the increase in the 

random motion of the molecules in solution due to the temperature rise which would 

increase the occurrence of random collisions between the fluorophore and quencher 

moieties.  

A Stern-Volmer plot that displays an upwards curvature indicates that the quenching 

mechanism is a combination of dynamic and static quenching. 

1.4.3 Benesi-Hildebrand Analysis 

The Benesi-Hildebrand method, introduced in 1949, can be used to determine the 

binding or association constant, Ka, of host:guest interactions.56 Benesi and 

Hildebrand used the absorption changes observed upon the interaction of iodine 

with various aromatic hydrocarbons to calculate the Ka for the interactions. 

The concentration of the free host, [H], at any given time in a host and guest 

containing solution is the difference between the initial concentration of the host, 

[H]0, and the concentration of the host:guest complex, [HG], Equation 1.10. 

Ὄ Ὄ ὌὋ    Equation 1.10 

Combining Equations 1.5 and 1.10 gives Equation 1.11. 

    ὑ    Equation 1.11 

Rearranging Equation 1.11 gives Equation 1.12.  

   ὑ Ὃ Ὄ ὌὋ ὌὋ π  Equation 1.12 

Rearranging Equation 1.12 for [HG] gives Equation 1.13. 

    ὌὋ    Equation 1.13 

The Beer-Lambert law is given in Equation 1.14. 

    Ὂ ‐ὰὧ    Equation 1.14 
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F is the fluorescence intensity, ʁ and c are the molar absorption coefficient and 

concentration of the species under investigation respectively, and l is the pathlength 

of the light. The Beer-lambert law can be rewritten to give Equation 1.15, where b is 

a constant. 

ЎὊ  Ў‐ὌὋὦ    Equation 1.15 

Combination of Equations 1.13 and 1.15 gives Equation 1.16. 

ЎὊ
Ў

   Equation 1.16  

Rearrangement of Equation 1.16 gives the Benesi-Hildebrand equation, Equation 

1.17. 

    
Ў Ў Ў

  Equation 1.17 

A Benesi-Hildebrand graph is constructed by plotting 
Ў

 vs. . From this plot, the Ka 

can be determined by dividing the intercept of the resulting line by the slope. Thus 

Benesi-Hildebrand analysis can be used for direct calculation of the Ka of a host:guest 

binding event and the Stern-Volmer approach can be used for the analysis of the 

quenching mechanism and determination of the quenching constant, KSV. 

1.5 Sensing Applications Involving Pyrene Fluorophores 

A pyrene based adenosine triphosphate (ATP) fluorescent sensor was designed by 

Yoon et al., Figure 1.26.57 The water-soluble sensor contains four imidazole groups 

as phosphate anion receptors. The sensor undergoes excimer quenching and 

monomer enhancement in the presence of ATP. The measured 

quenching/enhancement ratio was significantly larger than that observed for the 

other biologically relevant nucleosides adenosine diphosphate (ADP) and adenosine 

monophosphate (AMP), thus creating a fluorescent sensor for investigations of ATP-

relevant biological processes. 
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Figure 1.26: Pyrene imidazolium based fluorescent sensor for ATP.57 

The Ag+ ion is highly toxic to aquatic organisms and can inactivate sulphydryl enzymes 

and accumulate in the body.58 Yoon et al. designed and synthesised a pyridine based 

sensor with two pendant pyrene moieties.59 A strong excimer emission noted for the 

host-alone was significantly quenched in the presence of Ag+ ions. The proposed 

binding site, Figure 1.27, suggests that the pyrene units are splayed apart upon Ag+ 

binding preventing excimer formation. The Ag+ binding event was investigated at a 

physiological pH (7.4), which means that this system can be utilised for biological 

applications. 

 

Figure 1.27: Proposed Ag+ binding site of the pyridine-pyrene based fluorescent 

chemosensor designed by Yoon and co-workers.59 

Molecular recognition of substrates involved in biological processes is an important 

issue within supramolecular and analytical chemistry. Tryptophan (L-Trp) and 

histidine (L-His) are amino acids used for the biosynthesis of proteins which are not 

synthesised within the human body so they are a dietary essential. Abnormal levels 
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of either amino acid can have devastating effects, for example, chronic kidney 

disease is attributed to a deficiency of L-His.60 Menon et al. designed and synthesised 

a calix[4]arene functionalised on the lower rim with two aminopyrene pendants 

which could be used for the selective and sensitive detection of L-His or L-Trp in blood 

serum samples, Figure 1.28. It was found that L-Trp enhances the fluorescence of the 

pyrene units by the PET mechanism whilst L-His causes quenching. 

 

Figure 1.28: Bis-pyrene functionalised calix[4]arene fluorescent chemosensor for 

selective detection of the amino acids L-Histidine and L-Tryptophan.61 

1.6 Click Chemistry Overview 

Click chemistry, a term first introduced by Sharpless et al. in 2001, claims the ability 

to diversify chemical function through a few good reactions.62 Reactions must be 

modular, stereospecific, wide in scope and have simple experimental conditions in 

order to fall into this category. These criteria place an emphasis on green chemistry 

principles. This section will discuss 1,3-dipolar cycloadditions, copper-catalysed 

azide-alkyne cycloadditions (CuAAC), and formation and reactivity of nitrile oxides. 

1.6.1 1,3-Dipolar Cycloadditions 

The 1,3-dipolar cycloaddition reaction is popular in organic chemistry. It involves a 

combination of a 1,3-dipole and a dipolarophile to form a five-membered 
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heterocycle, Scheme 1.6. A 1,3-dipole shares 4 electrons in a  ̄system over 3 atoms. 

The first reported 1,3-dipolar cycloaddition was carried out between diazoacetic 

ester and h Σʲ-unsaturated esters,63 and in 1963 Huisgen published a systematic study 

of the 1,3-dipolar cycloaddition class64 which subsequently became known as 

Huisgen cycloadditions. 

 

Scheme 1.6: General scheme and mechanism of a 1,3-dipolar cycloaddition reaction. 

1.6.2 Copper-Catalysed Azide-Alkyne Cycloaddition (CuAAC) 

The classic click chemistry reaction is the copper-catalysed azide-alkyne 

cycloaddition (CuAAC) forming five-membered, 1,4-disubstituted, triazole rings, 

Scheme 1.7. While CuAAC reactions fulfil the definitions of click chemistry set out by 

Sharpless et al., the reliance on a metal based catalyst can render them unsuitable 

for certain applications.  

 

Scheme 1.7: Generic scheme and mechanism for a CuAAC reaction forming 1,4-

disubstituted triazoles. 

1.6.3 Nitrile Oxides 

Most nitrile oxides are highly reactive and in the absence of a reacting partner they 

will undergo rapid self-reaction to give furoxans and dioxadiazines, Scheme 1.8.65,66 

For this reason nitrile oxides required for cycloaddition chemistry are usually 

prepared with a trapping agent, such as an alkyne, in situ. 
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Scheme 1.8: Self-reaction of nitrile oxides to form furoxans (a and b) and 

dioxadiazines (c).65,66 

1.6.4 Generation of Nitrile Oxides 

Nitrile oxides can be formed by a number of methods. The Mukaiyama procedure67 

involves the dehydration of a nitroalkane with an aryl isocyanate in the presence of 

a base, Scheme 1.9.  

 

Scheme 1.9: Proposed mechanism for the Mukaiyama procedure for the generation 

of nitrile oxides from nitroalkanes.67,68 

Nitrile oxides can also be accessed from halooximes following treatment with a 

suitable base, often triethylamine. Halooximes are themselves formed from oximes 

using appropriate halogenating agents such as N-chlorosuccinimide (NCS) or N-

bromosuccinimide (NBS), Scheme 1.10.69 
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Scheme 1.10: Mechanism for the formation of nitrile oxides, starting with the 

conversion of an oxime to a halooxime.70 

Nitrile oxides can also be formed by the reaction of the appropriate aldoxime with 

chloramine-T (Ch-T). Padmavathi et al. suggest this mechanism involves oxidative 

dehydrogenation initiated by deprotonation of the oxime OH proton, followed by 

nucleophilic substitution and finally elimination of a stoichiometric amount of tosyl 

amine, Scheme 1.11.71 

 

Scheme 1.11: Mechanism proposed by Padmavathi et al. for Ch-T induced formation 

of nitrile oxides.71 

1.6.5 1,3-Dipolar Cycloaddition of Nitrile Oxides 

Addition of nitrile oxides to alkenes or alkynes leads to the formation of isoxazolines 

or isoxazoles respectively, Scheme 1.12. A recent review by Heaney highlights the 

importance of the nitrile oxide/alkyne cycloaddition (NOAC) as a catalyst-free 

synthetic route to heterocyclic rings.72 

 

Scheme 1.12: General mechanism for a 1,3-Huisgen click cycloaddition leading to 

formation of isoxazolines or isoxazoles. 
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1.6.6 Isoxazole Heterocyclic Ring 

The isoxazole ring is a five membered aromatic heterocyclic ring containing adjacent 

oxygen and nitrogen atoms, Figure 1.29a. It can be found in natural products; e.g. 

ibotenic acid, Figure 1.29b. A number of amino functionalised derivatives show anti-

tumour activity, e.g. Figure 1.29c.73 

 

Figure 1.29: a) Heterocyclic isoxazole ring with numbering system, b) structure of 

ibotenic acid and c) general structure of amino functionalised isoxazole family shown 

to be effective antitumour agents.73 

1.7 Isoxazoles as Metal Binding Sites 

Isoxazole rings are considered to be relatively weak electron donors, however 

complexes with numerous metal ions, predominantly M2+, have been described.74-76 

The nitrogen, and to a lesser extent the oxygen atoms, provide potential metal 

complexation sites. 

Ponticelli et al. found the parent isoxazole and 3,5-dimethylisoxazole capable of 

forming complexes of the form ML2X2, involving N-donation to Pd2+ and Pt2+ ions. 

Complexes of the form MLX2 involved both N- and O-donation, where X = Cl or Br.77 

Metal complexes of Cu2+, Ag+, Zn2+, Cd2+, Hg2+, Cr3+, Mn2+, Fe2+, Co2+ and Ni2+ ions have 

also been reported.74 A series of ML2 hydrazone complexes were formed with an 

isoxazole functionalised dimethyl barbituric acid ligand and investigated as optical 

recording materials for the recordable blu-ray disc system, Figure 1.30.78 ML2 

complexes were formed with Ni2+, Co2+, Cu2+ and Zn2+ metal cations using the 

appropriate metal acetate salt. 
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Figure 1.30: ML2 complexes with an isoxazole functionalised dimethyl barbituric acid 

as the ligand, L, where M2+ = Ni2+, Co2+, Cu2+ or Zn2+.78 

A square-planar trans-dichloropalladium(II) complex, formed from 5-(p-

tolyl)isoxazol-3-amine ligands, was structurally characterised by IR and NMR 

spectroscopies and by single crystal x-ray diffraction. The complex was prepared by 

refluxing the isoxazole ligands in MeCN in the presence of 

bis(acetonitrile)dichloropalladium(II). Replacement of the MeCN ligands occurred in 

under 10 mins to form the Pd2+ complex. X-ray crystallography revealed that the 

complex was of the form ML2Cl2 and the Pd2+ was coordinated by the isoxazole N 

atoms, Figure 1.31. The hydrogen atoms of the amino groups were involved in H-

bonding to two chlorine atoms. This complex was air and water stable and proved 

effective as a new catalyst for the Suzuki-Miyaura cross-coupling reaction.79 

 

Figure 1.31: 5-(p-Tolyl)isoxazol-3-amine Pd2+ complex capable of catalysing the 

Suzuki-Miyaura cross-coupling reaction.79 



Chapter 1  Introduction 

38 
 

1.8 Aims of the Research   

¶ Our particular research interest lies in the development of new sensors 

incorporating an isoxazole heterocycle as a potential metal binding site and a 

pyrene fluorophore as a reporter unit. As our research group has extensive 

experience in the use of click cycloaddition as a conjugation tool, nitrile 

oxide/alkyne cycloaddition chemistry will be utilised to link pyrene moieties 

to the lower rim of calix[4]arenes so synthesising a family of calix[4]arenes 

with a scaffold-receptor-reporter modular design.  

¶ The work reported in this thesis will focus on the synthesis, purification and 

characterisation of a range of lower rim isoxazole-pyrene functionalised 

calix[4]arenes. 

¶ The detection and sensing abilities of this family for metal ions will be 

explored using UV-Vis absorbance, fluorescence and NMR spectroscopies. 

¶ Following analysis of the spectroscopic data, the best performing sensor in 

the series will be brought forward as a candidate for sensing in aqueous 

media. This research will explore the possibility of real-world metal ion 

sensing applications, such as waste water analysis. 

¶ Finally, following result collation and analysis a hypothesis on the metal ion 

sensing abilities of the pyrene-isoxazole calixarenes will be constructed. 
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2.1 Overview 

As outlined in Chapter 1, the aims of this research are to design, synthesise and 

investigate the metal ion sensing potential of a novel family of pyrene functionalised 

calixarenes, while also developing a hypothesis on the mechanism of the host:guest 

ƛƴǘŜǊŀŎǘƛƻƴǎΦ tǊƛƻǊ ǘƻ ŘƛǎŎǳǎǎƛƴƎ ǘƘŜ ŀǳǘƘƻǊΩǎ ƻǿƴ ǊŜǎŜŀǊŎƘ ǘƘƛǎ ŎƘŀǇǘŜǊ ōŜƎƛƴǎ ǿƛǘƘ 

an overview of isoxazole functionalised calixarenes. It also discusses synthetic routes 

to lower rim pyrene functionalised calix[4]arenes along with an overview of their 

application as fluorescent probes. This chapter will also detail the work conducted 

on Pyrene Isoxazole Calixarene (PIC) at Maynooth in a collaboration between the 

groups of Heaney and McGinley prior to the author taking up this research project. 

This will be followed by ŀ ŘƛǎŎǳǎǎƛƻƴ ƻƴ ǘƘŜ ŀǳǘƘƻǊΩǎ ŎƻƴǘǊƛōǳǘƛƻƴǎ ǘƻ ǘƘŜ 

characterisation and sensing potential of PIC. 

2.2 Isoxazole Functionalised Calixarenes 

Isoxazole forming nitrile oxide/alkyne cycloadditions (NOAC) are useful reactions for 

conjugation chemistry (Section 1.6.5). Chang et al. used this chemistry to attach two 

9-chloroanthracen-10-yl moieties to the lower rim of a calix[4]arene in a distal 

substitution pattern.80 Similarly, Senthilvelan and co-workers introduced 1-naphthyl 

moieties using the same approach,81 Figure 2.1. Both the 9-chloroanthracen-10-yl 

derivative 3 and the 1-naphthyl derivative 4, showed selectivity towards copper 

perchlorate over all other metal perchlorates examined. The presence of the Cu2+ ion 

in solution induced a quenching of the excimer emission of 3 and 4. In contrast, 5, 

the ring opened derivative of 4 showed a strong enhancement of the monomer 

emission, at 343 nm, and a small increase in the excimer emission at 450 nm in the 

presence of Cu(ClO4)2. The enhancement is believed to be due to the rigidity of the 

5:Cu2+ complex and diminished PCT.  

It was hypothesised that a pyrene-isoxazole appended calixarene would prove a 

more effective chemosensor; due to the long fluorescence lifetime and high quantum 

yield of the pyrene fluorophore. This novel pyrene-isoxazole calixarene may show 

superior sensitivity to transition metal ions with respect to the related 9-

chloroanthracen-10-yl80 and 1-naphthyl analogues,81 3, 4 and 5 described above. 
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Figure 2.1: Structures of 9-chloroanthracen-10-yl, 3 and 1-naphthyl, 4 and 5 isoxazole 

functionalised calix[4]arenes used as fluorescent chemosensors for the Cu2+ ion.80,81 

2.3 Synthesis and Applications of Lower Rim Pyrene Functionalised 

Calixarenes 

The pyrene moiety has been introduced to the lower rim of calix[4]arenes using a 

number of methodologies including, but not limited to, Schiff base formation,82 click 

cycloaddition chemistry,83 and amide84 and ester85 condensation chemistries.  

A lower rim Schiff base pyrene functionalised calix[4]arene, reported by Yilmaz et al., 

was formed from the reaction between bis(3-aminopropoxy)calix[4]arene and 1-

pyrene carboxaldehyde following 6 hrs heating at reflux in MeOH:THF (1:1, v/v), 

Scheme 2.1.82 Upon excitation at 350 nm a solution of 6 (1 ˃ M, DCM:MeCN, 1:1, v/v) 

showed monomer and excimer fluorescence emissions at 370ς450 nm and 503 nm 

respectively. In the presence of 10 eqs of Pb2+, Cu2+ and Zn2+ ions, introduced as 

perchlorate salts, more extensive quenching was observed than for the same relative 

amount of Ca2+, Li+, Mg2+, Ba2+, Na+ or Ni2+ ions. The observed quenching was 

explained by PET from the pyrene units to the nitrogen atoms which had become 

electron deficient upon metal complexation. The heavy metal effect and 

conformational changes were also considered a factor in fluorescence quenching. 
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Scheme 2.1: Schiff base chemistry for the introduction of pendant pyrene rings to 

the lower rim of a calix[4]arene; fluorescent sensor 6 developed by Yilmaz et al. for 

detection of Pb2+, Cu2+ and Zn2+ ions.82 

Triazole forming copper-catalysed azide-alkyne click cycloaddition (CuAAC) 

chemistry is a powerful tool for conjugation of molecules including peptides, 

nucleotides or carbohydrates (Section 1.6.2).62 In one example of its application to 

calixarene modification, Chung et al. introduced two pyrene moieties to the lower 

rim of a calix[4]arene. Both proximal and distal isomers were formed.83 1-

Azidopyrene and the required bis-alkyne functionalised calix[4]arene were heated at 

50°C, in THF:H2O (2:1, v/v), in the presence of a catalytic amount of CuI. After 24 hrs 

reaction and purification by flash column chromatography, 7 and 8 were formed in 

74 and 72% yield respectively, Scheme 2.2. Both were found to be highly selective 

and sensitive fluorescent chemosensors for Ag+, over Li+, Na+, K+, Mg2+, Ca2+, Ba2+, 

Cu2+, Ni2+, Cd2+, Hg2+, Zn2+, Mn2+, Pb2+ and Cr3+ ions, introduced as perchlorate salts, 

in MeOH:CHCl3 (98:2, v/v, ˂ ex = 342 nm). Upon the addition of 10 eqs of Ag+ ions, the 

excimer emission of 8 decreased with the concomitant enhancement of its monomer 

emission, while the monomer and excimer emissions of 7 were both enhanced by 

Ag+. The distinctly different fluorescent responses of ligands 7 and 8 toward Ag+ ions 

implied that the orientation of the lower rim triazolylpyrenes played an important 

role in sensing. The selectivity of the host 8 for the Ag+ ion was retained in an aqueous 

environment (MeOH:CHCl3:H2O, 88:2:10, v/v), however, the enhancement factor of 
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the monomer emission of H to H:G dropped from 9.2 in MeOH:CHCl3 (98:2, v/v) to 

3.1 in the 10% aqueous solution on the addition of 10 eqs of Ag+ guest ions. 

Scheme 2.2: Copper-catalysed azide-alkyne cycloaddition (CuAAC) chemistry for the 

introduction of distal, pendant pyrene moieties to the lower rim of a calix[4]arene, 7 

developed by Chung et al. as an Ag+ fluorescent sensor.83 Inset: Proximal substituted 

analogue, 8. 

An ether forming reaction between N-(1-pyrenylmethyl)chloroacetamide and a 

triazacrown functionalised calix[4]arene in MeCN in the presence of potassium 

carbonate has been reported by Kim et al., Scheme 2.3.84 Quenching of the 

fluorescence spectrum of 9 in MeCN (6 ˃M, e˂x = 343 nm) occurred in the presence 

of Pb2+ and Co2+ ions, introduced as perchlorate salts, whilst no effect was observed 

in the presence of Na+, Li+, K+ or Cs+ ions under the same conditions. The Pb2+ and Co2+ 

induced quenching of 9 was attributed to conformational changes, reverse PET and 

the heavy metal ion effect.  

The selectivity of 9 towards anions of tetrabutylammonium salts was also explored 

revealing a selectivity for F- anions. The 9:F- complex is believed to involve H-bonding 

from the amide groups of the triazacrown to the guest, causing fluorescence 

quenching due to a PET effect. Thus, 9 could be used as a cation sensor for Co2+ or 

Pb2+ and as an anion sensor for F-. 
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Scheme 2.3: Etherification chemistry for the introduction of pendant pyrene rings to 

the lower rim of an azacrown calix[4]arene giving 9, developed by Kim et al. as a 

cation (Pb2+ and Co2+) and anion (F-) sensor.84 

Koyama et al. reported the first example of a calix[4]arene based fluorescence sensor 

for Na+ ions. A pyrene functionality was introduced to the lower rim of a bis-

ethoxycarbonylmethyl functionalised calixarene using potassium carbonate as a base 

and 1-pyrenemethyl iodoacetate as the pyrene containing reagent, Scheme 2.4.85 

Calix[4]arene 10 was formed in 10% yield and the fluorescence spectrum (4.8 M˃, ɚex 

= 330 nm, MeOH:THF, 15:1, v/v), showed both monomer and excimer emissions, at 

390 and 480 nm respectively. Upon gradual addition of Na+ ions, in the form of the 

thiocyanate salt, the monomer emission increased whilst the excimer emission 

decreased concomitantly. The utility of 10 as a selective Na+ sensor was verified by 

competitive titration of other alkali metal cations (K+, Li+, Rb+ and Cs+). Only slight 

perturbations in the fluorescence intensity of 10 were observed in the presence of 

competitive metal ions, indicating that 10 could function as a selective detector for 

Na+.  

 

Scheme 2.4: Etherification reaction forming bis-pyrene functionalised calix[4]arene 

10 developed by Koyama et al. as a Na+ sensor.85 
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2.4 Novel Pyrene Isoxazole Functionalised Calixarene 

This section will give an overview of the stage of the development of Pyrene Isoxazole 

Calix[4]arene (PIC) as a metal ion sensor at Maynooth University, prior to the author 

setting out on her PhD research programme. The discussion over the next pages, 

follow the results of Diao86 and Maher,87 which include: 

¶ design and synthesis 

¶ x-ray crystallographic analysis  

¶ fluorescence spectroscopic studies 

¶ electron paramagnetic resonance (EPR) spectroscopic studies  

¶ a theoretical Density Functional Theory (DFT) study. 

The work of Diao and Maher combined with that for this thesis forms the subject of 

a Tetrahedron publication.88 

2.4.1 Design of PIC 

In designing a new fluorescent sensor particular care was taken in choosing the 

combination of fluorophore, binding site, molecular scaffold and linker. 

The isoxazole ring was chosen due to its potential, at one and the same time, to 

function as the linking unit between the fluorophore and the calix[4]arene scaffold, 

and as a metal binding site. The isoxazole ring (Section 1.7) has shown potential as a 

transition metal binding ligand, although it remains relatively unexplored as a binding 

site within a chemosensor or fluoroionophore.  

Pyrene was chosen as an effective and versatile fluorophore. It is particularly 

attractive due to its relatively long fluorescence lifetime and high quantum yield as 

outlined in Section 1.3.2.2.  

A calix[4]arene was chosen as a versatile molecular scaffold for hosting the pyrene 

units in a flexible manner capable of adopting the required orientation for excimer 

formation. 

Typically calix[4]arene based fluorescence sensors contain a methylene spacer 

between the fluorophore and the binding site.89-91 In contrast, Pyrene Isoxazole 
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Calixarene, PIC, was designed with direct linkage between the pyrene unit and the 

binding site to introduce the possibility for modified sensitivities and binding 

affinities for metal ions, Figure 2.2.  

 

Figure 2.2: Structure of Pyrene Isoxazole Calixarene (PIC). 

2.4.2 Synthesis and Characterisation of PIC 

Nitrile oxide/alkyne cycloaddition (NOAC) was the method of choice for the 

formation of PIC. Chloramine-T (Ch-T) was chosen as the reagent for nitrile oxide 

formation from the parent pyrene oxime. The in situ generated nitrile oxide was 

allowed to react with a bis-alkylated calix[4]arene in refluxing EtOH, Scheme 2.5.  

A model compound, desired to ascertain if the calixarene moiety was required for 

metal detection, Pyrene Isoxazole Monomer (PIM), inset Scheme 2.5, was 

synthesised in a similar manner. If PIC showed a fluorescence response to the 

presence of a metal cation and if PIM failed to respond spectrofluorometrically to 

the same metal cation it would indicate that the conformational confines of the 

calixarene scaffold were necessary for the system to deliver the twin requirements 

of efficient ion complexation and effective reporting of the binding event. 
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Scheme 2.5: Synthesis of Pyrene Isoxazole Calixarene (PIC), Inset: Structure of Pyrene 

Isoxazole Monomer (PIM). 

The targeted compounds PIM and PIC were successfully synthesised and their 

characterisation was completed using the normal range of spectroscopic techniques. 

Of particular relevance for this project was the 1H NMR and fluorescence 

spectroscopic data. A pair of AB doublets at 4.37 and 3.40 ppm in the 1H NMR 

spectrum indicated that PIC presented in the cone conformation, Figure 2.3. 

 

Figure 2.3: 1H NMR (500 MHz) spectrum of PIC in CDCl3 at 25°C, AB doublets of the 

methylene bridges of the calixarene core are indicated by the red box. 

A fluorescence emission spectrum of PIC (6 ˃ M) was obtained in MeCN, Figure 2.4. 

The ˂ max (343 nm) of the absorption band of longest wavelength of PIC was chosen 

as the excitation wavelength for the measurement of the emission spectrum. Pyrene 

is known to display monomer emissions between 380 to 420 nm and if excimer 

formation is possible it will occur between 410 to 500 nm, Section 1.3.2.2. In the 
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fluorescence emission spectrum of PIC, small monomer emission bands appear at 

386 and 407 nm and a large excimer emission band appears at 498 nm.  

Following excitation at 274 nm, PIM (6 ɛM, MeCN) showed strong monomer 

emissions at 386 and 406 nm, with a slight shoulder at 428 nm. The absence of an 

excimer emission suggested that intermolecular interactions of the pyrene units of 

PIM did not occur in MeCN at the given concentration. 

 

Figure 2.4: Emission spectrum of PIC (6 ˃ M, ˂ ex = 343 nm) in MeCN showing monomer 

emission bands at 386 and 407 nm and an excimer band at 498 nm. 

2.4.3 Solid State Structure of PIC 

Crystalline needles of PIC, grown in MeCN were analysed by x-ray crystallography by 

Dr. John Gallagher of Dublin City University. In the solid state the calix[4]arene core 

presented in the cone conformation, lower rim intra-annular H-bonding between the 

phenolic OH and the neighbouring ether atoms stabilised this conformation at an 

average hΧh distance of 2.83 Å, Figure 2.5a. 

Intramolecularly the pendant pyrene units do not align in a face-to-face manner, 

rather the planes created by the pyrene units are at 47.70° to each other, Figure 2.5b.  

The isoxazole and pyrene moieties of the pendant arms are not coplanar and angles 

of 45.31° and 44.12° were measured between the planes of the pyrene and isoxazole 

moieties of the pendant arms.88 
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άSƘƻǊǘ ŎƻƴǘŀŎǘǎέΣ ǿƘƛŎƘ ǊŜǾŜŀƭ ƛƴǘŜǊ- and intramolecular interactions, between 

neighbouring pyrene units, are indicated by the blue lines in the diagram, Figure 2.5c. 

Whilst each pyrene moiety is parallel to a pyrene moiety from a neighbouring unit of 

PIC, the fluorophores are almost fully slipped from each other. 

 

Figure 2.5: a) Molecular structure of PIC.MeCN showing intramolecular hydrogen-

bonding (blue lines), a molecule of MeCN is shown encapsulated in the upper rim, b) 

diagram of PIC showing the 47.70° angle between the planes of the pyrene moieties 

and c) tail-to-tail dimer of PIC showing intermolecular short contact between 

neighbouring pyrene units (blue lines).88 

Examination of the extended network created by the units of PIC in the solid state 

structure revealed a tail-to-tail arrangement of the calixarene units, creating a 

channel between the interlocking pyrene units from neighbouring calixarene 

moieties, Figure 2.6. A summary of the interesting characteristics of the PIC.MeCN 

crystal is given in Table 2.1. 
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Figure 2.6: Extended network of the PIC.MeCN solid state structure showing the tail-

to-tail arrangement of the calixarene units. 

Table 2.1: Summary of the characteristics of the PIC.MeCN crystal structure. 

Py-Py 

Plane 

Angle 

Py-Isox Plane 

Angles 

Lower-Rim 

Hydrogen 

Bonding 

Solvent 

Interaction 

Other Interesting 

Features 

47.70° 45.31° 44.12° 

Present at an 

average hΧh 

distance of 

2.83 Å. 

One 

molecule of 

MeCN in 

upper 

cavity of 

calixarene. 

Tail-to-tail interlocking 

arrangement between 

units of PIC. 

Channel between 

interlocking pyrene 

units in extended 

network. 

 

2.4.4 Host:Guest Studies of PIC and the Model Compound 

Fluorescence spectroscopy was used to investigate the potential of PIC, and the 

model compound PIM, to selectively detect and report on the presence of metal ions 

in MeCN. All fluorescence spectra presented in this thesis were recorded at room 
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temperature (rt). Salts tested included Hg2+, Ni2+, Zn2+, Co2+, Fe2+, Pb2+, Cd2+ and Cu2+ 

perchlorates. PIM, containing only one isoxazole ring and one pyrene moiety, 

showed no perceptible response to any of the metal perchlorates tested. 

Contrastingly, the calix[4]arene based PIC showed a dramatic excimer quenching 

when exposed to copper perchlorate only, Figure 2.7. These results suggested that 

the calixarene scaffold of PIC was necessary for the twin requirements of efficient 

Cu2+ ion complexation and effective reporting of the binding event. 

 

Figure 2.7: Emission spectra of PIC (6 ˃ M, ˂ ex = 343 nm) in MeCN with 0 (blue) and 10 

(orange) eqs of Mn+(ClO4
-)n; where Mn+ = a) Hg2+, b) Ni2+, c) Zn2+, d) Co2+, e) Fe2+, f) 

Pb2+, g) Cd2+ and h) Cu2+. 

The effect of the counterion was explored by comparing the impact of copper 

perchlorate, chloride, nitrate and acetate salts (100 eqs) on the extent of 

fluorescence quenching of PIC. A decrease in the following order Cu(ClO4)2 > CuCl2 > 

Cu(NO3)2 > Cu(CO2CH3)2 was observed, Figure 2.8. This suggested that the degree of 

dissociation of the metal salt in MeCN may be important for successful detection and 

reporting of the binding event. 
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Figure 2.8: Emission spectra of PIC όс ˃aΣ ˂ex = 343 nm) in MeCN (blue) with 100 eqs 

of: Cu(CO2CH3)2 (orange), Cu(NO3)2 (grey), CuCl2 (yellow) and Cu(ClO4)2 (navy). 

The potential for application of PIC as a sensor was further probed by conducting a 

competitive metal ion study. The fluorescence emission spectrum of PIC (6 ɛM) in 

MeCN showed little or no quenching when exposed to 20 eqs of Hg2+, Ni2+, Zn2+, Co2+, 

Fe2+, Pb2+ or Cd2+ perchlorates. However, the subsequent addition of a further 20 eqs 

of Cu(ClO4)2 caused a dramatic quenching of the fluorescence signal. Thus indicating 

the potential of PIC to detect copper in the presence of contaminating metal ions. 

2.4.4.1 Determination of the Stoichiometry of association between PIC and Cu2+ 

The stoichiometry of the complex formed between PIC and Cu2+ was determined 

ǳǎƛƴƎ ǘƘŜ WƻōΩǎ aŜǘƘƻŘ ό{ŜŎǘƛƻƴ мΦпΦмύΦ ¢ƘŜ ǘƻǘŀƭ ƳƻƭŀǊ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ PIC and Cu2+ 

was held at 6 ɛM. The JobΩǎ plot that was constructed displayed a symmetrical ςx2 

shaped curve, with the maximum fluorescence change observed when the molar 

fraction of PIC was 0.5, showing that 1:1 PIC:Cu2+ metal complexes were formed in 

MeCN. 

2.4.5 EPR Spectroscopic Investigation of the Geometry of the PIC:Cu2+ Complex  

Electron paramagnetic resonance (EPR) or electron spin resonance (ESR) 

spectroscopy is a non-destructive technique for the analysis of species with one or 

more unpaired electrons, such as free radicals or transition metal ions. 

Autoreduction of Cu2+ to Cu+ by the phenolic moieties of the calix[4]arene scaffold of 
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PIC was considered a possibility and thus the nature of the complex formed between 

PIC and Cu2+ was investigated by EPR spectroscopy. In parallel to Rao and co-workersΩ 

investigation of a lower rim triazole-benzimidazole functionalised calix[4]arene,92 PIC 

(10 mM, MeCN:CHCl3, 3:1, v/v) was added to a Cu(ClO4)2 solution until a 1:1 (PIC:Cu2+) 

solution was reached. This was then repeated in the reverse approach, increasing 

volumes of the Cu(ClO4)2 solution was added to the PIC solution until a 1:1 solution 

was reached. It was observed that the final pattern of signals in the EPR spectra was 

independent of the direction of the titration experiment. No obvious change in the 

signal of the EPR spectrum was observed on going from a Cu(ClO4)2 solution to a 

PIC:Cu(ClO4)2 solution, slight signal broadening occurs in the 1:1 solution. This data 

suggests that there is no change to the geometry around the Cu2+ ion when going 

from a MeCN solution of the perchlorate salt to the solution of the complex. Thus the 

autoreduction of Cu2+ to Cu+ by PIC was not considered a possibility in MeCN at room 

temperature.  

2.4.6 Computational Study 

Molecular modelling studies, carried out by Dr. Elisa Fadda of Maynooth University, 

considered three possibilities for the PIC:Cu2+ complex: i) a 1:1 PIC:Cu2+ complex 

independent of solvent molecules; ii) a 1:1 ́ -cation interaction between the Cu2+ ion 

and the pyrene rings of PIC and iii) a 1:1 PIC:Cu2+ complex involving solvent 

molecules. 

These are discussed in more detail below: 

i) The minimum energy structure found for the PIC:Cu2+ complex with no 

coordinating solvent molecules shows the metal ion in a penta-

coordinate, distorted square-pyramidal geometry with one of the 

isoxazole O-atoms acting as the apical ligand and the base of the pyramid 

made up of the four oxygen atoms on the lower rim of PIC. Relative to the 

structure of the unbound PIC, there was significant rotation of the pyrenyl 

moieties to involve the isoxazole O-atom in metal binding. Opportunity 

for solution phase intramolecular ̄ -ˉ ǎǘŀŎƪƛƴƎ ƻŦ ǘƘŜ ǇȅǊŜƴŜ ƳƻƛŜǘƛŜǎ 
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would be hindered by this conformation and this would explain the 

significant excimer quenching observed in the fluorescence study.  

ii) Calculations failed to identify a minimum structure with -́cation 

interactions between the pyrene moieties and the Cu2+ ion, which 

suggested that if such an interaction exists it was unstable in the gas 

phase. 

iii) Modelling in the presence of solvent molecules identified a tetrahedral 

PIC:Cu2+:MeCN complex, where two MeCN molecules and the isoxazole 

nitrogen atoms are involved in the coordination sphere. This structure 

would be expected to disrupt solution phase intramolecular ̄ -ˉ ǎǘŀŎƪƛƴƎ 

of the parent PIC which is also consistent with the fluorescence study. 

2.5 Further Analysis of PIC and its Copper Complexation  

!ǘ ǘƘŜ ƻǳǘǎŜǘ ƻŦ ǘƘŜ ŀǳǘƘƻǊΩǎ ǊŜǎŜŀǊŎh, it was known that PIC could selectively detect 

Cu2+ ions over a range of other metal ions. However, despite EPR spectroscopic and 

DFT theoretical studies details of the geometry of the PIC:Cu2+ complex remained 

unclear. The remainder of this chapter will discuss the contributions of the author to 

an understanding of the binding event between PIC and Cu2+ including a attempts to 

form crystals of the PIC:Cu2+ complex, an advanced 1H NMR spectroscopic study, an 

investigation of the mechanism of Cu2+ induced quenching of PIC using Stern-Volmer 

analysis, calculation of the binding constant using Benesi-Hildebrand analysis and 

calculation of the detection limit of PIC for Cu2+ in MeCN. 

2.5.1 UV-Vis Spectroscopic Investigation of Cu2+ Ą Cu+ Reduction by PIC in MeCN 

The autoreduction of Cu2+ to Cu+ by PIC was not considered a possibility in MeCN at 

room temperature following an EPR spectroscopic study (Section 2.4.5). Numerous 

reports within the literature attribute the presence of an absorbance band at ~430 

nm to the MLCT band between Cu+ and calixarene lower rim phenolic OH 

moieties.81,92  

Thus a UV-Vis spectroscopic investigation was desired in order to rule out the 

formation of Cu+ in the presence of Cu2+ and PIC in MeCN. The absorbance spectra of 

PIC (6 ɛM) in MeCN in the presence of 0, 1, 10 and 100 eqs of Cu(ClO4)2 were 
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recorded, which did not show any evidence of a charge transfer band in the 430 nm 

region, Figure 2.9, further suggesting that the autoreduction of Cu2+ to Cu+ by the 

phenolic moieties of PIC was not likely in MeCN at room temperature. 

 

Figure 2.9: UV-Vis absorbance spectrum of PIC (6 ɛM) in MeCN with 0 (blue), 1 

(orange), 10 (grey) and 100 (yellow) eqs of Cu(ClO4)2. 

2.5.2 Experiments in Search of a Solid Sample of the PIC:Cu2+ Complex  

To unambiguously identify the binding site of PIC for Cu2+, crystals of the complex of 

suitable quality for x-ray structure determination were desired. A number of 

attempts to form a solid sample of the PIC:Cu2+ complex were conducted.  

Heating a solution of a metal salt and ligand to reflux, followed by cooling to room 

temperature is a common technique for the formation of solid samples of metal-

ligand complexes.93-95 This strategy was employed in an attempt to form a solid 

sample of the PIC:Cu2+ complex. Initially PIC and copper perchlorate, in a 1:1 (40 

ɛM:40 ɛM) ratio, were dissolved in 100% MeCN, 100% EtOH or EtOH:DCM (2:1, v/v), 

Table 2.2. All solutions were heated to reflux for three hours and then allowed to 

cool slowly to rt. Small off-white crystals formed from the MeCN solution, however, 

IR and NMR spectroscopic data identified these as the parent PIC. Similarly, an 

amorphous off-white solid which precipitated from the EtOH solution was also 

shown by IR and NMR spectroscopy to be the uncomplexed calixarene PIC. Small 

yellowish needle shaped crystals fell from the EtOH:DCM (2:1, v/v) solution, these 

were also revealed to be PIC. 
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Table 2.2: Summary of experiments carried to form a solid sample of the PIC:Cu2+ 

complex using a 3 hour reflux of a solution containing PIC and copper perchlorate. 

PIC : Cu2+ 

Eqs 

PIC : Cu2+ 

Concentration 

(ɛM) 

Solvent Solid Formed Result*  

1:1 40:40 MeCN 
Small Off-White 

Crystals 

PIC 

Returned 

1:1 40:40 EtOH 
Amorphous Off-

White Solid 

PIC 

Returned 

1:1 40:40 
EtOH:DCM 

(2:1, v/v) 

Small Light Yellow 

Needle-Like 

Crystals 

PIC 

Returned 

*  Verified by IR and NMR spectroscopy. 

A further attempt to form a solid sample of the PIC:Cu2+ complex involved dissolving 

PIC in EtOH:DCM (20 mL, 2mM, 2:1, v/v) in the presence of 20 eqs of Cu(ClO4)2. The 

solution was allowed to stir at rt for 3 hrs and then allowed to stand. After 2 weeks 

small needle like colourless crystals formed. In spite of the expectation that a copper 

complex of PIC would be green-blue in colour93 the crystals were solved by Dr. 

Brendan Twamley of Trinity College Dublin. Unfortunately, the crystals were shown 

to be the calixarene, free of copper ions but containing two molecules of DCM. One 

solvent molecule was present in the upper cavity of the calix[4]arene. The second 

DCM molecule was involved in a short contact to a nitrogen atom (2.65 Å) of one 

isoxazole unit and in close contact with the upper rim of the calixarene of a 

neighbouring molecule. 

PIC.2DCM presented in the cone conformation, lower rim intra-annular H-bonding 

between the phenolic OH and the neighbouring ether atoms stabilised this 

ŎƻƴŦƻǊƳŀǘƛƻƴ ŀǘ ŀƴ ŀǾŜǊŀƎŜ hΧh ŘƛǎǘŀƴŎŜ ƻŦ нΦтф Å, blue lines in Figure 2.10a. 

Intramolecularly, the pyrene units were orientated away from each other with an 

interplanar angle of 45.57°, Figure 2.10b. 

The isoxazole and pyrene moieties of the pendant arms were not coplanar, angles of 

39.28° and 31.49° were measured between the planes of the rings. These are 

significantly smaller than the angles observed for the PIC.MeCN crystal (45.31° and 
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44.12°). It is possible that crystallisation with the second DCM molecule causes a twist 

in the orientation of the isoxazole unit. 

 

 

Figure 2.10: a) Solid state structure of PIC.2DCM, crystal grown from EtOH:DCM (2:1, 

v/v); one molecule of DCM is in the upper cavity and a second in close contact with 

the isoxazole ring, b) diagram of PIC showing the 45.57° angle between the planes of 

the pyrene moieties and c) tail-to-tail άǎŀƴŘǿƛŎƘέ dimer of PIC showing that no 

intermolecular ̄ -ˉ ƛƴǘŜǊŀŎǘƛƻƴǎ ŀǊŜ ŜǾƛŘŜƴǘ ōŜǘǿŜŜƴ ƴŜƛƎƘōƻǳǊƛƴƎ ǇȅǊene units. 

Tail-to-ǘŀƛƭ άǎŀƴŘǿƛŎƘέ dimers were observed, a pyrene moiety of one PIC was parallel 

to a pyrene from another molecule of PIC. The second pyrene moieties of each PIC 

molecule were also parallel. However, the parallel fluorophores were fully slipped 

from each other leading to no intermolecular interactions in the dimeric structure, as 

shown in Figure 2.10c. 

Examination of the extended network created by the units of PIC in the solid state 

structure revealed a tail-to-tail arrangement of the calixarene units, creating a 
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channel, occupied by the DCM molecule, between the interlocking pyrene units from 

neighbouring calixarene moieties, Figure 2.11.  

A summary of the interesting characteristics of the PIC.2DCM crystal is given in Table 

2.3. 

 

Figure 2.11: Extended network of the PIC.2DCM solid state structure showing the 

tail-to-tail arrangement of the calixarene units. 
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Table 2.3: Summary of the characteristics of the PIC.2DCM crystal structure. 

Py-Py 

Plane 

Angle 

Py-Isox Plane 

Angles 

Lower-

Rim 

Hydrogen 

Bonding 

Solvent 

Interaction 

Other Interesting 

Features 

45.57° 39.28° 31.49° 

Present at 

an 

average 

hΧh 

distance 

of 2.79 Å. 

One unit of 

DCM in 

upper cavity 

and second 

molecule in 

short contact 

with one of 

the isoxazole 

rings. 

bƻ ƛƴǘŜǊƳƻƭŜŎǳƭŀǊ ˉ-ˉ 

interactions are evident 

between neighbouring 

pyrene units. 

Tail-to-tail interlocking 

arrangement between 

units of PIC. 

Channel observed 

between interlocking 

pyrene units in extended 

network. 

 

The influence of the nature of the solvent of crystallisation on x-ray crystal structures 

of calixarenes is well reported in the literature,96,97 and it is not surprising that 

crystallisation of PIC from two different solvent systems led to polymorphic 

structures. 

Dupont et al. report three different molecular structures for their para-

azidomethyltetrahydroxy-calix[4]arene, Figure 2.12, crystallised from i) a CHCl3ς

MeOH mixture, ii) a CHCl3ςhexane mixture and iii) 100% toluene.97 No solvent 

molecules were present in the first two crystal structures, whilst toluene co-

crystallised in the third, where it provided a ̄ -ˉ ǎǘŀŎƪƛƴƎ ƴŜǘǿƻǊƪ ǘƘŀǘ ŎƻƴƴŜŎǘŜŘ 

dimers of the calixarene to six other dimers and two solvent molecules in all 

directions. These results indicated that solvents for crystallisation can influence the 

packing with or without being present in the crystal. 
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Figure 2.12: Para-azidomethyltetrahydroxy-calix[4]arene used to study the influence 

of the nature of the solvent of crystallisation on x-ray crystal structures of calixarenes 

by Dupont et al.97 

2.5.1.1 Vapour Diffusion Crystallisation Technique 

A hanging drop vapour diffusion technique was used to crystallise a complex of 

isopenicillin N-synthase (IPNS) with Fe2+ sulphate and ŭ-(L-Ŭ-aminoadipoyl)-L-

cysteinyl-D-valine (Aad-Cys-Val) by Roach and co-workers.98 They prepared stock 

solutions of ferrous sulphate, IPNS and Aad-Cys-Val and placed 6 ɛL drops of this 

solution over a container of solvent. Three crystalline forms were obtained using this 

technique, while analogous crystallisation attempts in the absence of Aad-Cys-Val 

were unsuccessful. 

A vapour diffusion technique99 can also be useful to form solid samples of a 

compound or crystal. This technique involves placement of a solution of the analyte 

to be crystallised into an open vial, no more than half full, inside a larger sealed 

container containing a solvent that is more volatile than that used in the inner vial, 

Figure 2.13.39 It is important that the analyte for crystallisation be either insoluble or 

only sparingly soluble in the more volatile solvent. Over time the vapour of the more 

volatile solvent will diffuse into the head space in the larger sealed container and 

subsequently into the solution of the compound resulting in a decrease in solubility 

of the compound and thus forcing it out of solution, ideally in crystalline form. 

 

Figure 2.13: General set-up of a vapour diffusion crystallisation approach.39 
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The vapour diffusion technique was pursued in search of in situ formation of a 

crystalline PIC:Cu2+ complex. Four separate vapour diffusion experiments were set 

up; PIC (37 ɛM, MeCN:CHCl3, 10:1, v/v) was placed inside a 2 cm diameter glass vial, 

Cu(ClO4)2 (37 or 74 ɛM) was added to the vial which was placed inside a 5 cm 

diameter screw top jar containing either EtOAc or diethyl ether as the volatile 

solvents, Table 2.4. Unfortunately, despite several months, neither a crystalline nor 

an amorphous solid formed in any of the four inner vials. 

Table 2.4: Summary of vapour diffusion experiments carried out for in situ PIC:Cu2+ 

complex (MeCN:CHCl3, 10:1, v/v) formation and precipitation. 

PIC : Cu2+ 

PIC : Cu2+ 

Concentration 

(ɛM) 

Volatile Solvent Result 

1:1 37:37 EtOAc No Solid Formed 

1:2 37:74 EtOAc No Solid Formed 

1:1 37:37 Diethyl Ether No Solid Formed 

1:2 37:74 Diethyl Ether No Solid Formed 

 

2.5.3 1H NMR Spectroscopic Investigation of the Effect of the Cu2+ Ion on PIC 

A 1H NMR spectroscopic study was undertaken to investigate the mode of 

complexation between PIC and Cu2+ ions. A mix of CD3CN:CDCl3 (4:1, v/v) was chosen 

as the best mimic of the fluorescence experiments (conducted in MeCN), the 20% v/v 

CDCl3 was required to reach a sufficient concentration of PIC for the 1H NMR 

spectroscopy measurements. A stock solution of PIC at 0.65 mM was prepared in a 

CD3CN:CDCl3 (3:1, v/v) mixed solvent system. A stock solution of Cu(ClO4)2 at 6.77 

mM was prepared in CD3CN. Samples with varying ratios of host to metal salt were 

prepared (1:0 through 1:2 eqs) according to the volumes shown in Table 2.5. Each 

sample was allowed to equilibrate for 20 mins prior to recording its 1H NMR 

spectrum. 
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Table 2.5: Summary of the volume of reagents employed for the 1H NMR 

spectroscopic study of PIC:Cu2+ (1:0 to 1:2 eqs) complexation in CD3CN:CDCl3 (4:1, 

v/v).  

PIC : 

Cu(ClO4)2 

PIC - лΦср Ƴa ό˃[ύ 

(CD3CN:CDCl3, 3:1, 

v/v) 

Cu(ClO4)2 - сΦтт Ƴa ό˃[ύ 

(CD3CN) 
CD3/b ό˃[ύ 

1 : 0 500 0 100 

1 : 1 500 48 52 

1 : 2 500 96 4 

 

Following exposure of PIC to increasing amounts of Cu(ClO4)2, significant 

concentration dependant changes became evident as shown in Figure 2.14. A 

significant broadening of the pyrene proton signals is observed in the presence of the 

Cu2+ ion in solution which suggests that the pyrene moieties are in close proximity to 

the paramagnetic Cu2+ metal ion during host:guest binding. In contrast, the peaks in 

the rest of the spectra remain relatively sharp and well resolved. 

A number of significant new signals appeared at 6.80, 6.38, 6.04 and 4.54 ppm in the 

copper containing samples. The new singlets at 6.80 and 6.38 ppm showed identical 

integrations and were assigned to the ArH of the upper rim of the calixarene of the 

host:guest complex. These signals were more intense in the presence of 2 eqs of Cu2+ 

w.r.t. 1 eq of Cu2+. These relative intensities were ascertained by comparison to a 

spiked DCM peak at 5.12 ppm and by comparison the peaks of the host alone. The 

new peak at 4.54 ppm was assigned to the ArOCH2 of the host:guest complex in a 

similar manner. 

A number of new signals appeared in the t-butyl range of PIC in the presence of 

Cu(ClO4)2, Figure 2.14b. These new signals were deemed indicative of conformational 

changes induced to the calixarene scaffold upon guest binding which altered the 

resonance positions of the t-butyl moieties of the host:guest complex. 
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Figure 2.14: 1H NMR (500 MHz) spectra of PIC (0.54 mM, CD3CN:CDCl3, 4:1, v/v) at 

25°C in the region between: a) 8.30 and 3.00 ppm and b) 1.10 and 0.83 ppm; with 

increasing numbers of equivalents of Cu(ClO4)2: 0 (blue), 1 (red) and 2 (green). 

Copper perchlorate in MeCN can act as an oxidising agent or in the presence of 

adventitious water as a Brønsted acid.100,101 The potential increase in acidity of the 

NMR sample was considered a possible contributor to the guest induced effects on 

the isoxazole proton observed in the 1H NMR titration experiments. This 

phenomenon was investigated by exposing PIC to perchloric acid and recording the 

1H NMR spectra. Stock solutions of PIC at 0.65 mM and HClO4 at 65 mM in 

CD3CN:CDCl3 (3:1, v/v) were prepared, and 1H NMR spectra were recorded, according 
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to the volumes shown in Table 2.6. Each sample was allowed to equilibrate for 20 

mins prior to recording its 1H NMR spectrum. 

Table 2.6: Summary of the volume of reagents required for a 1H NMR spectroscopic 

study of the interactions between PIC and perchloric acid (1:0 to 1:5 eqs) in 

CD3CN:CDCl3 (3:1, v/v).  

PIC : HClO4 PIC - 0.65 mM ό˃[ύ HClO4
 - 65 mM ό˃[ύ 

1 : 0 500 0 

1 : 2 500 10 

1 : 5 500 25 

 

PIC (0.65 mM, CD3CN:CDCl3, 3:1, v/v) was titrated against 0, 2 and 5 eqs of perchloric 

acid, Figure 2.15. A slight broadening of all proton signals was observed, with no 

significant effect to the isoxazole proton at 6.67 ppm. The 1H NMR titrations of PIC 

with Cu(ClO4)2 indicated the emergence of several new signals both up and down 

field from the isoxazole proton signal. This was not the case in the perchloric acid 

titrations suggesting that the effects of the Cu2+ ion on the 1H NMR spectra of PIC 

were not due to changes in the acidity of the NMR sample. 

 

Figure 2.15: 1H NMR (500 MHz) spectra of PIC (0.65 mM, CD3CN:CDCl3, 3:1, v/v) at 

25°C in the region between 8.20 and 6.40 ppm with increasing amounts of HClO4: 0 

(blue), 2 (red) and 5 (green) eqs. 

In order to lend support to the suggestion that the spectroscopic changes to PIC on 

exposure to copper perchlorate were not due to the acidity of Cu2+ ions, a 

fluorescence spectrum of PIC in the presence of 30 eqs of perchloric acid was 
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compared to that recorded for the host-alone, Figure 2.16. No difference was 

observed between these; the shape and the intensity of both the monomer and 

excimer peaks were unchanged from the host PIC (6 ɛM) in the absence of perchloric 

acid, indicating that the fluorescence emission of PIC is unaffected by the induced 

acidity of the MeCN solution of Cu(ClO4)2. 

 

Figure 2.16: Emission spectra of PIC (6 ˃ M, e˂x = 343 nm) in MeCN with 0 (blue) and 

30 (orange) eqs of HClO4. Inset: Expansion of monomer region from 365 to 450 nm. 

2.5.4 Analysis of the Fluorescence Quenching Mechanism of PIC by Copper 

Perchlorate 

The method of fluorescence quenching of PIC by copper perchlorate was investigated 

by Stern-Volmer analysis (Section 1.4.2). The host PIC was prepared at 12 ˃M in 

MeCN and a solution of Cu(ClO4)2 ƛƴ ǘƘŜ ǎŀƳŜ ǎƻƭǾŜƴǘ ǿŀǎ ǇǊŜǇŀǊŜŘ ŀǘ нп ˃aΦ 

Appropriate quantities were drawn from these stock solutions to prepare the 

samples as indicated in Table 2.7. 

Fluorescence emission spectra were recorded for PIC (6 ˃ aύ ƛƴ aŜ/b ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ 

of 0-2 equivalents of Cu(ClO4)2, Figure 2.17. As larger quantities of Cu2+ ions were 

added, the quenching of excimer fluorescence became more apparent, reaching 35% 

in the presence of 2 eqs of Cu(ClO4)2 (12 ˃ aύΦ 
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Table 2.7: Summary of the volume of reagents and solvent required in order to 

construct a Stern-Volmer plot for PIC and Cu(ClO4) (1:0 to 1:2 eqs). 

PIC : Cu2+ PIC - 12 ˃ M ό˃[ύ Cu(ClO4)2 - 24 ˃ M ό˃[ύ MeCN ό˃[ύ 

6 : 0 1500 0 1500 

6 : 1.2 1500 150 1350 

6 : 2.4 1500 300 1200 

6 : 3.6 1500 450 1050 

6 : 4.8 1500 600 900 

6 : 6 1500 750 750 

6 : 9 1500 1125 375 

6 : 12 1500 1500 0 

 

 

Figure 2.17: Emission spectra of PIC (6 M˃, MeCN, ˂ ex
 = 343 nm) with 0-2 eqs of 

Cu(ClO4)2. 

Using the data shown in Figure 2.17 a Stern-Volmer plot was constructed by graphing 

 on the y-axis and [Cu2+] on the x-axis. It showed a linear relationship (R2 = 0.9941), 

Figure 2.18. The linearity was consistent with either purely static or purely dynamic 

quenching of the fluorescence emission of PIC by up to 2 equivalents of Cu2+ ions in 

MeCN at rt. The slope of the plot indicated that the Stern-Volmer quenching 

constant, KSV, was 45,000 M-1, which is in the same range as the KSV (47,600 M-1) 

determined by Rao et al., for the interaction of their triazole anthracene 

functionalised calix[4]arene with Co2+ perchlorate ions in EtOH, Figure 1.25b.18 
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Figure 2.18: SternςVolmer plot of PIC (6 µM) with Cu(ClO4)2 (0-2 eqs), in MeCN in 

which the fluorescence intensity (
╘

╘
) at 498 nm was plotted against the concentration 

of Cu2+ (Slope = 44744, R2 = 0.9941). 

2.5.5 Binding Constant Determination of the PIC:Cu2+ Complex Formation 

The Benesi-Hildebrand method (Section 1.4.3) was used to determine the binding 

constant, Ka, for the PIC:Cu2+ complex formation reaction in MeCN at rt. The data 

used to construct the plot corresponded to that used to construct the Stern-Volmer 

plot, Table 2.7. Thus, the concentration of PIC was kept at 6 ˃ M while varying the 

concentration of the Cu2+ from 0 ˃ M to 12 ˃ M. The plot was constructed by plotting 

Ў
 on the y-axis and  on the x-axis, Figure 2.19. This plot showed a linear 

relationship (R2 = 0.9928). According to the Benesi-Hildebrand equation the intercept 

divided by the slope gives the Ka, the binding constant. Therefore Ka = 0.0033/(7x10-

8) = 47,000 M-1, which is higher than that calculated for the 9-chloroanthracen-10-yl 

isoxazole analogue, 3 (15,800 M-1)81 and approximately 20 times greater than the Ka 

calculated for the 1-naphthyl isoxazole functionalised calix[4]arene, 4 (2080 M-1)81 

indicating that the pyrene-isoxazole-calixarene combination may be an attractive 

design for a calix[4]arene based Cu2+ sensor. 
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Figure 2.19: Benesi-Hildebrand plot of PIC with Cu(ClO4)2 (0-2 eqs) in MeCN (6 µM). 

(R2 = 0.9928, intercept = 0.0033, slope = -7x10-8). 

2.5.6 Detection Limit of PIC for the Cu2+ Ion 

The detection limit (DL), άthe smallest concentration of a substance that can be 

reliably measured by an analytical procedureέ102 was determined using the following 

formula: 29,30 

   ὈὩὸὩὧὸὭέὲ ὒὭάὭὸ
ᶻ

   Equation 2.1 

K is an arbitrary unit equal to 2 or 3, SB1 is the standard deviation of the fluorescence 

intensity of host solutions, S is the slope of the calibration curve of the fluorescence 

intensity of the host with varying eqs of guest.  

The required calibration curve was constructed by plotting the fluorescence intensity 

of PIC (6 ɛM, MeCN, ɚex = 343 nm) at 498 nm against the concentration of Cu(ClO4)2 

(0-2 eqs), Figure 2.20. The data used to construct the calibration curve corresponded 

to the data used for the Stern-Volmer analysis (Section 2.5.4). 
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Figure 2.20: Calibration Curve of PIC (6 M˃, MeCN, ˂ ex
 = 343 nm) with 0-2 eqs of 

Cu(ClO4)2, R2 =0.9889. 

The detection limit was thus calculated as follows: 

DL = KSB1/S 

= (2 x 2.90)/(2 x 107) 

= 2.90 x 10-7 M 

= 0.3 ɛM. 

This indicates that PIC can accurately detect Cu2+ ions from a MeCN solution of 

copper perchlorate to the lowest concentration of 0.3 ɛM. This compares favourably 

with the detection limit of 0.60 ɛM ascertained by Shukla and co-workers for their 

coumarin functionalised calixarene fluorescent Cu2+ sensor, Figure 2.21. 

 

Figure 2.21: Coumarin functionalised calixarene designed by Shukla et al. as a 

fluorescent chemosensor for Cu2+ ions in MeCN with a detection limit of 0.6 ɛM.103 
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2.6 Conclusions 

!ǘ ǘƘŜ ƻǳǘǎŜǘ ƻŦ ǘƘŜ ŀǳǘƘƻǊΩǎ ǊŜǎŜarch, it was known that PIC could selectively detect 

the Cu2+ ion over a range of other metal ions, however, despite EPR spectroscopic 

and DFT theoretical studies, details of the geometry of the PIC:Cu2+ complex 

remained unclear. 

(i) PIC, equipped with distal isoxazole units as potential metal binding sites 

and pyrene moieties as fluorophoric reporter units was synthesised by 

catalyst-free nitrile oxide/alkyne cycloaddition (NOAC).  

(ii) PIC presented in the cone conformation in the solid state structure 

obtained from a crystal grown in MeCN with no interactions evident 

between pendant pyrene moieties. The packing diagram showed 

intermolecular short contacts between pyrene moieties in neighbouring 

PIC molecules. 

(iii) Excimer signals in the fluorescence emission spectra indicated an 

ƛƴǘǊŀƳƻƭŜŎǳƭŀǊ ˉ-ˉ ƛƴǘŜǊŀŎǘƛƻƴ ƻŦ ǘƘŜ ǇȅǊŜƴŜ ǊƛƴƎǎ ƛƴ ǘƘŜ ǎƻƭǳǘƛƻƴ ǎǘŀǘe. 

Fluorescence quenching occurred in the presence of Cu2+ ions over a 

range of other divalent transition metal cations, all introduced as 

perchlorate salts. 

The contributions of the author to an understanding of the binding event between 

PIC and Cu2+ are summarised below. 

¶ Attempts were made to prepare a solid sample or to grow crystals of the 

PIC:Cu2+ complex suitable for x-ray analysis, however all were unsuccessful. 

¶ An advanced 1H NMR spectroscopic study of the effect of the Cu2+ ion on PIC 

indicated binding influenced the protons pyrene regions of PIC most 

significantly. Thus the Cu2+ binding site is likely to be in the pyrene region. 

¶ Stern-Volmer analysis indicated that the quenching of PIC by up to two eqs of 

copper perchlorate occurred either purely by a static or a dynamic 

mechanism. 

¶ The binding constant of PIC with copper perchlorate in MeCN, was calculated 

using the Benesi-Hildebrand method; Ka = 47,000 M-1. 
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¶ The detection limit for PIC to sense Cu2+ ions in MeCN solution was found to 

be 0.3 ɛM.  

2.7 Future Work 

Following on from the initial success of PIC as a Cu2+ fluorescent sensor, a sequential 

investigation of the relationship between molecular structure, and selectivity and 

sensitivity to detection of metal ions was designed. 

The proposed studies included an examination of the importance of: 

i) the length of the linker between the lower rim ether O atoms and the 

heterocyclic isoxazole rings 

ii) direct conjugation between the pyrene fluorophore and the isoxazole ring 

iii) the phenolic hydroxyl moieties on the lower rim of the calix[4]arene; 

Chapter 3 will report on the design, synthesis and characterisation of three novel 

lower rim pyrene functionalised calix[4]arenes structurally related to PIC, intended 

to investigate the three structural features mentioned above.
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3.1 Overview 

This chapter gives a description of the design, synthesis and characterisation of a 

number of novel pyrene functionalised calixarenes structurally related to PIC. Each 

new compound was designed to differ from PIC at only one position, these variations 

included (i) extension of the linker group between the lower rim of the calixarene 

and the isoxazole rings, (ii) introduction of a spacer between the pyrene fluorophore 

and the isoxazole ring and (iii) alkylation of the lower rim hydroxyl groups. 

3.2 Ethylene Pyrene Isoxazole Calixarene (EPIC) 

EPIC, Ethylene Pyrene Isoxazole Calixarene, shown in Figure 3.1, was designed with 

an ethylene linkage separating the isoxazole ring from the lower rim of the 

calixarene, whilst retaining the hydroxyl groups and having no spacer between the 

isoxazole and pyrene rings. 

 

Figure 3.1: Structure of Ethylene Pyrene Isoxazole Calixarene (EPIC). 

3.2.1 Synthesis of EPIC 

To access EPIC by nitrile oxide/alkyne cycloaddition chemistry the distally 

functionalised calix[4]arene 11 was required to act as the dipolarophile and 1-

pyrenecarbaldoxime, 12 as the dipole precursor. The bis-alkylated calix[4]arene 

5,11,17,23-tetra-tert-butyl-25,27-bis(but-3-ynyloxy)-26,28-dihydroxy calix[4]arene, 

11, was synthesised by the method of Bonnamour et al., Scheme 3.1.104 

Lower Rim OH 

Groups Retained 
Ethylene 

Linker 

No Spacer between 

Isoxazole Ring and Pyrene 

Moieties 
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Commercially available 4-tert-butylcalix[4]arene was initially exposed to 5 eqs of 

potassium carbonate in anhydrous MeCN for 1 hour at rt. 4-Bromo-1-butyne (4.2 eqs) 

was added dropwise over 30 mins and the solution was heated to reflux for 24 hrs. 

Following filtration over celite, an acidic work-up and flash column chromatography, 

11 was obtained as a bright white amorphous solid in 36% yield. 1H NMR 

spectroscopic data corresponded to that reported in the literature.104 

 

Scheme 3.1: Synthesis of 5,11,17,23-tetra-tert-butyl-25,27-bis(but-3-ynyloxy)-26,28-

dihydroxycalix[4]arene, 11.104 

The modest yield of 11 is in keeping with, as evidenced in the 1H NMR spectrum, the 

presence of both the monoalkylated calixarene and unreacted starting material in 

the crude mixture. The presence of these species led to difficulty in purification of 

11. The moderate yield may also be due to the tendency of the haloalkyne to undergo 

base induced dehydrohalogenation,105 thus two new peaks at 3.03 (m) and 2.16 (t) 

ppm in the 1H NMR spectrum of the crude mixture may be attributed to alkene 

elimination products. 

1-Pyrenecarbaldoxime, 12 was prepared from 1-pyrenecarbaldehyde by 

optimisation of a known method, Scheme 3.2.106 Hydroxylamine hydrochloride (3 

eqs) and sodium acetate trihydrate (4 eqs) were added to commercially available 1-

pyrenecarbaldehyde in 33% v/v aq. EtOH and the resulting solution was heated to 

reflux for 1 hr. Following an EtOAc extraction, 12 was obtained as a bright yellow 

solid in 95% yield, a 28% improvement in the reported yield. 1H NMR spectroscopic 

data corresponded to that reported.107 
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Scheme 3.2: Synthesis of 1-pyrenecarbaldoxime, 12.106 

EPIC was synthesised following a 1,3-Huisgen cycloaddition between the in situ 

generated 1,3-dipole 13 and the calixarene dipolarophile 11. One eq of 11 was 

dissolved in EtOH and 4 eqs of 1-pyrenecarbaldoxime, 12 were added to the solution 

which was heated to reflux. Three portions, each of 2 eqs of Ch-T, were added at 0, 

3 and 6 hrs from the commencement of the reaction, this allowed for generation of 

the putative nitrile oxide 13 and in situ reaction with the alkyne. The portion-wise 

addition of Ch-T was also designed to help avoid self-reaction of the nitrile oxide, 

which could result in the formation of furoxan and dioxadiazine by-products, (see 

discussion in Section 1.6.3). When addition of Ch-T was complete, the reaction 

mixture was allowed to stir for a further 18 hrs at reflux, cooled, and the product 

extracted with chloroform and washed with 5% aq. NaOH to remove sulphonamide 

by-products. The solvent was removed under reduced pressure and the crude 

material purified by flash column chromatography and finally recrystallised from 

EtOH:DCM (2:1, v/v) to yield EPIC as a white crystalline solid in 49% yield, Scheme 

3.3. 
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Scheme 3.3: Synthesis of Ethylene Pyrene Isoxazole Calixarene (EPIC), 14. 

3.2.2 Characterisation of EPIC 

Characteristic 1H NMR signals expected following the successful synthesis of the 

isoxazole ligated pyrene-calixarene 14 from reaction between 11 and 12 include the 

emergence of a singlet peak between 6.25 and 7.25 ppm (in CDCl3) for the CH of the 

isoxazole ring,108 and the disappearance of the terminal alkyne triplet signal of the 

starting material at ~2 ppm.  

The 1H NMR spectra of isolated EPIC and alkyne 11 were compared, the triplet signal 

at 2.08 ppm of the alkyne proton was not present in the 1H NMR spectrum of EPIC, 

while a number of singlets between 6.90 and 6.71 ppm in the spectrum of EPIC 

strongly suggested that the heterocyclic isoxazole ring had been formed. 

3.2.2.1 1H and 13C NMR Spectroscopic Characterisation of EPIC 

The 1H NMR spectrum of EPIC, Figure 3.2 showed a pair of sharp AB doublets at 4.03 

and 3.25 ppm with reciprocal coupling constants of 13.0 Hz which indicated that EPIC 

presented in the cone conformation.109 The conformational assignment was further 

supported by two t-butyl singlets, each with a relative integration of 18H at 1.38 and 

0.90 ppm.109 
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Figure 3.2: 1H NMR spectrum (500 MHz) of EPIC in CDCl3 at 25°C. 

Triplet resonances at 3.95 and 2.76 ppm were assigned as the methylene protons of 

the ethylene linker. The more downfield signal was intuitively assigned as the OCH2 

group, as the O-atom is expected to have a stronger deshielding effect than the 

isoxazole ring. The assignment is supported by comparing the 1H NMR spectra of the 

starting alkyne and the cycloadduct, Figure 3.3. In the starting material 11, the 

methylene group adjacent to the alkyne appears as a triplet of doublets due to 

coupling to both the neighbouring CH2 and CH protons whilst the signal of the 

corresponding protons appears as a triplet in the spectrum of EPIC. Thus, the upfield 

triplet, at 2.76 ppm was assigned as the CH2-isoxazole group. 

 

Figure 3.3: 1H NMR spectra (500 MHz) of bis-alkylated calixarene 11 (red) and EPIC 

(blue) in CDCl3 at 25°C showing the change in multiplicity of the OCH2CH2 methylene 

groups on converting from the alkyne 11 (td) to EPIC, 14, (t). 
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Sharp singlets, with the same relative intensities at 6.88 and 6.78 ppm, were 

tentatively assigned as the OH and the isoxazole CH protons. The disappearance of 

the signal at 6.78 ppm following a D2O shake identified it as representing the lower 

rim OH protons. It followed intuitively that the singlet at 6.88 ppm arose from the 

isoxazole protons. The assignment was supported by a HSQC spectrum, Figure 3.4. 

Isoxazole CH carbon atoms resonate at approximately 105 ppm in 13C NMR spectra110 

and the singlet peak at 6.88 ppm in the 1H NMR spectrum showed a correlation with 

a 13C NMR signal at 105.1 ppm. Singlets at 7.13 and 6.73 ppm were assigned as the 

ArH protons of the upper rim of the calixarene based on their chemical shift, 

multiplicity and relative integrations. The aromatic signals between 8.45 and 7.58 

ppm showed a relative integration of 18H and were assigned as the pyrene protons; 

individual signals were not assigned due to severe resonance overlap. 

 

Figure 3.4: Section of the HSQC NMR spectrum of EPIC in CDCl3 at 25°C showing the 

isoxazole CH correlation with red lines. 

ESI HR mass spectrometry supported the structure of EPIC. The mass spectrum 

showed a peak at 1261.6039 corresponding to the [M+Na]+ ion of EPIC with a -2.06 

ppm difference between the calculated and observed values.* 

                                                      

* The calculation of the difference (in ppm) between the observed and calculated value of the mass to 
charge ratio of a molecular ion is explained in Section 7.1. 
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3.2.2.2 Solid State Structure of EPIC 

Small white needle like crystals formed following slow evaporation of an EtOH:DCM 

(2:1, v/v) solution of EPIC. These were solved by x-ray diffraction crystallography by 

Dr. Brendan Twamley at Trinity College Dublin, Figure 3.5. Two encapsulated DCM 

molecules form part of the structure. One in the upper annulus of the calix[4]arene 

is shown with short contacts, at an average distance of 2.87 Å, between two distal 

aromatic rings of the calixarene cavity and the methylene protons of DCM. The 

second DCM molecule showed short contacts to the nitrogen atoms of both of the 

isoxazole nuclei and to the oxygen atom of one heterocycle, at an average distance 

of 2.69 Å, Figure 3.5a. 

In keeping with the solution state structure suggested by 1H NMR data EPIC 

presented in the cone conformation. The crystal structure showed that the lower rim 

phenolic OH and the neighbouring ether oxygen atoms were involved in 

intramolecular hydrogen bonding which helps to stabilise the cone conformation, 

Figure 3.5a. The OΧO distances, spanned from 2.75 to 2.86 Å, which compares 

favourably with the distance range of 2.75 to 2.93 Å previously reported for the 

crystals of PIC grown from MeCN88 or DCM and other related systems published in 

the literature.111-113  

Intramolecularly the pendant pyrene units do not align in a face-to-face manner, 

rather the planes created by the pyrene units are at an angle of 70.56° which is 

considerably larger than the angles of 47.70° and 45.57° calculated for the PIC.MeCN 

and PIC.2DCM crystals respectively. This larger angle may be due to the rotation of 

the pendant arms to allow both heterocycles to interact with the DCM molecule 

and/or to facilitate intermolecular ̄ -ˉ ǎǘŀŎƪƛƴƎ ƻŦ ǘƘŜ pyrene moieties, which was 

not evident in the two crystalline forms of PIC. 

LƴǘŜǊƳƻƭŜŎǳƭŀǊ ˉ-ˉ ǎǘŀŎƪƛƴƎ ōŜǘween neighbouring pyrene units of EPIC was evident. 

Face-to-face overlap at an average distance of 3.38 Å was observed between one 

pyrene unit of each molecule with a neighbouring pyrene moiety, with the centroids 

of each pyrene moiety creating a slip angle of 66.12°, Figure 3.5c. The second 

pendant pyrene molecule was not involved in inter- ƻǊ ƛƴǘǊŀƳƻƭŜŎǳƭŀǊ ˉ-ˉ ǎǘŀŎƪƛƴƎΦ  
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/ƻƳǇŀǊƛǎƻƴ ƻŦ ǘƘŜ ƭŀŎƪ ƻŦ ˉ-ˉ stacking within the solid state structure of PIC.2DCM 

and the face-to-ŦŀŎŜ ˉ-ˉ ǎǘŀŎƪƛƴƎ ƻōǎŜǊǾŜŘ ƛƴ ǘƘŜ ǎƻƭƛŘ ǎǘŀǘŜ ǎǘǊǳŎǘǳǊŜ ƻŦ EPIC.2DCM 

suggested that the extra methylene group on the lower rim of EPIC provided the 

opportunity for ƻǾŜǊƭŀǇ ƻŦ ǘƘŜ ˉ ƻǊōƛǘŀƭǎ ƻŦ one pyrene moiety of EPIC with a pyrene 

moiety from a neighbouring EPIC moiety, possibly facilitated by the complexation of 

the isoxazole nuclei to DCM. 

 

Figure 3.5: a) Single x-ray crystal structure of EPIC.2DCM, b) diagram of EPIC showing 

the 70.56° angle between the planes of the pyrene moieties and c) two neighbouring 

units of EPIC showing the intermolecular ̄-  ̄stacking between adjacent pyrene units 

(blue lines). 
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As observed for PIC, the isoxazole and pyrene moieties of the pendant arms are not 

coplanar and the dihedral angles between those rings on the pendant arms of EPIC 

are: 42.73° ōŜǘǿŜŜƴ ǘƘŜ ƳƻƛŜǘƛŜǎ ƻƴ ǘƘŜ ǇŜƴŘŀƴǘ ŀǊƳ ƛƴǾƻƭǾŜŘ ƛƴ ˉ-ˉ ǎǘŀŎƪƛƴƎ ŀƴŘ 

26.08° on the opposite arm. 

Examination of the extended network created by the units of EPIC in the solid state 

structure revealed a tail-to-tail arrangement of the calixarene units, creating a 

channel between the pyrene units from neighbouring calixarene moieties, Figure 3.6.  

 

Figure 3.6: Extended network of the EPIC.2DCM solid state structure showing the 

tail-to-tail arrangement of the calixarene units 

A summary of the interesting characteristics of the EPIC.2DCM crystal is given in 

Table 3.1. 
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Table 3.1: Summary of the characteristics of the EPIC.2DCM crystal structure. 

Py-Py 

Plane 

Angle 

Py-Isox Plane 

Angles 

Lower-

Rim 

Hydrogen 

Bonding 

Solvent 

Interaction 

Other Interesting 

Features 

70.56° 42.73° 26.08° 

Present at 

an 

average 

hΧh 

distance 

of 2.79 Å. 

One unit of DCM 

in upper cavity 

and second 

molecule in short 

contact with both 

of the isoxazole 

rings. 

Tail-to-tail 

arrangement 

between units of 

EPIC. 

Channel created 

between pyrene 

units in extended 

network. 

 

3.2.2.3 UV and Fluorescence Spectroscopy of EPIC 

Although the pyrene moieties of EPIC may dominate the UV-Vis spectrum, it is known 

that absorption bands for the t-butyl substituted calixarene core are also expected, 

at ~240 and 301 nm in acetone114 and at 280 and 288 nm in chloroform.109 Pyrene 

exhibits three well-structured absorption bands from 213 to 385 nm, when recorded 

in either hexane or MeCN by Morel et al.115 and in a Ne matrix by Salama et al.116 

These absorption bands have been assigned to the S4ăS0, S3ăS0 and S2ăS0 

transitions.116,117 

In their investigation of the absorption spectra of PAHs (parent, substituted and 

charged), Salama et al. observed that the band positions in the absorption spectra of 

the aliphatically substituted pyrenes, Figure 3.7, were relatively unchanged w.r.t. the 

parent pyrene. They attributed this to the fact that the molecular orbitals that 

comprise the aromatic nature of the pyrene chromophore were not perturbed to a 

great extent by the aliphatic side chains. In contrast, the absorption spectra of the 

naphthalene and phenanthrene chromophores and their aliphatic substituted 

derivatives differed significantly. 
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Figure 3.7: Aliphatic substituted pyrenes studied by Salama et al.116 

In contrast, Morel et al. observed that the introduction of an electron withdrawing 

nitro group to the 1-, 2- and 4-positions of the pyrene chromophore resulted in three 

broad, structureless absorption bands, in MeCN and hexane w.r.t. the fine structure 

of the absorption spectra of the parent pyrene in the same solvents.115  

A UV absorbance spectrum of EPIC at 6 M˃ in MeCN, Figure 3.8 shows three 

absorption bands at 240, 280 and 348 nm, which correspond to the positions 

expected for the pyrene moieties. Whilst, the absorbance bands are broad with 

limited vibronic structure, the band at 240 nm appears suggestive of a double peak 

and there are small shoulders at lower wavelengths of the bands at 280 and 348 nm. 

The lack of structure in the absorbance spectrum of EPIC was attributed to the direct 

attachment of the isoxazole heterocycles to the 1-position of the pyrene moieties in 

EPIC which induces differences in the photochemistry of the pyrene functionalised 

calixarene w.r.t. the parent pyrene moiety. 

 

Figure 3.8: UV-Vis absorbance spectrum of EPIC (6 ˃ M) in MeCN showing absorption 

bands at 240, 280 and 348 nm. 
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The ˂ max (348 nm) of the absorption band of longest wavelength of EPIC was chosen 

as the excitation wavelength (ɚex) for the measurement of the emission spectrum of 

EPIC (6 M˃, MeCN), Figure 3.9. As recorded in Section 1.3.2.2 pyrene units are 

expected to display a monomer emission between 380 to 420 nm, and, if excimer 

formation is possible, it will present as a band between 410 and 500 nm.  

The fluorescence emission spectrum of EPIC, displayed low intensity monomer 

emission bands at 386 and 407 nm and an intense, featureless, excimer emission 

band with a maximum at 494 nm. The ratio of the fluorescence intensity at the first 

monomer emission band (94 a.u.) to the ɚmax of the excimer (551 a.u.), was calculated 

to be 1:5.9, thus the excimer signal was approximately six fold higher than the 

maximum monomer intensity. 

 

Figure 3.9: Emission spectrum of EPIC (6 M˃, e˂x = 348 nm) in MeCN showing 

monomer emission bands at 386 and 407 nm and an excimer band at 494 nm. 

3.3 Propyl Pyrene Isoxazole Calixarene (PPIC) 

The degree of conjugation, if any, between the fluorophore and binding site of a 

chemosensor is quite variable.118,119 It was hypothesised that the direct attachment 

of the pyrene moieties and the isoxazole rings of PIC may have played an important 

role in the detection and selectivity for Cu2+ ions, and that breaking this direct linkage 

may help inform on the optimal structural features of isoxazole-calixarene derived 

copper sensors. Thus a new calix[4]arene was designed with a propyl linker between 
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the isoxazole and the pyrene moieties, and denoted Propyl Pyrene Isoxazole 

Calixarene (PPIC), Figure 3.10. 

 

Figure 3.10: Structure of Propyl Pyrene Isoxazole Calixarene (PPIC). 

3.3.1 Synthesis of PPIC 

A retrosynthetic approach to PPIC is laid out in Scheme 3.4. The proposed synthesis 

involved a 1,3-dipolar cycloaddition between an in situ generated pyrene nitrile 

oxide, and the known alkyne functionalised calixarene 15. 

 

Scheme 3.4: Proposed retrosynthetic scheme for the synthesis of PPIC. 

The known bis-alkylated calix[4]arene, 5,11,17,23-tetra-tert-butyl-25,27-

dipropargyloxy-26,28-dihydroxycalix[4]arene, 15, was synthesised using a method 
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reported by Rao et al., Scheme 3.5.18 Commercially available 4-tert-

butylcalix[4]arene was exposed to 2.4 eqs of potassium carbonate in anhydrous 

acetone for 1 hour at rt prior to dropwise addition of propargyl bromide (2.4 eqs) 

over 30 mins and heating to reflux for 24 hrs. Following filtration over celite, an acidic 

work-up and crystallisation, 15 was obtained as a white crystalline solid in 74% yield. 

1H NMR spectroscopic data corresponded to that reported by Rao et al.18 

 

Scheme 3.5: Synthesis of 5,11,17,23-tetra-tert-butyl-25,27-dipropargyloxy-26,28-

dihydroxycalix[4]arene, 15.18 

1-Pyrenebutanaldoxime, 18, precursor to the desired dipole, was not commercially 

available. The proposed synthetic approach to 18 involved initial reduction of the 

available acid to the alcohol, then oxidation to the aldehyde and finally oximation as 

outlined in Scheme 3.6. Commercially available 1-pyrenebutyric acid was reduced 

using LiAlH4 (LAH) to form 1-pyrenebutanol, 16 as a yellow oil in 95% yield. 1H NMR 

spectroscopic data corresponded to that reported.120 The alcohol was oxidised using 

pyridinium chlorochromate (PCC); 1-pyrenebutanal, 17 was isolated as a pale yellow 

solid in 85% yield. 1H NMR spectroscopic data corresponded to that reported.121 1-

Pyrenebutanal was oximated by a method developed within the group.108 The 

aldehyde was allowed to react with 1.5 eqs of hydroxylamine hydrochloride and 1.5 

eqs of pyridine in EtOH in a scientific microwave (125°C, 1 hour, Pmax = 300 W). 

Following a chloroform extraction and purification by flash column chromatography, 

1-pyrenebutanaldoxime 18 and 1-pyrenebutanenitrile 19 were obtained in 46 and 

43% yields, both compounds were pale yellow solids with Rf = 0.6 and 0.8 respectively 

(SiO2, DCM). Both the oxime 18 and the nitrile 19 were novel compounds and thus 

were fully characterised. 
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Scheme 3.6: Synthesis of 1-pyrenebutanaldoxime, 18 and 1-pyrenebutanenitrile, 19.  

3.3.2 Characterisation of 1-Pyrenebutanenitrile 

The 1H NMR spectrum of the product with higher Rf revealed a compound with 9 

aromatic protons and three methylene groups, Figure 3.11 and the structure was 

tentatively proposed as 1-pyrenebutanenitrile. 

 

Figure 3.11: 1H NMR spectrum (500 MHz) of 1-pyrenebutanenitrile 19 in CDCl3 at 

25°C. 
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A 13C NMR spectrum revealed twenty unique signals. Three signals appeared 

between 32.0 and 16.8 ppm. HSQC and DEPT-135 spectra confirmed these signals as 

representative of three methylene groups. The remaining signals appeared between 

133.7 and 119.6 ppm. A DEPT-90 spectrum distinguished the quaternary from the CH 

carbon atoms. The furthest downfield carbon signal at 133.7 ppm showed a HMBC 

correlation to the two methylene groups adjacent to the 1-position of the pyrene and 

was assigned as the quaternary carbon (qC) at the 1-position of the pyrene moiety, 

Figure 3.12 (green lines). A second HMBC correlation between the carbon signal at 

119.6 ppm and the two methylene groups adjacent to the nitrile functionality, 

confirmed this signal as the nitrile carbon atom, Figure 3.12 (orange lines). 

 

Figure 3.12: Portion of the HMBC spectrum of 1-pyrenebutanenitrile 19 showing 

correlations between the nitrile carbon atom and the protons of the two adjacent 

methylene groups (orange lines), and between the quaternary carbon at the 1-

position of the pyrene moiety and the protons of the two adjacent methylene groups 

(green lines). 

Nitrile functional groups typically appear as medium intensity stretching bands 

between 2260 and 2220 cm-1 in an IR spectrum.70 A band at 2246.4 cm-1, present in 

the IR spectrum of a sample prepared as a KBr disc, supports the presence of a nitrile 

functional group in 19.  

The yellow solid was analysed by ESI HR mass spectrometry. The mass spectrum 

showed a molecular ion peak at 292.1102 which corresponded to the [M+Na]+ ion of 

1-pyrenebutanenitrile with a -1.73 ppm difference between the calculated and 
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observed values supporting the formation of 1-pyrenebutanenitrile as a by-product 

during oximation of 17, Scheme 3.6. 

3.3.3 Characterisation of 1-Pyrenebutanaldoxime 

The second yellow product, lower Rf, was assigned as 1-pyrenebutanaldoxime, Figure 

3.13. Severe overlapping and an almost doubling of the expected number of signals 

in the 13C NMR spectrum suggested that the product may have presented as a 

mixture of geometrical isomers. Further analysis of the NMR spectra completed 

assignment of the structures. 

 

Figure 3.13: 1H NMR spectrum (500 MHz) of 1-pyrenebutanaldoxime 18 in CDCl3 at 

25°C. 

1H NMR signals between 8.29 and 7.85 ppm were assigned as the 9 pyrene CH 

protons, Figure 3.13. Two multiplet signals at 3.44-3.38 and 2.12-2.04 ppm were 

assigned as the pyr-CH2 and pyr-CH2CH2 respectively on the basis of their chemical 

shift, relative integration, DEPT-135 and HSQC spectra. Six signals remained in the 1H 

NMR spectrum, two broad singlets, two triplets and two multiplets. They did not 

show whole number integrations relative to the aromatic region or the previously 

assigned methylene groups. The three pairs of matching signals instead showed an 

approximate integration ratio, relative to the aforementioned signals, of 0.6:0.4, 

suggesting the presence of geometrical oxime isomers in a 3:2 ratio. The 

disappearance of the two broad singlets at 7.37 and 7.07 ppm following a D2O shake 

supported their assignment as hydroxyl proton signals. 1H1H COSY showed that the 

two remaining multiplets arose from the CH2 group adjacent to the oxime 



Chapter 3                                                                                     PIC Analogues 
                                                                                  Design, Synthesis and Characterisation 

90 
 

functionality. Both multiplets showed a correlation to the CH2 group in the middle of 

the propyl chain but no correlation to each other, Figure 3.14. This indicated that the 

signals arose from the CH2 group adjacent to the oxime functionality in both isomers. 

 

Figure 3.14: 1H1H COSY of 1-pyrenebutanaldoxime 18 at 25°C showing the correlation 

between the middle CH2 group of the propyl chain and the multiplets representing 

the CH2 groups adjacent to the oxime functionality of the E- and Z-isomers. 

The two remaining triplets at 7.52 and 6.81 ppm, based on their multiplicity, chemical 

shift and relative integration, were intuitively assigned as representing the imine 

N=CH protons of the isomers of 18. The tentative assignment of signals as 

representing either the E- or the Z-oxime isomers was aided by examination of 

literature data. Crandall and Reix separated and characterised E- and Z-isomers of 

butanal oxime, decanal oxime and 5-methyl-3,4-hexadienal oxime, Figure 3.15.122 In 

each case the 1H NMR signal of the imine proton of the E-oxime appeared as a triplet 

at ~0.6 ppm downfield to the corresponding signal of the Z-isomer. The imine triplet 

at 7.52 ppm was thus assigned as the E-isomer and that at 6.81 ppm as the Z-isomer. 

1-Pyrenebutanaldoxime presented, in solution in CDCl3 as a 2:3 ratio of E-:Z-isomers. 

Analysis by ESI HR mass spectrometry showed a molecular ion peak at 310.1207 

which corresponded to the [M+Na]+ ion of 1-pyrenebutanaldoxime with a -1.61 ppm 
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difference between the calculated and observed values. This along with the 1H and 

13C NMR analyses support the characterisation of 1-pyrenebutanaldoxime. 

 

Figure 3.15: Structures of butanal oxime, decanal oxime and 5-methyl-3,4-hexadienal 

oxime with the 1H NMR chemical shifts in CDCl3 of the imine protons of the E- and Z-

isomers shown underneath.122 

In order to minimise formation of 1-pyrenebutanenitrile, 19 as a by-product of oxime 

formation, an alternative synthetic approach to 18 was desirable. The experience 

within the group indicated that, under the conditions employed, NH2OH.HCl and 

pyridine in EtOH, the conversion of aryl aldehydes to oximes was not complicated by 

formation of nitrile side products. However, there is literature precedent for pyridine 

acting as a catalyst in a hydroxylamine hydrochloride promoted aldehyde to nitrile 

conversion.123 It may be the case that the by-product of the oximation step, 

pyridinium hydrochloride, is sufficiently acidic to facilitate oxime dehydration so 

generating the nitrile, Scheme 3.7. 
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Scheme 3.7: Mechanism for the conversion of an aldehyde to a nitrile using 

hydroxylamine hydrochloride in the presence of catalytic pyridine suggested by Zhu 

et al.123 

TƘŜ άƻȄƛƳŀǘƛƻƴέ ƻŦ 17 was repeated using sodium acetate as the base as utilised by 

Parghi and co-workers for formation of both aliphatic and aryl aldoximes.124 1-

Pyrenebutanal was allowed to heat at reflux for 3 hrs in MeOH:H2O (11:1, v/v) in the 

presence of 2 eqs of hydroxylamine hydrochloride and 2 eqs of sodium acetate, 

Scheme 3.8. Following cooling, water was added to aid the precipitation of the pure 

oximes as a pale yellow solid in 92% yield, in a 1:1.8 (E-:Z-) ratio. 

 

Scheme 3.8: Synthesis of 1-pyrenebutanaldoximes, 18. 

Unlike imines which rapidly isomerise between inseparable E- and Z- forms, 

geometrical oxime isomers can be rather stable, they may be isolated as discrete 

species125 and their reactivity may or may not be influenced by their geometry. E- 

and Z-cinnamaldoximes were found to be almost equally susceptible to dehydration 

with 1H-benzotriazol-1-yloxytris(dimethylamino)phosphoniumhexafluorophosphate 

(BOP) and 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) in DCM at rt, Scheme 3.9, 
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yielding, after 30 mins, cinnamonitrile in 83 and 90% yield respectively. Conversely, 

Boucher et al. report the E-isomers of benzaldoxime and 4-(hexyloxy)benzaldoxime 

failed to dehydrate with catalytic rat liver microsomes and NADPH or dithionite 

whilst the Z-isomers readily dehydrated under the same conditions.126 

 

Scheme 3.9: Reactions of E- and Z-cinnamaldoximes to independently form 

cinnamonitrile.127 

As oxime isomers are often used without separation,128,129 a mixed sample of E- and 

Z-18 was used for the formation of PPIC. As described previously, the dimerisation of 

nitrile oxides, Section 1.6.3, is faster for aliphatic than for aromatic nitrile oxides65 as 

such extra care was taken with the experimental conditions selected for nitrile oxide 

formation and subsequent cycloaddition. A literature search of isoxazole forming 

reactions from aliphatic oximes revealed a preference for the NCS/NBS halooxime 

approach to dipole formation (Section 1.6.4).130-132 

1-Pyrenebutanaldoxime, 18 was allowed to react with 1.5 eqs of NCS for 1 hr in DCM 

at rt resulting in formation of the chlorooxime, 20. The success of the transformation 

was supported by the disappearance of the triplet signals for the imine protons of 

the E- and Z-oximes, Figure 3.16. 
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Figure 3.16: 1H NMR spectra (500 MHz) of 1-pyrenebutanaldoxime 18 isomers (red) 

and the chlorooxime derivative 20 (blue) in CDCl3 at 25°C, showing the disappearance 

of the imine proton signals (purple boxes). 

The alkylated calixarene 15 was added to a refluxing DCM solution of the 

chlorooxime, 3 eqs of NEt3 were added at a rate of 4.96 ˃mol/min using a syringe 

pump. This particularly slow rate was used to ensure optimal time for the alkyne to 

trap the in situ generated nitrile oxide, Scheme 3.10. The crude reaction mixture was 

cooled, washed with water and purified by flash column chromatography to give PPIC 

as an off-white solid in 49% yield. 

Scheme 3.10: Synthesis of Propyl Pyrene Isoxazole Calixarene (PPIC), 21. 
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3.3.4 Characterisation of PPIC 

The successful synthesis of PPIC was supported by initial inspection of the 1H NMR 

spectrum, which showed the disappearance of the triplet signal of the alkyne proton 

of 15, the disappearance of a doublet signal at 4.74 ppm and the appearance of a 

new singlet at 4.97 ppm representing the OCH2CC protons of the starting material 

and product respectively; finally a new signal observed at 6.32 ppm, was deemed 

typical of the isoxazole CH proton. 

3.3.4.1 1H and 13C NMR Characterisation of PPIC 

The 1H NMR spectrum of a pure sample of PPIC, Figure 3.17 showed a pair of sharp 

AB doublets at 4.15 and 3.24 ppm with reciprocal coupling constants of 13.3 Hz 

indicating that PPIC presented in the cone conformation.109 This was further 

confirmed by two large t-butyl singlets, each with a relative integration of 18H at 1.27 

and 0.89 ppm.109 

 

Figure 3.17: 1H NMR spectrum (500 MHz) of PPIC in CDCl3 at 25°C. 

Triplets at 3.34 and 2.75 ppm and a multiplet at 2.22-2.12 were intuitively assigned 

as the CH2 groups of the propyl chain of PPIC based on HMBC correlations and 

through comparison with the data from 1-pyrenebutanenitrile and 1-

pyrenebutanaldoxime. Analysis of DEPT-135 and HSQC spectra confirmed that the 

singlet at 4.97 ppm represented the methylene group adjacent to the O-atom on the 

lower rim of the calixarene. A HSQC correlation between the singlet at 6.32 ppm and 

a carbon signal at 103.5 ppm permitted assignment of the former as the signal for 



Chapter 3                                                                                     PIC Analogues 
                                                                                  Design, Synthesis and Characterisation 

96 
 

the isoxazole CH proton. Interestingly, the isoxazole proton of PPIC appears ~0.60 

ppm upfield of the isoxazole protons of PIC and EPIC whilst the isoxazole CH carbon 

signal appears ~1.80 ppm upfield of the corresponding carbons of PIC and EPIC. This 

is in keeping with the fact that the isoxazole rings of PPIC are less influenced by the 

deshielding zone of the pyrene nuclei than is the case for PIC and EPIC, where the 

heterocycle and pyrene ring are directly connected. The upfield shifts may also be 

due to loss of the degree of conjugation between the pyrene and isoxazole moieties 

w.r.t. PIC and EPIC. 

The remaining 2H singlet at 6.62 ppm was assigned as the phenolic OH protons and 

the two 4H singlets at 7.03 and 6.72 ppm as the upper rim aromatic protons of the 

calixarene. Aromatic proton signals between 8.18 and 7.78 ppm showed a relative 

integration of 18H and were assigned as the pyrene protons, they were not 

individually assigned due to severe resonance overlap. 

ESI HR mass spectrometry also supported the structure of PPIC. The mass spectrum 

showed a molecular ion peak at 1333.6435 which corresponded to the [M+K]+ ion of 

PPIC with a -0.37 ppm difference between the calculated and observed values. 

3.3.4.2 UV and Fluorescence Spectroscopy of PPIC 

A UV absorbance spectrum of PPIC at 6 ˃ M in MeCN is shown in Figure 3.18 with 

three main absorption regions at 244, 276 and 348 nm. The spectrum of PPIC shows 

more fine structure than that which was observed for EPIC. The first absorption band, 

at 244 nm, displays a shoulder at a shorter wavelength of 232 nm. The remaining two 

absorption regions each comprise three discernible peaks with, in each case, deep 

troughs between the second and third. 

The presence of well-defined vibronic structure in the absorbance profile of PPIC, 

w.r.t. EPIC and PIC was expected due to the aliphatic chain at the 1-position of the 

pyrene moieties instead of directly connected isoxazole rings. The UV profile of PPIC 

was similar to that of the parent pyrene in MeCN,115 which is in keeping with Salama 

et als. observations that aliphatic substitution of pyrene does not affect the aromatic 

nature of the molecule and in turn the absorption spectrum appears similar to the 

parent pyrene.116 
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Figure 3.18: UV-Vis absorbance spectrum of PPIC (6 ˃ M) in MeCN. 

The absorption spectrum ƻŦ ¸ƛƭƳŀȊ ŀƴŘ {ŀƘƛƴΩǎ ǇȅǊŜƴŜ ŦǳƴŎǘƛƻƴŀƭƛǎŜŘ ŎŀƭƛȄŀǊŜƴŜ 22, 

Figure 3.19, which bears a flexible alkyl linker chain in the 1-positon of the pyrene 

moieties, in MeCN:DCM (1:1, v/v) is similar to that of PPIC in MeCN in terms of 

vibronic structure and band positions.82 Thus, the propyl chain does not significantly 

influence the electronic properties of the pyrene moieties of PPIC. 

 

Figure 3.19: Propyl amino pyrene functionalised calix[4]arene 22.82 

A fluorescence emission spectrum of PPIC (6 ˃ M) was recorded in MeCN, Figure 3.20. 

The ˂ max (348 nm) of the absorption band of longest wavelength was chosen as the 

excitation wavelength (ɚex) for the measurement of the emission spectrum which 

displayed monomer emission bands at 384 (shoulder at 379 nm) and 403 nm and an 

excimer emission band at 480 nm. The ratio of the emission intensity at the first 
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monomer band (87 a.u.) to the intensity at the ˂ max of the excimer band (243 a.u.) 

was calculated to be 1:2.8, which was significantly smaller than the values of 1:10.8 

and 1:5.9 determined, under the same conditions, for PIC and EPIC respectively. The 

reduced significance of the excimer band for PPIC suggested that the propyl chain 

between the isoxazole heterocycle and the pyrene moieties of the pendant arms of 

PPIC sufficiently increased the flexibility of the molecule so making intramolecular 

excimer formation less likely than in EPIC and PIC.  

 

Figure 3.20: Emission spectrum of PPIC (6 M˃, e˂x = 348 nm) showing monomer 

emission bands at 384 (shoulder at 379 nm) and 403 nm and an excimer band at 480 

nm. 

Numerous attempts were made to grow PPIC crystals of suitable quality for a solid 

state structure determination, these attempts involved slow evaporation of solutions 

of PPIC in different solvent systems, including EtOH:DCM (2:1, v/v), MeCN:CHCl3 (2:1, 

v/v) and DCM:petroleum ether (1:2, v/v). In all cases an amorphous off white solid 

formed over time, no crystals suitable for x-ray crystallographic studies could be 

obtained suggesting irregular packing of the molecule in the solid state. 

3.4 Methoxy Pyrene Isoxazole Calixarene (MPIC) 

There is a plethora of literature reports on calix[4]arenes as analyte binding ligands 

with one or more of the lower rim phenolic hydroxyl groups forming part of the 
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proposed binding site18,20,81,90,92,133 and also numerous reports detailing calixarene 

sensors with no free phenolic hydroxyl groups on the lower rim.134-138 A novel 

calix[4]arene with methoxy groups in place of the free OH groups of PIC, denoted 

Methoxy Pyrene Isoxazole Calixarene (MPIC), Figure 3.21, was designed with the 

objective of investigating the necessity, if any, of the hydroxyl groups of PIC for 

effective Cu2+ binding. 

In selecting the group for alkylation of the lower rim, two main issues were 

considered:  

i) the influence of conformational mobility  

ii) the influence of steric factors on analyte binding.  

The origins of the concerns are discussed below: 

i) A methoxy group is the smallest possible functional group suitable for 

replacement of a phenolic hydroxyl with a group incapable of functioning 

as a H-bond donor. However, the choice presents its own difficulties in 

that the methoxy group is small enough to fit through the inner annulus 

of a calix[4]arene and with no hydrogen bonding opportunities to hold the 

calix[4]arene in the cone conformation, the emergence of a 

conformationally mobile calix[4]arene was deemed likely, Section 1.1.2. 

ii) The steric requirements of the replacing group may interfere with the 

guest binding if the group chosen to replace the hydroxyl groups is large. 

Thus, if the new calix[4]arene was not a good sensor for Cu2+, possible 

explanations could include the following (a) the hydroxyl groups may be 

a necessary part of the Cu2+ binding site or (b) the Cu2+ cation may not be 

a suitable size for the new binding site proportions. 
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Figure 3.21: Structure of Methoxy Pyrene Isoxazole Calixarene (MPIC). 

3.4.1 Synthesis of MPIC 

Synthesis of tetrasubstituted calix[4]arenes has been achieved in a number of ways. 

Menon et al. synthesised the bis-pyrene bis-methoxy functionalised calixarene, 23, 

Scheme 3.11 by reaction of 4-tert-butylcalix[4]arene with methyl iodide in the 

presence of a base followed by reaction with N-(2-(2-(2-chloroethoxy)ethoxy) 

ethyl)pyren-2-amine in the presence of potassium carbonate and potassium iodide.61 

 

Scheme 3.11: Synthesis of the bis-pyrene bis-methoxy functionalised calixarene, 23 

by Menon and co-workers.61 

Chung et al. in accessing a bis-propoxy, bis-naphthalene functionalised calix[4]arene 

24 utilised the reverse approach, introducing the naphthalene moieties by a 1,3-
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dipolar cycloaddition prior to replacing the remaining hydroxyl groups with propyl 

groups using sodium hydride and propyl iodide, Scheme 3.12.81 During a subsequent 

fluorometric study, they observed that the naphthalene functionalised calixarene 

with free phenolic hydroxyl groups was selective for the Cu2+ ion. 

 

Scheme 3.12: Synthesis of a tetrasubstituted calix[4]arene 24 by Chung et al.81 

Thus, three routes were considered for the synthesis of MPIC, Scheme 3.13: 

Route 1 Distal propargylation, bis-cycloaddition, bis-methylation ς i.e. initial 

formation of PIC followed by methylation. 

Route 2 Distal methylation, bis-propargylation, bis-cycloaddition. 

Route 3 Distal propargylation, bis-methylation, bis-cycloaddition. 

Route 1 involving initial synthesis of PIC followed by methylation of the free hydroxyl 

groups was the first choice route for exploring the synthesis of MPIC. 
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PIC was prepared by a modification of the route previously developed by co-workers 

in the laboratory, thus one eq of the bis-alkyne 15 was dissolved in EtOH and 4 eqs 

of 1-pyrenecarbaldoxime, 12 were added and the solution was heated to 40°C. Three 

portions of 2 eqs of Ch-T were added at 0, 3 and 6 hrs from the commencement of 

the reaction. The reaction was allowed to stir for a further 18 hrs at 40°C, cooled, 

extracted with chloroform, washed with 5% aq. NaOH to remove the sulphonamide 
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by-products, purified by flash column chromatography and finally recrystallised from 

EtOH:DCM (2:1, v/v) to yield PIC, 25, as a white crystalline solid in 53% yield, Scheme 

3.14. 1H NMR spectroscopic data corresponded to that previously recorded.88 

Scheme 3.14: Synthesis of Pyrene Isoxazole Calixarene (PIC), 25. 

A strong base such as NaH can be required to deprotonate the hydroxyl groups of a 

1,3-disubstituted calix[4]arene (Section 1.1.4.2), accordingly, one eq of PIC in DMF 

was exposed to 30 eqs of stripped NaH.Ϟ Methyl iodide (20 eqs) was then added and 

the resulting solution was allowed to stir at rt for 12 hrs. The reaction mixture was 

quenched with distilled water and extracted with DCM. Following solvent 

evaporation the crude residue was triturated with hot MeOH to yield MPIC as a bright 

white solid in 62% yield, Scheme 3.15.  

Whilst the reaction was successful, the fact that sodium hydride is extremely 

flammable when exposed to air or moisture led to a search for alternative reaction 

conditions and it was subsequently established that Cs2CO3 was a suitable base for 

the reaction, accordingly it became the reagent of choice in subsequent MPIC 

formation reactions. The latter reaction conditions were also attractive due to the 

use of acetone as the solvent medium in place of DMF. Repeated exposure to DMF 

                                                      

ϞProcedure for stripping sodium hydride in Section 7.1. 
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has serious health and safety issues that are avoidable with acetone, a further 

attraction of acetone is its low boiling point of 56°C. 

 

Scheme 3.15: Synthesis of Methoxy Pyrene Isoxazole Calixarene (MPIC), 26. 

3.4.1.1 Characterisation of MPIC 

Full structural characterisation of MPIC, a white crystalline solid obtained following 

flash column chromatography, began with an analysis of its thin layer 

chromatography profile (SiO2, DCM:petroleum ether; 4:1, v/v) followed by mass 

spectrometry and NMR spectroscopic analyses. 

The molecular formula of MPIC was supported by HRMS. An electrospray ionisation 

(ESI) high-resolution mass spectrum showed a molecular ion peak at 1261.6105 

which corresponded to the [M+Na]+ ion of MPIC with a -3.17 ppm difference 

between the calculated and observed values. 

One fluorescent spot was observed under a UV lamp (e˂x = 254 nm) following TLC 

analysis of MPIC in a number of DCM:petroleum ether based elution systems which 

did not correspond to the Rf value of the starting PIC.  

A 1H NMR spectrum, recorded at rt in CDCl3, was poorly resolved, Figure 3.22, 

suggesting MPIC had conformational mobility under the conditions of the 

experiment. 
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Figure 3.22: 1H NMR spectrum (500 MHz) of MPIC in CDCl3 at 25°C. 

3.4.1.2 Variable Temperature 1H NMR Spectroscopic Study of MPIC 

The broad appearance of the 1H NMR spectrum of MPIC was not unexpected due to 

the lack of hydrogen bonding opportunities on the lower rim of the calixarene along 

with the small size of the methoxy group facilitating intra-annular movement. A 

variable temperature (vt) 1H NMR spectroscopic study of MPIC was carried out to 

assess the structural presentation over a range of temperatures. A study carried out 

on a 300 MHz Bruker instrument recorded spectra at 25, 30, 35, 40 and 45°C in CDCl3. 

As shown in Figure 3.23, as the probe temperature increased the resolution of the 

peaks continued to deteriorate suggesting an increase in conformational mobility of 

MPIC over the temperature range (25 - 45°C). 

 

Figure 3.23: 1H NMR spectra (300 MHz) of MPIC in CDCl3 at 25°C (blue), 30°C (red), 

35°C (green), 40°C (purple) and 45°C (yellow). 
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A second series of spectra recorded at and below rt, (25, 10, 0, -10, -20, -30, -40 and 

-50°C), Figure 3.24, show that as the probe temperature decreased, the resolution 

of the spectra improved. This observation is in keeping with a reduction in mobility 

at lower temperatures as the energy barrier for conformational switching becomes 

less attainable. 

 

Figure 3.24: 1H NMR spectra (300 MHz) of MPIC in CDCl3 at -50°C (blue), -40°C (red), 

-30°C (green), -20°C (purple), -10°C (yellow), 0°C (orange), 10°C (light green) and 

25°C (black). 

3.4.1.3 1H NMR and 13C NMR Characterisation of MPIC 

The four main conformers of substituted calix[4]arenes are the cone, paco, 1,2- and 

1,3-alternate conformers as shown for a generic example in Figure 1.3. Each of these 

conformers were considered possible for MPIC, Figure 3.25. The 1,2-alternate 

conformer was easily ruled out as it involves two proximal lower rim groups rotating 

through the inner annulus of the calix[4]arene and the pendant isoxazole-pyrene 

group is too bulky to pass through the core. Thus, the presenting forms to be 

considered for MPIC included the cone, the partial cone and the 1,3-alternate 

conformers. 
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Figure 3.25: Cone, partial cone, 1,2- and 1,3-alternate conformations of MPIC. 

A full NMR characterisation of MPIC was carried out in CDCl3 at -30°C on a 500 MHz 

Bruker Avance NMR spectrometer. This temperature was selected due to limited 

conformational inversion of MPIC and because the instrument can hold this 

temperature with limited fluctuation. 13C, 1H, COSY, DEPT-135 and HSQC NMR 

spectra were recorded at -30°C.  

It was shown by de Mendoza et al. that the resonance position of the methylene 

bridge carbon atoms is diagnostic of the conformation of calix[4]arene derivatives.139 

If the aryl groups around the methylene bridge are syn (both facing upwards or 

downwards) the methylene carbon atoms resonate at approximately 31 ppm and if 

they are anti (one facing upwards and one downwards) the resonance will be further 

downfield at approximately 37 ppm. The proposed number of ArCH2 signals, and the 
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approximate chemical shift in ppm for each of the conformers of MPIC were 

considered and are summarised in Table 3.2. 

Table 3.2: Proposed number of ArCH2 signals and approximate chemical shift 

expected in the 13C NMR spectra of cone, partial cone and 1,3-alternate conformers 

of MPIC. 

MPIC Conformer 
Expected No. of 

ArCH2 signals 

Expected Approximate 

Chemical Shift (ppm) 

Cone 1 31 

Partial Cone 2 31 and 37 

1,3-Alternate 1 37 

 

The 13C NMR spectrum of MPIC at -30 oC showed eight carbon signals between 30 

and 40 ppm, of which three were at approximately 31 ppm and one was at 

approximately 37 ppm. A DEPT-135 spectrum was used to ascertain which, if any of 

these four signals arose from CH2 carbon atoms. A DEPT-135 spectrum shows positive 

signals for CH3 and CH C-atoms, and negative intensity signals for CH2 C-atoms while 

quaternary carbon signals are suppressed. A DEPT-135 spectrum of MPIC at -30°C 

(CDCl3) revealed three CH2 signals in the 31-37 ppm range at 37.8, 31.22 and 31.16 

ppm, Figure 3.26. This suggested that MPIC presented as two conformers in solution: 

as the partial cone, with two distinct methylene C-atoms (resonating at ~37 and 31 

ppm) and as the fully symmetrical cone where all the bridging methylene C-atoms 

are in identical environments (resonating at ~31 ppm), Table 3.2. Two further CH2 

signals downfield at 67.3 and 65.7 ppm represent the OCH2-isoxazole carbon atoms. 

The presence of both the cone and partial cone conformers of MPIC was further 

supported by the presence of five signals in the t-butyl range of the 1H NMR 

spectrum, Figure 3.27. Three of these signals at 1.34, 1.11 and 1.07 ppm showed a 

relative integration of 1:1:2 which correlated with that expected for the t-butyl 

groups of a partial cone conformer of MPIC. Two further signals at 1.31 and 0.87 

ppm, in a 1:1 ratio, were typical of that which was to be expected for the t-butyl 

signals of a cone conformer of MPIC. In order to ascertain the ratio of cone to partial 

cone at -30°C the relative intensities of the peaks at 1.07 (18 H of paco) and 0.87 ppm 

(18 H of cone) were compared. This gave a cone:paco ratio of 1:2.78 which indicated 
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that the paco conformer represented close to 75% of the material in solution at -30°C 

in CDCl3. 

 

Figure 3.26: DEPT-135 (125 MHz) spectrum of MPIC in CDCl3 at -30°C showing 5 CH2 

signals (red boxes) at 67.3, 65.7, 37.6, 31.22 and 31.16 ppm. 

 

Figure 3.27: Section of the 1H NMR spectrum (500 MHz) of MPIC in CDCl3 at -30°C in 

the region between 1.40 and 0.85 ppm with the signals from the different 

conformers highlighted in coloured boxes: paco t-butyl signals (green boxes) and 

cone t-butyl signals (red boxes). 

A conformationally mobile bis-pyrenyl bis-hydroxamate calix[4]arene 27, Figure 

3.28, that bears strong structural similarities to MPIC, including methoxy groups on 

the lower rim, was fully characterised by Laguerre et al.134 They reported the 

methoxy protons of the paco and cone conformations of 27 at 3.93 (cone) and 3.80 

and 2.02 (paco) ppm (CDCl3). A 1.3:1, paco:cone ratio of the conformers of 27 at rt 

was observed in CDCl3. 
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Figure 3.28: Conformationally mobile bis-pyrenyl bis-hydroxamate calix[4]arene 27 

characterised in CDCl3 by Laguerre and co-workers.134 

One singlet signal was expected for the OCH3 protons of MPIC in the cone 

conformation while two signals were expected for the non-equivalent OCH3 protons 

of the paco conformer. Three singlets at 4.00, 3.37 and 3.34 ppm in the 1H NMR 

spectrum of MPIC (CDCl3, -30 oC) were tentatively assigned as the OCH3 protons, 

Figure 3.29. 

During the low temperature study of MPIC in CDCl3 on the 500 MHz Avance 

instrument, the singlets at 3.37 and 3.34 merged to one broad signal at temperatures 

above -10 oC, red spectra Figure 3.29. Whilst baseline resolution was almost reached 

at -50 oC as inversion of the conformers became limited. 

Comparison of the relative integrals of the assigned t-butyl signals with those for the 

singlets at 4.00, 3.67 and 3.34 ppm led to the assignment of the signal at 4.00 ppm 

as the OCH3 protons of the cone conformer and the two signals at 3.37 and 3.34 ppm, 

present in a 1:1 ratio, as representing the OCH3 protons of the partial cone. The 

relative integration of these signals was used to calculate the ratio of cone to partial 

cone conformers at -30°C as 1:2.8 cone:paco; this figure agrees very well with that 

concluded from analysis of the relative integrals of the t-butyl signals. 
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Figure 3.29: Section of the 1H NMR spectra (500 MHz) of MPIC in CDCl3 at -30°C (blue) 

and 0°C (red) in the region between 4.05 and 3.30 ppm with paco OCH3 signals (green 

box) and cone OCH3 signal (purple box). 

The region of the spectrum (CDCl3, -30 oC) between 4.44 and 3.19 ppm displayed six 

doublets. A 1H1H COSY spectrum of MPIC at -30°C was analysed to establish the 

correlation, if any, between these signals, Figure 3.30. Three strong correlations 

between the doublets revealed three pairs of methylene protons. 

 

Figure 3.30: 1H1H COSY spectrum (500 MHz) of MPIC in CDCl3 at -30°C showing three 

strong sets of correlations (green, red and brown lines) suggesting three pairs of 

methylene protons. 

The relative integration values of the six doublets between 4.44 and 3.19 ppm, Table 

3.3, combined with the correlations observed in the COSY spectrum and the 

reciprocity of the coupling constants were used to assign them as three pairs of 
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diastereotopic CH2 protons, these were assigned as the methylene bridges of the 

calixarene core of the paco and cone conformations. 

Table 3.3: Chemical shift, coupling constants, conformer assignments and relative 

integration of six doublets appearing between 4.44 and 3.19 ppm of the 1H NMR 

spectrum of MPIC at -30°C. 

Chemical Shifts (ppm), (J values) Conformer Relative Integration 

4.43 (12.6 Hz) and 3.27 (12.7 Hz) Cone 8H 

4.23 (12.9 Hz) and 3.20 (13.2 Hz) Partial Cone 4H 

3.86 (14.1 Hz) and 3.79 (14.1 Hz) Partial Cone 4H 

 

A HSQC spectrum established that the two doublet signals at 5.12 and 4.88 ppm 

arose from a pair of methylene protons on a carbon atom with a resonance position 

at 65.7 ppm. A singlet at 5.11 ppm which overlapped with the doublet was shown to 

arise from a proton(s) directly attached to a carbon atom resonating at 67.3 ppm, 

Figure 3.31. The carbon signals at 65.7 and 67.3 ppm were previously shown by DEPT-

135 analysis to be CH2 signals, Figure 3.26. The doublets were assigned as the 

diastereotopic OCH2 protons of the partial cone, while the singlet was assigned as the 

OCH2 group of the cone conformer. These assignments were also supported by the 

relative integration values of the signals compared to those of the OCH3 and t-butyl 

groups. 

 

Figure 3.31: HSQC spectrum of MPIC in CDCl3 at -30°C showing two OCH2-isoxazole 

correlations with purple (paco) and red lines (cone). 
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Seven peaks appeared between 7.30 and 6.57 ppm in the 1H NMR spectrum of MPIC 

at -30°C. These peaks were tentatively assigned as the isoxazole CH protons and the 

upper rim aromatic protons of both conformers of the calixarene. Isoxazole CH 

signals appear at approximately 100-105 ppm.108 In the 13C NMR spectrum of MPIC 

only two carbon signals were observed in this range, at 105.2 and 105.7 ppm; these 

were assigned as the isoxazole CH resonances. The HSQC spectrum of MPIC showed 

correlations between the singlet at 6.82 ppm in the 1H NMR spectrum and the carbon 

at 105.7 ppm in the 13C NMR spectrum; and between the singlet at 6.90 ppm and the 

carbon at 105.2 ppm, Figure 3.32. The relative integrals of the singlets in this region 

compared to those previously assigned as the t-butyl, OCH3 and OCH2-isoxazole 

protons were then used to assign the signal at 6.90 ppm as the isoxazole protons of 

the cone conformer and the signal at 6.82 ppm as the corresponding signal of the 

partial cone conformer. 

 

Figure 3.32: HSQC spectrum of MPIC in CDCl3 at -30°C showing two isoxazole CH 

correlations with green (cone) and red (paco) lines. 

The remaining five peaks in the range 7.30 to 6.57 ppm, on the basis of their 

integration values, multiplicity and relative chemical shift were assigned as the upper 

rim aromatic protons of the calixarene, Table 3.4. 
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Table 3.4: Chemical shift, multiplicity, relative integration and conformer 

assignments of five singlets appearing between 7.30 and 6.57 ppm of the 1H NMR 

spectrum of MPIC at -30°C.  

Chemical Shift 

(ppm) 
Multiplicity  

Relative 

Integration 
Conformer Assignment 

7.30 s 2H paco calix-ArH 

7.14 br s 6H 
2 x paco calix-ArH 

4 x cone calix-ArH 

7.00 br d 2H paco calix-ArH 

6.60 br d 2H paco calix-ArH 

6.57 s 4H cone calix-ArH 

 

The 1H and 13C NMR resonances of the pyrene nuclei were not fully assigned due to 

severe resonance overlap. However, in the 1H NMR spectrum three distinct doublet 

signals were discernible, these were assigned based on their chemical shift and 

relative integration values, Table 3.5. The remaining overlapping resonances 

between 8.17 and 7.80 ppm were assigned, based on their total integration values, 

as 16 and 14 pyrene protons of the partial cone and the cone conformer of MPIC 

respectively. 

Table 3.5: Chemical shift, multiplicity, relative integration and conformer 

assignments of three doublets appearing between 8.55 and 7.69 ppm of the 1H NMR 

spectrum of MPIC at -30°C. 

Chemical Shift 

(ppm) 
Multiplicity  

Relative 

Integration 

Conformer 

Assignment 

8.55 d 2H paco pyrene-H 

8.33 d 2H cone pyrene-H 

7.69 d 2H cone pyrene-H 

 

The ratio of the cone and partial cone conformers of MPIC over the temperature 

range studied was determined at -20°C, -10°C and 25°C by reviewing the relative 

integrals of the methoxy proton signals at 4.00 ppm (representing 6H of the cone 

conformer) and 3.37 and 3.34 ppm (each representing 3H of the paco conformer), 

Figure 3.33. The paco conformer of MPIC dominated at all temperatures analysed, 
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however, the contribution of cone conformer increased with temperature, rising 

from 26% cone at -30°C to 38% at 25°C. 

 

Figure 3.33: 1H NMR spectra (500 MHz) of MPIC in CDCl3 at 25°C (blue), -10°C (red), 

-20°C (green) and -30°C (purple), ratio of cone:paco conformers of MPIC are 

indicated on each spectrum. 

3.4.1.4 Solid State Structure of MPIC 

Small white needle like crystals of MPIC formed following slow evaporation of an 

EtOH:DCM (2:1, v/v) solution. These were solved by x-ray diffraction crystallography 

by Dr. Brendan Twamley of Trinity College Dublin, Figure 3.34. In the solid state MPIC 

presented as the partial cone conformer, the same conformer as dominated the 

solution state as judged by NMR analysis (Section 3.4.1.3). In the paco conformer one 

methoxy group of MPIC had moved through the inner annulus of the calix[4]arene 

and faced upwards while the aryl residue distal to this methoxy group was in a 

άǇƛƴŎƘŜŘέ ƻǊ άŦƭŀǘǘŜƴŜŘέ ŎŀƭƛȄώпϐŀǊŜƴŜ ƻǊƛŜƴǘŀǘƛƻƴ, Figure 3.34a. 

As in the crystalline forms of PIC and EPIC, the pyrene and isoxazole units of the 

pendant arms were not coplanar, dihedral angles of 50.29° and 39.12° were 

measured between the moieties in the pendant arms of MPIC. A summary of the 

interesting characteristics of the MPIC crystal is given in Table 3.6. 

Intramolecularly the pendant pyrene units do not align in a face-to-face manner, 

rather the planes created by the pyrene units are at an angle of 42.25°, Figure 3.34b, 

which is similar to the angles of 47.70° and 45.57° calculated for the PIC.MeCN and 

PIC.2DCM crystals respectively, whilst a larger angle, 70.56°, was measured for EPIC. 
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Examination of the extended packing network of MPIC gave no indication of any 

inter- ƻǊ ƛƴǘǊŀƳƻƭŜŎǳƭŀǊ ˉ-ˉ ǎǘŀŎƪƛƴƎ ōŜǘǿŜŜƴ ǘƘŜ ǇȅǊŜƴŜ ǳƴƛts, however, a small 

number of short contacts were observed between the pyrene protons of one 

molecule and the pyrene ring of an adjacent molecule with separations ranging from 

2.70 to 3.31 Å, Figure 3.34c. A head-to-tail extended network of the MPIC units was 

observed in the solid state, unlike the tail-to-tail arrangements of the crystalline 

forms of PIC and EPIC.  

 

Figure 3.34: a) Solid state structure of MPIC; crystal grown from EtOH:DCM (2:1, v/v), 

showing MPIC in the partial cone conformation, b) diagram of MPIC showing the 

42.25° angle between the planes of the pyrene moieties and c) two neighbouring 

units of MPIC ǎƘƻǿƛƴƎ άǎƘƻǊǘ ŎƻƴǘŀŎǘǎέ between pyrene units and between an 

isoxazole CH and an adjacent pyrene in a neighbouring molecule (blue lines). 
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Figure 3.35: Extended packing network of the MPIC solid state structure showing the 

head-to-tail arrangement of the calixarene units. 

Table 3.6: Summary of the characteristics of the MPIC crystal structure. 

Py-Py 

Plane 

Angle 

Py-Isox Plane 

Angles 

Lower-

Rim 

Hydrogen 

Bonding 

Solvent 

Interaction 

Other Interesting 

Features 

42.25° 50.29° 39.12° 
Not 

evident. 

No solvent of 

crystallisation 

evident. 

Head-to-tail 

arrangement between 

units of MPIC. 

 

3.4.1.5 UV and Fluorescence Spectroscopy of MPIC 

A UV absorbance spectrum of MPIC at 6 ˃ M in MeCN, shown in Figure 3.36 displays 

three broad absorption bands, each with shoulders, at 240, 280 and 348 nm similar 

to that observed for EPIC (Section 3.2.2.3). As expected, the UV profile of MPIC does 

not show the same fine vibronic structure as observed for the parent pyrene or PPIC 
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in MeCN, which again suggests that the direct linkage of the isoxazole ring at the 1-

position of the pyrene moieties alters the electronics and photophysical properties 

of the fluorophores. 

 

Figure 3.36: UV-Vis absorbance spectrum of MPIC (6 M˃) in MeCN showing 

absorption bands at 240, 280 and 348 nm. 

A fluorescence emission spectrum of MPIC, 6 ˃ M in MeCN, is shown in Figure 3.37. 

The ˂ max of the absorption band of longest wavelength, 348 nm, was chosen as the 

excitation wavelength (ɚex) for the measurement of the emission spectrum. MPIC 

exhibited low intensity monomer emission bands at 387 and 409 nm and a relatively 

intense excimer emission band at 494 nm. The ratio of the emission of the first 

monomer band (44 a.u.) to the intensity at the ˂max of the excimer (328 a.u.) band 

was calculated to be 1:7.5. This suggests that the equilibrium between the cone and 

paco conformers in MeCN solution does not prohibit pyrene-pyrene excimer 

formation. Whilst the profile is similar to PIC, the relative intensity of both the 

monomer and excimer bands is reduced. 
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Figure 3.37: Emission spectrum of MPIC (6 M˃, e˂x = 348 nm) in MeCN showing 

monomer emission bands at 387 and 409 nm and an excimer band at 494 nm. 

The suggestion that the existence of a combination of cone and paco conformers in 

solution produces a more intense excimer emission band relative to a solution of the 

pure cone conformer of the same calixarene, was reported by Shinkai et al. for the 

pyrene functionalised conformationally mobile calixarene, 28, shown in Figure 

3.38.140 They suggested that, as the lower rim of the calixarene is less sterically 

crowded in the paco conformer, excimer formation occurs more easily in this 

conformation.  

They also observed a reduced intensity excimer emission in more polar solvents, e.g. 

methanol, where the cone conformer dominates, w.r.t. spectra recorded in less polar 

solvents. They measured the relative peak intensity of the monomer emission, which 

they defined as Im (%) = Im/(Im+Ie), where Im and Ie are the emission intensities at the 

monomer and emission bands, respectively. The value of Im (%) was larger in solvents 

with larger cone:paco ratios, which supported the view that the interaction of the 

two pyrene moieties to form an excimer occurred more easily in paco-28 than in 

cone-28. 

The intensity of the monomer emission of MPIC, 44 a.u., was approximately half that 

recorded for PIC, EPIC and PPIC, 80-94 a.u. Thus, it may be the case that, similar to 

conformationally mobile calixarene 28, the dominance of the paco conformer of 
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MPIC in solution allows for enhanced excimer formation, leading to a reduced 

monomer intensity w.r.t. PIC, EPIC and PPIC. 

 

Figure 3.38: Pyrene functionalised conformationally mobile calixarene, 28, shown by 

Shinkai and co-workers to have reduced excimer emission in polar solvents as the 

cone conformer becomes more predominant relative to less polar solvents with 

predominant paco conformer.140 

The intensities of the signals (a.u.) at the ɚmax of the excimer and first monomer 

emission along with the ratio of the former to the latter for all four pyrene 

functionalised calixarenes studied in this thesis (MeCN, 6 mM) are summarised in 

Table 3.7. Comparison of the purely cone conformers (PIC, EPIC and PPIC) reveals 

that PPIC differs most from the others in the series w.r.t. the excimer intensity. The 

maximum intensity of the monomer emissions of PIC, EPIC and PPIC remained within 

a narrow range of 80-94 a.u. while that of the excimer bands varied through 243 a.u., 

551 a.u. and 737 a.u. for PPIC, EPIC and PIC respectively. It can be seen that excimer 

emission from PIC was both more intense and more dominant than was the case for 

EPIC and PPIC. Thus, an attractive design for excimer emission involves (i) limiting the 

linker between the lower rim of the calixarene and the isoxazole ring to a single 

methylene group and (ii) making a direct linkage between the isoxazole and the 

pyrene moieties. 
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Table 3.7: Comparison of the intensity at the ɚmax of the first monomer peak and the 

excimer peak of PIC, EPIC, PPIC and MPIC all at 6 ɛM in MeCN, and the ratios of the 

excimer to the monomer intensity. 

 
e˂x 

(nm) 

Absorbance 

Intensity at 

e˂x (a.u.) 

Intensity at 

m˂ax of First 

Monomer 

Emission (a.u.) 

(wavelength) 

Intensity at 

m˂ax of Excimer 

Emission (a.u.) 

(wavelength) 

Monomer : 

Excimer 

Intensity 

Ratio 

PIC 343 0.358 68 (386 nm) 737 (498 nm) 1 : 10.8 

EPIC 348 0.337 94 (386 nm) 551 (494 nm) 1 : 5.9 

PPIC 348 0.227 87 (384 nm) 243 (480 nm) 1 : 2.8 

MPIC 348 0.325 44 (387 nm) 328 (494 nm) 1 : 7.5 

 

3.5 Conclusions 

¶ Three novel lower rim pyrene functionalised calixarenes structurally related 

to PIC; EPIC, PPIC and MPIC, were designed to study the relationship between 

host structure and ion sensing ability. 

¶ EPIC, with an ethylene linker between the lower rim of the calixarene and the 

isoxazole heterocycle was successfully prepared. It presented in the cone 

conformer in solution and in the solid state. One pyrene unit of EPIC showed 

άǎƭƛǇǇŜŘέ face-to-face intermolecular ́ -  ́interactions to a pyrene moiety of a 

neighbouring EPIC unit in the solid state structure. No such interaction was 

observed with the second pyrene unit of each molecule. 

¶ PPIC with an alkyl chain between the isoxazole rings and the pyrene units was 

successfully prepared. It presented as the cone conformer in solution. 

Crystals suitable for determination of a solid state structure could not be 

grown. 

¶ MPIC, was formed by methylation of the hydroxyl groups of PIC. It was found 

to be conformationally mobile in solution over the temperature range - 50 to 

45oC. NMR spectroscopic data, showed it to present at -30°C as a mixture of 

cone and paco conformers in a 1:2.8 ratio. The paco conformer was dominant 

at all temperatures in the range - 30 to 25°C. An x-ray crystal structure 

showed MPIC presented as the paco conformer in the solid state structure, 
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with no evidence of inter- or intramolecular ́ -ˊ stacking between pyrene 

moieties. 

¶ All three novel calixarenes displayed monomer and excimer bands in their 

fluorescence emission spectra. The ratio of the intensity of emission at the 

m˂ax of the excimer band to the first monomer bands at 1:10.8 was greatest 

for PIC and smallest at 1:2.8 for PPIC suggesting that the propyl chain 

between the isoxazole heterocycles and the pyrene moieties of the pendant 

arms of PPIC made excimer formation less likely than in PIC, EPIC and MPIC.  

¶ The Im:Ie ratio calculated for MPIC, 1:7.5, was larger than the ratios calculated 

for EPIC and PPIC.
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4.1 Overview 

This chapter reports on investigations of the metal ion sensing potential of the 

pyrene functionalised calixarenes, EPIC, PPIC and MPIC, using fluorescence and 1H 

NMR spectroscopy. An analysis of the results, together with those found for PIC is 

provided, in an effort to formulate a hypothesis regarding the structural components 

of a pyrene appended isoxazole-calixarene necessary for guest detection. 

 

Figure 4.1: Structures of PIC, EPIC, PPIC and MPIC.  
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