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CHAPTER I 

 

INTRODUCTION 

 

1.1 Supramolecular chemistry 

Supramolecular chemistry is a study of new molecular systems in the field of 

noncovalent interactions between host and guest molecules as defined by Jean-Marie 

Lehn [1]. By tradition, chemists have focused primarily on understanding                         

the behavior of molecules and their construction from constituent atoms. At the 

present, researchers in supramolecular chemistry are interested in the weaker and 

reversible noncovalent interactions, such as hydrogen bonding, dative bonding, 

hydrophobic forces, (London) dispersion forces, π-π stacking interactions, and 

electrostatic effects [2] involving in molecular self-assembly, molecular folding, 

molecular recognition, host-guest chemistry, mechanically-interlocked molecular 

architectures, and dynamic covalent chemistry [3]. Supramolecular chemistry has 

proved useful for the development of new materials, pharmaceuticals, drug delivery 

systems, high-tech sensors, and contrast agents for CAT scans. It is also useful for              

the design of catalysts, solid-state reactions, and treatments of radioactive wastes               

[4-7]. In addition, the study of noncovalent interactions is crucial to understanding 

many biological forms and processes, including cell structure and vision. The desire 

to study biological systems often provides the motivation behind supramolecular 

chemical research [8-9]. 

 

1.2 Calix[4]arene 

Calix[4]arene is one of the most established molecular scaffolds in the design 

of artificial receptors because of its tunable and unique three-dimensional structures 

with many interesting properties together with the ease of functionalization for 

encapsulation and recognition properties [10-11]. The structure of calix[4]arene 

consists of four phenol rings linked together with four methylene units in a circular 

fashion producing a basket like architecture. Flipping of one or more phenyl rings 

around the flexible methylene linkages allows calix[4]arene to exist in one or more of 

the four main conformers viz. cone, partial cone, 1,2-alternate and 1,3-alternate with 

idealized structures having C4v, Cs, C2h, D2d symmetry, respectively, as shown in                 



 2

Figure 1.1. Furthermore, the structures of these conformers can be easily 

distinguished by the characteristic 1H NMR patterns arising from the ArCH2Ar 

methylene protons judging from the symmetry of each conformer, cone, partial cone, 

1,2-alternate, and 1,3-alternate will appear as a pair of doublets, two pairs of doublets, 

one singlet and pair of doublets, and one singlet, respectively [13-14]. 
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Figure 1.1 Calix[4]arene conformations [12].  

  

1.3 Water soluble calix[4]arene 

Calix[4]arene are generally soluble in organic solvents; however water soluble 

ones are also synthesized and reported by many authors. Several derivatives of water  

soluble calix[4]arenes were synthesized and used in many applications. In 1997, 

Steemers and coworkers reported the synthesis of water soluble calix[4]arenes 1 with 

chromophores (“antenna”) attached to the lower rim [15]. The neutral lanthanide 

complexes of 1 showed that photoexcitation of the antenna can induce lanthanide 

emission via intramolecular energy transfer.     
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Figure 1.2 Water soluble calix[4]arenes 1 with chromophores (“antenna”) attached to 

the lower rim. 

 

In 2003, Rostaing and coworkers reported the synthesis of the water soluble 

receptors 2, 3 and 4 by introducing hydroxy, sulfato or diethanolamino groups at                

the para position of the phenolic ring and/or on the benzo-ether moieties [16] and 

studied of the complexation properties of these ionophores for all alkali cations in 

methanolic and aqueous media by UV-Vis spectroscopy. The results showed that 

compounds 2, 3 and 4 represented selective ligands for  Cs+ cation in a moderate 

salted medium ([NaNO3] = 85 g/L).   

   

 

 

Figure 1.3 Structures of calix[4]arene and thiacalix[4]arene containing hydroxy, 

sulfato or diethanolamino groups at the para position of the phenolic ring and/or on 

the benzo-ether moieties.  

 

 

1a: 

1b: 

2 3 4 
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In 2004, Liu and coworkers reported the derivatives of calix[4]arene and 

thiacalix[4]arene containing sulfonate groups 5, 6, and 7 which were soluble in acidic 

aqueous solution [17] and displayed binding abilities for lanthanoid(III) nitrates but                                          

p-sulfonatothiacalix[4]arene 7 gave not only the lower binding constants for all of 

lanthanoid(III) ions but also lower cations selectivity.    

  

 

Figure 1.4 Structures of calix[4]arene and thiacalix[4]arene containing sulfonate 

groups. 

In 2010, Okur and coworkers reported the optimization and characterization of 

a water soluble calix[4]arene derivative containing carboxylate and sulfonate groups 8 

[18] and studied the capability in humidity sensor of this compound based on quartz 

crystal microbalance technique by investigating the moisture of adsorption and 

desorption kinetics and monitoring with increasing relative humidity (RH).                     

The experimental results showed that the calix[4]arene films have strong affinity to 

water vapor between 29% and 80% RH. Hence, this water soluble calix[4]arene films 

had a great potential for humidity sensing applications at room temperature 

operations.       

 

 

 

Figure 1.5 Structure of calix[4]arene derivative containing carboxylate and sulfonate 

groups. 

5 6 7 

8 
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1.4 Fluorescence chemosensor 

Fluorescence is used as a detection method in many chemistry, biology and 

medicine for sensing or detecting. Fluorescence has the principle advantage over other 

light-based methods such as simplicity, high selectivity, and sensitivity. Nowadays, 

ion recognition plays an important role in a wide range of chemical reactions, 

including biological metabolism. For the purpose of detection and quantitative 

determination of ions, much effort has been devoted to develop the appropriate 

chemosensors. The most important design of effective chemosensors is                              

the association of a selective molecular recognition resulting in a physical signal 

highly sensitive to its occurrence. Most of the fluorescent chemosensors are composed 

of an ion recognition unit (ionophore) for selective binding of the substrate, while            

the fluorogenic unit (fluorophore) provides the means of signaling this bonding, 

whether by fluorescence quenching or enhancement. The combination of these two 

words is also called for “fluoroionophore”. The mechanism which controls                      

the response of a fluoroionophore to substrate binding includes photoinduced electron 

transfer (PET), photoinduced charge transfer (PCT), fluorescence (FÖrster) resonance 

energy transfer (FRET), and excimer/exciplex formation or extinction [19-21] for 

example, Kim and coworkers reported the synthesis of calix[4]arenes 9 and 10 

bearing two facing amide groups linked to pyrene units in 2005 [22].                            

These fluorescence chemosensors were selective for In3+and Pb2+ over other metal 

ions in CH3CN. By changing the conformation between 9 and 10, they gave                      

the difference in quenching mechanism. Compound 9 enhances the excimer emission 

with quenching of the monomer emission because In3+-induced deprotonation of              

the phenolic OH groups, leading to strong face-to-face π-stacking of the two pyrene 

units. However, when Pb2+ was added to 9, the fluorescence emission was strongly 

quenched because of the reverse PET from the pyrene units to the amide groups,                 

as well as a heavy-metal ion effect. For 10, addition of Pb2+ or In3+ quenched                      

the excimer emission due to a conformational change caused by binding metal ion of 

amide carbonyl groups. In the resulting conformation, face-to-face π-stacking of              

the two pyrene units is destroyed as shown in Figure 1.6.  
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Figure 1.6 Proposed conformational changes of 9 and 10 upon complex formation 

with Pb2+ and In3+. 

 

 In 2006, Choi and coworkers synthesized 1,3-alternate calix[4]crown 

fluoroionophore containing two cation recognition sites, a crown ether ring and two 

facing pyreneamide groups 11 [23]. The molecule was used as a fluorescence 

chemosensor for transition metal ions (Pb2+ and Cu2+) and an alkali metal cation (K+) 

in CH3CN. The experimental data indicated that Pb2+ and K+ interacted with the two 

pyrenylamide groups and the crown-5 ring, respectively, via excimer formation and 

extinction mechanism while Cu2+ interacted with the nitrogen atoms of the amide 

group by a PCT mechanism as shown in Figure 1.7. 

 

 

 

9 

10 
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Figure 1.7 Conformational changes of fluorescence chemosensors 11 upon complex 

formation with Pb2+, Cu2+ and K+. 

 

 In 2007, calixarene-based FRET chemosensor containing two pyrenyl groups 

(energy donor) and a rhodamine group (energy acceptor) 12 was synthesized and 

reported by Othman and coworkers [24]. Addition of Hg2+ in CH3CN solution of this 

fluorescence chemosensors gave a significantly enhanced fluorescence emission via 

energy transfer (FRET-ON) from the pyrenyl excimer to a ring-opened rhodamine 

moiety as shown in Figure 1.8.  

 

 

Figure 1.8 Complexation of fluorescence chemosensor 12 with Hg2+ via fluorescence 

resonance energy transfer. 

 

 

 

11 

11 11 11 

12 
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Furthermore, many publications reported the use of calix[4]arne platforms for 

designing the fluorescence chemosensor, especially calix[4]arene in 1,3-di-derivative. 

The 1,3-di-derivative of calix[4]arenes have received increasing attention and become 

promising candidates for fluorescence sensing probes because they are in a certain 

preorganized framework to easily accommodate metal ions or neutral molecules. 

 

 In 2005, Dessingou and coworkers synthesized the fluorescence-sensitive            

1,3-di-derivative of calix[4]arene bearing 2-hydroxy-1-naphthaldehyde moieties 13 

[25] and used this derivative as a fluorescence-on chemosensor for Zn2+ in CHCl3 and 

MeOH. Literature reports on high selectivity and sensitivity for Zn2+ recognition at 

concentrations ≤ 60 ppb by enhancement fluorescence intensity involving an energy 

transfer mechanism between β-hydroxy groups and naphthylidene moieties. 

 

(a)           (b) 

                                         

Figure 1.9 (a) Structure of calix-di-imine derivative, R=tert-butyl 13 and (b) Relative 

fluorescence intensity at the metal ion to ligand in the titration of calix-di-imine 

derivative 13 with different metal ions.  

  

In 2006, Kumar and coworkers reported the synthesis of anthracene-anchored 

1,3-di-derivatives of lower rim calix[4]arene 14 [26] and the binding studies revealed 

that the complexation of this calix[4]arene derivative in the presence of Fe2+ and Cu2+ 

gave high enhancement fluorescence intensity which occurred by the lone pair present 

on the imine-nitrogen atom, resulting in the photo-induced electron transfer.  

 

  

13 
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(a)                                                        (b)                     

 

 

Figure 1.10 (a) Structure of the anthracene-anchored 1,3-di-derivatives of lower rim 

calix[4]arene, R=tert-butyl 14 and (b) Fluorescence spectra of 14/M2+ ratio being 1:50 

(excitation wavelength of 340 nm).  

 

In 2007, The subunit of phenanthroimidazole was introduced into the 

calix[4]arene-diamide 15 for the purpose of utilizing fluorescence-off chemosensor in 

95% aqueous DMSO solution as reported by Song and coworkers [27].                           

The compound exhibited a large Mg2+ induced red-shifted emission, which is 

appropriate for ratiometric chemosensing of Mg2+ ions in semi-aqueous solutions. 

 

 

Figure 1.11 Structure of calix[4]arene-diamide derivative bearing with 

phenanthroimidazole subunit. 

 

In 2008, Park and coworkers reported the synthesis and evaluation of 

calix[4]arene-based two pyrenyl groups linked to 1,2,3-triazole 16 [28]. This research 

revealed the binding mode of fluorescence-off chemosensor for Cd2+ and Zn2+                   

14 

15 
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in CH3CN which observed the induced conformational changes of the triazole units 

by 1:1 complexation via the π-π interaction for excimer emission as shown in                      

Figure 1.12.  

 

 

Figure 1.12 Complexation of fluorescence chemosensor 16 with metal ion (Cd2+ and 

Zn2+) via excimer formation and extinction mechanism. 

 

In 2009, a highly selective fluorescence switch on Cu2+ sensor in 1:1 aqueous 

methanol was synthesized by introducing a bis-(2-picolyl)amine moiety at the lower 

rim of a calix[4]arene platform via amide linkage 17 which was reported by Joseph 

and coworkers [29].   

 

Figure 1.13 Structure of bis-(2-picolyl)amine based on calix[4]arene (R = tert-butyl). 

 

 

16 

17 
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Moreover, the 1,3-alternate conformation has proved particularly useful as              

the basis for constructing highly sophisticated molecules with practical applications 

and  is a ‘‘smart’’ conformation of calix[4]arenes [30]. In addition, calix[4]arene 

derivatives in the 1,3-alternate conformation are interesting receptors because                   

1,3-alternate calix[4]arene presents two individual binding sites of symmetrically or 

unsymmetrically calix[4]arene platforms leading to higher sensitivity and selectivity 

for metal ion sensor. 

 

In 2006, Bok and coworkers synthesized an unsymmetrical 1,3-alternate 

calix[4]biscrown chemosensor 18 [31] which acted as a fluorescence-off chemosensor 

for Cd2+ and Zn2+ in CH3CN by chelation-enhanced fluorescence (CHEF)-type effect 

and quenching metal effect. 

 

 

 

 

 

 

 

  

 

 

Figure 1.14 Structure of an unsymmetrical 1,3-alternate calix[4]biscrown. 

 

Moreover, Kim and coworkers reported the synthesis of 1,3-alternate 

calix[4]arene having bispyrenylamide on the two lower rims and two carboxylic acids 

on the other two lower rims 19 [32] which acted as fluorescence-off chemosensor for 

Pb2+ in CH3CN. 

 

 

 

 

18 
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Figure 1.15 Structure of 1,3-alternate calix[4]arene having bispyrenylamide and 

carboxylic acid. 

 

In 2009, Wang and coworkers synthesized calix[4]arene derivatives 20 with 

benzoxazole or benzothiazole units in 1,3-alternate conformation [30]. Their 

complexation properties to different heavy and transition metal ions have been studied 

by UV–Vis spectroscopy and fluorescence spectrometer. Compounds 20 showed 

selective recognition to Fe3+ and Cr3+, respectively. 

 

Figure 1.16 Structure of calix[4]arene derivatives with benzoxazole or benzothiazole 

units. 

Finally, there are a few reports in the synthesis of water soluble calix[4]arene 

for fluorescence metal ion sensor. Previously, some selective fluorescent 

chemosensors for metal ions have been reported based on structural moieties in 

organic solvents. Most of them have some disadvantages in practical use, such as low 

water solubility, interference from other metal ions, strict reaction condition or 

19 

20a: 

20b: 
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complicated synthetic route. Therefore, development of simple fluorescence 

chemosensor that can selectively sense for metal ions in aqueous media is significant 

[33-35]. Some reports have added surfactants or polyelectrolytes to enhance the 

fluorescence intensity [36] and reduce aggregation problem in aqueous media.                    

 

In 2009, Niamnont and coworkers reported the synthesis and study sensor 

properties of water soluble fluorescent dendritic compounds which were composed of 

phenylene-ethynylene repeating units and anionic carboxylate or cationic ammonium 

peripheral groups without and with a surfactant [37]. The fluorescent dendrimer 

containing nine phenylene-ethynylene units and six carboxylate peripheral groups 

showed low fluoresence quantum yield and no significant selectivity in metal ion 

sensor. After adding Triton X-100, the signals exhibited a highly selective 

fluorescence quenching by Hg2+ ions in aqueous media with the presence of                  

Triton   X-100 as surfactant as shown in Figure 1.17. 

 

 

Figure 1.17 Water soluble fluorescent dendritic compounds exhibited a highly 

selective fluorescence quenching by Hg2+ ions in aqueous media in the presence of 

Triton X-100 surfactant. 

 

1.5 Iron sensor 

Iron is a fundamental element found in both industrial applications and 

biological systems, especially for its presence in the structures of numerous enzymes 

and proteins. At the cellular level, it is an essential element for the formation of 

hemoglobin of red blood cells and plays a important role in oxygen metabolism and 

electron transfer processes to DNA and RNA syntheses [38] and enzymes including in 

hydroxylases, peroxidases and dismutases. Moreover, iron is indispensable for most 

21 
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organisms, and both its shortage and excess can stimulate various disorders. Iron 

metabolism disorders have been reported to cause anemia as well as liver and kidney 

damage (hemochromatosis) which might ultimately cause liver cancer, liver cirrhosis, 

arthritis, diabetes or heart failure [39]. Up to date studies have linked 

neurodegenerative disorders such as Parkinson’s disease [40] and Alzheimer’s disease 

to elevated iron levels [41]. Iron also ties to some important infectious diseases such 

as malaria [42]. Therefore, the improvement of trustworthy sensing techniques for 

iron ions is considerable significance for health diagnosis and environmental analysis. 

Over the past few years, there are several literatures reported the analytical techniques 

developed for the iron(II) determinations including electron spin resonance method 

(the method is very expensive and inconvenience in operation), UV–Vis 

spectrometry, controlled-potential coulometry and direct potentionmetry, high-

performance liquid chromatographic method, luminescence based analysis, capillary 

electrophoresis, and fluorometric analysis [43].  

In 2007, Zhang and coworkers reported turn-on fluorescent sensor of FD1 [44] 

based on the well-known spirolactam (nonfluorescence) 22 to ring-open amide 

(fluorescence) equilibrium of rhodamine for imaging of iron(III) ion in biological 

samples. FD1 exhibited high selectivity and sensitivity for Fe3+ over Cu2+, Na+, K+, 

Cu+, Ag+, Ca2+, Cd2+, Co2+, Cr2+, Zn2+, Mg2+, Mn2+, Ni2+, Pb2+, and Fe2+. Moreover, 

fluorescent microscopy experiments further established that FD1 could be used for 

sensing Fe3+ within living cells. 

 

 

Figure 1.18 Structure of FD1. 
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 Oter and coworkers utilized a fluorescent benzofuran derivative                        

bis(7-methoxy-benzofuran-2-il)ketoxime (BFK) 23 in construction of poly vinyl 

chloride (PVC)-based fiber optic for Fe3+ sensor. The optical sensor exhibited                     

a selective fluorescence quenching response in the presence of Fe3+ [45]. 

 

 

Figure 1.19 Structure of bis(7-methoxybenzofuran-2-il)ketoxime (BFK) dye. 

 

In 2009, Zhang and coworkers synthesized a fluorescent chemosensor [46] 

based on rhodamine 6G derivatives 24 which exhibited considerable fluorescence 

enhancement induced by Fe3+ (Figure 1.20). 

 

 

Figure 1.20 Proposed mechanism of Fe3+-induced ring opening and fluorescent 

enhancement. 

 

Mitra and coworkers synthesized a new glucose-based C2-derivatized 

colorimetric chemo-sensor by a one-step condensation of glucosamine and                        

2-hydroxy-1-naphthaldehyde 25 [47]. The recognition of transition metal ions results 

in visual color change only in the presence of Fe2+, Fe3+and Cu2+ in methanol. 

However, in an aqueous HEPES buffer (pH 7.2) it is only the Fe3+ that gives a distinct 

visual color change even in the presence of other metal ions, up to a concentration of 

280 ppb.  

23 

24 
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Figure 1.21 Structure of glucose-based derivative. 

 

Singh and coworkers synthesized a novel aminobisulfonate receptor joined to                        

a naphthalene fluorophore via a methylene spacer in a fluorophore-spacer-receptor 

structure 26 [39] and developed this fluorescent sensor for the determination of Fe3+ 

in an aqueous solution at pH 7.0. The fluorescence emission of the sensor was 

quenched upon addition of Fe3+, most likely due to electron/energy transfer between 

Fe3+ and the excited naphthalene. The sensor displayed good selectivity for Fe3+over 

other physiologically relevant metal ions. 

 

 

Figure 1.22 Structure of β-aminobisulfonate receptor linked naphthalene fluorophore. 

 

Although there are a number of papers that deal with organic dye-based 

chemosensors for Fe(III), only a few have reported the Fe(II) detection. In 1995, 

Noiré and coworkers reported the preparation of Fe(II) optical sensor by adsorbing 

calcein blue (CB) 27 on a hydrophobic support incorporated in a flow cell [48].               

The sensor based on the fluorescence quenching of CB at pH = 2.2 is sensitive to 

ferrous ions over a wide range of analytical interest (1-500 µM), with a linear and 

efficient quenching region at the iron concentrations of 10-6 to 10-5 M.  

25 

26 
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Figure 1.23 Structure of calcein blue. 

 

 In 2003, Hasinoff reported the study of fluorescent metal chelating dye, 

calcein 28 [49]. The experimental results indicated that Fe(II) catalyzed                           

the degradation of calcein through both hydrogen peroxide, and to a lesser extent, 

non-hydrogen peroxide-dependent pathways. The iron-calcein complexes that were 

responsible for the degradation of calcein were likely high valence oxidizing iron-oxo 

species such as perferryl or ferryl complexes that were redox cycled by ascorbic acid. 

Thus, the use of calcein as an intracellular iron-sensing indicator may yield 

misleading results due to its degradation under certain conditions. 

 

 

 

Figure 1.24 Structure of calcein. 

 

In 2006, Chen and coworkers proposed a novel fluorescence method for                     

the determination of Fe(II) with a high selectivity and sensitivity based on                          

the enhancement of fluorescence signals resulting from specific redox reaction 

between synthesized fluorescence probe pyrene-tetramethylpiperidinyl (TEMPO) and 

Fe(II) as shown in Figure 1.25 [50].  

27 

28 
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Figure 1.25 Schematic illustration of the interaction between probe I (pyeren-

TEMPO) and Fe(II). 

 

In 2010, Wang and coworkers designed and synthesized a colorimetric 

chemosensor based on fluoran dye 30 [51]. The results showed a good selectivity and 

sensitivity for Fe2+ at 100 µM and observed the color change from colorless to 

greenish black by the naked eyes as shown in Figure 1.26.  

 

 

 

 Figure 1.26 Proposed binding mode and color change of fluoran dye with Fe2+. 

 

Moreover, Wu and coworkers reported the development method for 

discriminating Fe2+ and Fe3+ based on their quenching kinetics for the fluorescence of 

GSHCdTe QDs and also proposed a GSH-CdTe QDs-Fenton hybrid system for 

sensitive and selective determination of trace Fe2+ based on the fact that Fe2+ can 

catalytically induce the generation of hydroxyl radicals from H2O2 and hydroxyl 

radicals can quench the fluorescence of GSH-CdTe QDs more effectively than 

individual Fe2+ or H2O2 as shown in Figure 1.27 [52].  

29 

30 
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Figure 1.27 Schematic illustration for (a) Fe2+ induced hydroxyl generation and QDs 

based sensor for Fe2+ detection; (b) The fluorescence quenching mechanism by 

electron transfer from the QDs to hydroxyl radicals. 

  

1.6 Objectives of this research 

The target of this work has been focused on the synthesis of water soluble  

1,3-alternate calix[4]arene containing diphenylacetylene with carboxylic group as               

a fluoroionophore and study of photophysical properties of this compound for metal 

ion sensor in aqueous media. Moreover, the selective binding affinity of this 

fluorophore toward certain types of metal ions is expected. 

 

 

 

 .  

 

 

 

 

 

 

 

 

Figure 1.18 The target molecule. 
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CHAPTER II 

 

EXPERIMENTAL 

 

2.1 Materials and chemicals 

All reagents were purchased from Sigma-Aldrich, Fluka® (Switzerland) and 

Merck® (Germany). p-tert-Butylcalix[4]arene was prepared according to the literature 

procedures [53]. For general reactions, solvents such as methylene chloride and 

acetonitrile were reagent grade stored over molecular sieves. In anhydrous reactions, 

solvents such as THF and toluene were dried and distilled before use according to          

the standard procedures. All column chromatography were operated using silica gel 

60 (70-230 mesh), Merck®. Thin layer chromatography (TLC) was performed on 

silica gel plates (Merck F245). Solvents such as methylene chloride, hexane, ethyl 

acetate and methanol used for extraction and chromatography were commercial grade 

and distilled before use. Diethyl ether and chloroform used for extraction was reagent 

grade. Deionized water was used in all experiments unless specified otherwise.              

All reactions were carried out under positive pressure of N2 filled in rubber balloons.  

 

2.2 Analytical instruments 

The products were characterized by a melting point apparatus (Electrothermal 

9100, Fisher Scientific, USA). Elemental (C, H, N) analysis was performed on PE 

2400 series II (Perkin-Elmer, USA). The HRMS spectra were measured on                          

an electrospray ionization mass spectrometer (micrOTOF, Bruker Daltonics).  Fourier 

transform infrared spectra were acquired on Nicolet 6700 FT-IR spectrometer 

equipped with a mercury-cadminum telluride (MCT) detector (Nicolet, USA).                  
1H-NMR spectra were recorded on Varian Mercury 400 MHz NMR spectrometer 

(Varian, USA) using CDCl3 and DMSO-d6. 
13C-NMR spectra were recorded at                 

100 MHz on Bruker 400 MHz NMR spectrometer using the same solvent.                      

The UV-Visible spectra were obtained from a Varian Cary 50 UV-Vis 

spectrophotometer (Varian, USA) using water, CHCl3 and DMSO as a solvent. 

Fluorescence emission spectra were acquired by using Perkin Elmer precisely LS 45 

Luminescence Spectrometer (PerkinElmer, UK) for metal ion sensor and using                   
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a Varian Cary Eclipse spectrofluorometer (Varian, USA) for photophysical property 

study. 

 

2.3 Synthesis of 25,26,27,28-tetrabenzyloxy-4-ethynylbenzoic acid calix[4]arene 

2.3.1 Preparation of p-tert-butyl calix[4]arene
 
[53] 

 

 

Polymerisation  

 

 

 

Cracking  

 

 

                                                                                             Over all 58 % yield 

First step: polymerisation 

In a 1 L round-bottomed flask equipped with a magnetic stirring bar, a mixture 

of p-tert-butylphenol (25.00 g, 0.17 mol), 37% formaldehyde in ethanol (15.50 mL, 

0.20 mol) and sodium hydroxide (0.30 g 7.50 mmol) was stirred and heated at                

100-120°C on a heating mantle. The flask was left open to allow the water by-product 

to escape from the reaction mixture. The stirring and heating was continued until                 

a colourless liquid turned into a spongy crispy yellow solid as the water evaporated.  

The reaction was then allowed to cool to room temperature. Over heating resulted in 

low yield of the desired product in the following step due to the formation of green 

polymeric materials. The small amount of green polymer by-product, if formed, was 

disposed and only the yellow part of the precursor was brought to the next step, 

cracking. The precursor prepared should be used within one or two days to assure             

the high yield of p-tert-butylcalix[4]arene. 

Second step: cracking 

Two batches of the yellow polymer formed in the first step were crushed into 

powder. In a 2 L two-necked round-bottomed flask equipped with a magnetic stirring 

bar, condenser and a Dean-Stark trap, the precursor from polymerisation process 

(25.00 g) was stirred in diphenyl ether (250 mL). The reaction flask and                           

OH

+
O

H H

OH

*

n

*
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120oc

OH OHOH OH
OH
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the Dean-Stark side arm were wrapped with a heating jacket and cotton wool in 

aluminium foil in order to maintain the temperature. The mixture was refluxed on            

a heating mantle. The “pop” sound was produced indicating the removal of water 

from the reaction. When the “pop” sound was completely subsided, the reaction was 

allowed to cool to room temperature (around 2.5 hours). The pale brown product was 

precipitated out by addition of ethyl acetate (400 mL). The product was filtered and 

washed with ethyl acetate (400 mL) and 25% acetic acid in ethyl acetate (300 mL) 

yielding a white solid. The p-tert-butylcalix[4]arene was further purified by 

crystallisation in toluene giving a white crystal as a product in 58% yield. 

 

2.3.2 Preparation of calix[4]arene
 
[54] 

OH OHOH OH

OH OHOH OH

Phenol, AlCl3

Toluene

 

                                                                                                    75 % yield 

 

In a 500 mL round-bottomed flask equipped with a magnetic stirring bar, a 

mixture of p-tert -butylcalix[4]arene (13.24 g, 0.02 mol), phenol  (9.60 g, 0.10 mol) in 

anhydrous toluene (200 mL) was cooled to 0°C in an ice bath. AlCl3 (14.00 g, 0.10 

mol) was slowly added to the reaction mixture. The reaction mixture was allowed to 

warm to room temperature and stirred for 1 hour. HCl (3 M, 100 mL) was added to 

the reaction mixture at 0°C and extracted with water (2x30 mL). The organic phase 

was separated and dried over anhydrous Na2SO4. The solvent was evaporated under 

reduced pressure until the white solid was precipitated and methanol (100 mL) was 

poured into the residue. The product was precipitated out as a white solid. The 

precipitate was filtered and washed with cold toluene and methanol. The calix[4]arene 

was further purified by crystallization in toluene giving a white solid as a product in 

75 % yield. 
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OHOHOH OH Br

K2CO3 and Cs2CO3

Bu4NBr, CH3CN

35% yield

OO

OO

2.3.3 Preparation of 25,26,27,28-tetrabenzyloxy-calix[4]arene (1) 

 

 

 

 

 

 

 

A mixture of calix[4]arene (0.31 g, 0.73 mmol), K2CO3 (0.49 g, 3.55 mmol), 

tetrabutylammonium bromide (0.05 g, 0.15 mmol) and CH3CN (25 mL) was stirred 

for 30 min, and then benzylbromide (0.32 g, 1.87 mmol) was added dropwise into the 

stirred mixture. The reaction mixture was refluxed for 2 days, allowed to cool to room 

temperature and filtered. The filtrate was added with Cs2CO3 (1.11 g, 3.40 mmol) and 

tetrabutylammonium (0.12 g, 0.37mmol) and stirred for 30 min. Another portion of 

benzylbromide (1.01g, 5.91 mmol) was added. The reaction mixture was refluxed for 

2 days, allowed to cool to room temperature and filtered. The filtrate was evaporated 

under reduced pressure and the resulting residue was dissolved in CH2Cl2 (25 mL) 

and extracted with aqueous HCl (2 M, 2 x 25 mL). The organic phase was separated, 

dried over anhydrous MgSO4, filtered and evaporated by rotary evaporator. The crude 

product was crystallized from CH2Cl2/CH3OH yielding the desired product as a white 

solid (0.20 g, 35% yield). 25,26,27,28-tetrabenzyloxy-calix[4]arene (1): mp: 198-200 

°C; 1H NMR (400 MHz, CDCl3) δ (ppm): 7.47-7.35 (m, 12H, Hpara-Ar and Hmeta-Ar), 

7.20 (d, 8H, J = 7.0 Hz, Hortho-Ar), 6.69 (d, 8H, J = 7.5 Hz, Ar-H), 6.47 (t, 4 H, J = 7.5 

Hz, Ar-H), 4.88 (s, 8H, OCH2Ar), 3.60 (s, 8H, ArCH2Ar). 13C-NMR (100 MHz, 

CDCl3) δ (ppm):  155.8, 138.1, 133.9, 131.2, 127.8, 127.0, 126.8, 122.2, 71.8, 37.2. 

Anal. found: C 85.46%, H 5.95% (calcd. For C56H48O4: C 85.68%, H 6.16%).  
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2.3.4 Preparation of 25,26,27,28-tetrabenzyloxy-4-iodocalix[4]arene (2) 

 

 

 

 

 

 

 

 A mixture of 1 (0.11 g, 0.14 mmol), CF3COOAg (0.20 g, 0.91 mmol) and 

CHCl3 (20 mL) was stirred and refluxed for 15 min and then the temperature was 

reduced to 50-60°C and stirred for another 15 min period. Iodine (0.50 g, 1.97 mmol) 

was added and the stirring was continued at 50-60°C for 3 hours. The reaction 

mixture was allowed to cool to room temperature and filtered over Celite.                      

The filtrate was extracted with 20% aqueous NaHSO3 (25 mL) and H2O (25 mL).          

The organic phase was separated, dried over anhydrous MgSO4, filtered and 

evaporated to dryness by rotary evaporator. The crude product was crystallized from 

CH2Cl2/CH3OH yielding the desired product as a white solid (0.14 g, 76% yield). 

25,26,27,28-tetrabenzyloxy-4-iodocalix[4]arene (2): mp: >225 °C decomposed; 1H 

NMR (400 MHz, CDCl3) δ (ppm): 7.65 (t, 8H, J = 7.6 Hz, Hmeta-Ar), 7.52-7.37 (m, 

12H, Hpara-Ar and Hortho-Ar), 7.21 (s, 8H, Ar-H), 4.86 (s, 8H, OCH2Ar), 3.37 (s, 8H, 

ArCH2Ar). 13C-NMR (100 MHz, CDCl3) δ (ppm): 155.8, 139.6, 137.3, 135.2, 129.4, 

127.4, 126.3, 86.3, 73.8, 35.1. Anal. found: C 50.47%, H 3.33% (calcd. for 

C56H44I4O4: C 52.20%, H 3.44%); HRMS (ESI) found: 1310.9415 [M + Na+]. (calcd. 

for C56H44I4O4Na 1310.9316). 
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2.3.5 Preparation of 25,26,27,28-tetrabenzyloxy-4-ethynylbenzoic methyl 

ester calix[4]arene (3)  

 

 

 

 

 

 

 

 

 

 

A mixture of 2 (0.15 g, 0.12 mmol), 4-ethynylbenzoic methyl ester (0.18 g, 

1.12 mmol), (PPh3)2PdCl2 (0.02 g, 0.03 mmol), Ph3P (6.20 mg, 0.02 mmol), di-iso-

propylamine (1 mL, 7.14 mmol) and tetrahydrofuran (10 mL) was degassed and 

stirred for 1 hour at room temperature. Then CuI (7.00 mg, 0.04 mmol) was added 

and the mixture was degassed again and stirred under N2 for 24 hours. The reaction 

mixture was then evaporated by rotary evaporator. The residue was purified by 

column chromatography using CH2Cl2 as an eluent yielding the desired product as     

a white solid (0.05 g, 29% yield). 25,26,27,28-tetrabenzyloxy-4-ethynylbenzoic methyl 

ester calix[4]arene (3): mp: >268 °C decomposed; 1H NMR (400 MHz, CDCl3)                 

δ (ppm): 7.91 (d, 8H, J = 8.2 Hz, Hortho-Ar C=O), 7.45 (m, 16H, Hmeta-Ar and Hortho-

Ar), 7.36 (d, 8H,  J = 8.2 Hz, Hmeta-Ar C=O), 7.22 (s, 4H, Hpara-Ar), 7.03 (s, 8H, Ar-

H), 5.00 (s, 8H, OCH2Ar), 3.98 (s, 12H, OCH3), 3.59 (s, 8H, ArCH2Ar). 13C-NMR 

(100 MHz, CDCl3) δ (ppm): 166.6, 156.6, 137.2, 135.1, 133.5, 131.2, 129.3, 128.9, 

128.6, 126.9, 126.2, 116.4, 93.2, 87.6, 72.7, 52.2, 36.2. Anal. found: C 81.30%, H 

5.11% (calcd. For C96H72O12: C, 81.34%; H, 5.12%); HRMS (ESI) found: 1440.4862 

[M + Na+] calcd for C96H72O12Na : 1440.4955). 
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2.3.6 Preparation of 25,26,27,28-tetrabenzyloxy-4-ethynylbenzoic acid 

calix[4]arene (4) 

 

 

 

 

 

 

 

 

 

 

 

A mixture of 3 (0.04 g, 0.03 mmol), saturated aqueous KOH (1 mL) and 

THF/MeOH (30/5 mL) was stirred and refluxed for 1 day before the reaction mixture 

was allowed to cool to room temperature. The organic solvent was evaporated and 

deionized water (20 mL) was added. The aqueous HCl (2 M) until pH=4.                        

The precipitate was washed with deionized water (5 x 20 mL) and dried in vacuo to 

yield 4 as yellowish brown solid (0.01 g, 80% yield). 25,26,27,28-tetrabenzyloxy-4-

ethynylbenzoic acid calix[4]arene (4): mp: >263 °C decomposed; 1H NMR (400 

MHz, DMSO-d6) δ (ppm): 7.91 (d, 8H, J = 7.9 Hz, Hortho-Ar C=O), 7.38 (m, 24H, 

Hmeta-Ar, Hortho-Ar and Hmeta-Ar C=O), 7.17 (br, 4H, Hpara-Ar), 6.93 (s, 8H, Ar-H), 

5.00 (s, 8H, OCH2Ar), 3.68 (s, 1H, ArCH2Ar). 13C-NMR (100 MHz, DMSO-d6) δ 

(ppm): 166.6, 156.6, 137.5, 134.3, 133.7, 130.8, 129.3, 128.2, 127.3, 126.1, 115.1, 

92.9, 86.8, 71.8, 35.3. Anal. found: C 78.26%; H 4.99% (calcd. for [C92H64O12 + 

3H20]: C 78.06%, H 4.98%. HRMS (ESI) found: 1399.3753 [M + K+] (calcd for 

C92H64O12K: 1399.4035). 
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2.4 Photophysical property study 

The stock solutions of ester 3 (~10 µM) in DMSO and carboxylic acid 4                                     

(~7.5 µM) in phosphate buffer (PB, 50 mM) pH 8.0 were prepared. 

 

2.4.1 UV-Visible spectroscopy  

The UV-Visible absorption spectra of the stock solutions of 25,26,27,28-

tetrabenzyloxy-4-ethynylbenzoic methyl ester calix[4]arene (3) and 25,26,27,28-

tetrabenzyloxy-4-ethynylbenzoic acid calix[4]arene (4) were recorded from 250 nm to 

700 nm at ambient temperature. 

 

2.4.2 Fluorescence spectroscopy  

The stock solutions of 3 and 4 were diluted to ~0.4 and 1 µM, respectively, 

with their respective solvents. The emission spectra of 3 and 4 were recorded from 

325 nm to 700 nm at ambient temperature using an excitation wavelength at 317 and 

300 nm, respectively.  

 

2.4.3 Fluorescence quantum yields 

The fluorescence quantum yield of 3 and 4 were performed in  DMSO and PB 

phosphate buffer (PB, 50 mM) pH 8.0 by using 2-aminopyridine in 0.1 M H2SO4              

(Φ = 0.60) as a reference. The UV-Visible absorption spectra of five analytical 

samples and five reference samples at varied concentrations were recorded.                      

The maximum absorbance of all samples should never exceed 0.1. The fluorescence 

emission spectra of the same solutions using appropriate excitation wavelengths 

selected were recorded based on the absorption maximum wavelength (λmax) of each 

compound. Graphs of integrated fluorescence intensities were plotted against the 

absorbance at the respective excitation wavelengths. Each plot should be a straight 

line with 0 interception and gradient m. 

 In addition, the fluorescence quantum yield (ΦF) was obtained from plotting of 

integrated fluorescence intensity vs absorbance represented into the following 

equation: 










η
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  The subscripts ΦST denote the fluorescence quantum yield of a standard 

reference which used 2-aminopyridine in 0.1 M H2SO4 (Φ = 0.60) and ΦX is                   

the fluorescence quantum yield of sample and η is the refractive index of the solvent.    

 

2.5 Fluorescent sensor study 

2.5.1 Surfactant enhancement  

The stock solution of 4 was diluted to ~0.1 to 1 µM in phosphate buffer (PB, 

50 mM) pH 8.0 were prepared. The emission spectrum of 4 was recorded from 325 

nm to 700 nm at ambient temperature using an excitation wavelength at 300 nm and 

the photophysical properties were studied for 9 surfactants such as anionic, cationic 

and non-ionic surfactants. The stock surfactants were prepared in phosphate buffer 

(PB, 50 mM) pH 8.0. Concentrations of all stock surfactants were adjusted to 0.1 mM 

and were added with the desired volumes (0-500 µL) to the fluorophore solutions.   

The final volumes of the mixtures were adjusted to 5 mL. 

 

2.5.2 Metal ion sensor 

The stock solution of 4 were diluted to ~0.1 to 1 µM in phosphate buffer (PB, 

50 mM) pH 8.0 were prepared. The emission spectrum of 4 was recorded from 325 

nm to 700 nm at ambient temperature using an excitation wavelength at 300 nm and 

the photophysical properties were studied for metal ion sensor with and without                  

non-ionic surfactants. Metal acetate and sulfate solutions were prepared in Milli-Q 

water. Concentrations of all stock metal acetate and sulfate solutions were adjusted to 

100 µM and were added with the desired volumes (0-500 µL) to the fluorophore 

solutions. The final volumes of the mixtures were adjusted to 5 mL.  
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2.6 Synthesis of stilbene-bridged calix[4]arene 

2.6.1 Preparation of p-nitrocalix[4]arene (5) 

 

 

 

 

 

 

                                                                                          93% yield 

Glacial acetic acid 10 mL and fuming HNO3 (4.2 mL, 66.7 mmol) was slowly 

added to a round bottom flask. p-tert-butyl calix[4]arene (0.50 g, 0.77 mmol) was 

taken separately in CH2Cl2 10 mL and cooled to 0°C. This solution was slowly added 

to the round bottom flask containing nitric acid solution while keeping the mixture 

temperature below 0°C. The mixture was stirred at this temperature for 5 hours and 

then this mixture was added into cold water (100 mL). The precipitated solid was 

filtered and washed with cold water, refiltered again with hot acetone and dried in 

vacuo to yield 5 as pale yellow solid (0.45 g, 93% yield). p-nitrocalix[4]arene (5): 1H 

NMR (400 MHz, DMSO-d6) δ (ppm): 8.15 (s, 8H, ArH), 5.75 (s, 4H, OH), 4.23 (s, 

4H, ArCH2Ar), 3.73 (s, 8H, ArCH2Ar). 13C-NMR (100 MHz, DMSO-d6) δ (ppm): 

162.0, 137.7, 129.0, 124.2, 30.1.   
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2.6.2 Preparation of 3-(2-bromoethoxy)benzaldehyde (6) 

 

 

 

 

 

 

                                                                                          35% yield 

A mixture of 3-hydroxybenzaldehyde (24.42 g, 0.20 mol), K2CO3  (30.43 g, 

0.22 mol) and Bu4NBr (6.40 g, 0.02 mol) in CH3CN (800 mL) was stirred for                     

30 minutes at room temperature and dibromoethane (78 mL, 1.60 mol) was then 

added all at once to avoid the disubstitution by-product. The reaction mixture was 

refluxed for 48 hours at 90°C and then allowed to cool to room temperature.                    

The mixture was filtered and washed with CH2Cl2 (300 mL). The combined organic 

layers were evaporated under reduced pressure. The resulting residue was dissolved in 

CH2Cl2 (150 mL) and then extracted with aqueous NaOH (4 M, 4 x 25 mL).                   

The organic phase was separated, dried over anhydrous MgSO4, filtered and 

evaporated by rotary evaporator. The product was further purified by column 

chromatography using 10% ethyl acetate in hexane as an eluent yielding a yellow 

liquid (0.20 g, 35% yield). 3-(2-bromoethoxy)benzaldehyde (6): 1H NMR (400 MHz, 

CDCl3) δ (ppm): 9.95 (s, 1H, ArCHO), 7.47-7.13 (m, 4H, ArH), 4.33 (t, 2H, J = 6.0 

Hz, CH2OAr), 3.65 (t, 2H, J = 6.0 Hz,CH2Br).                            
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2.6.3 Preparation of m-bisbenzaldehyde-p-nitrocalix[4]arene (7) 

 

 

 

 

 

 

 

 

                                                                               84% yield 

A mixture of 5 (0.38 g, 0.63 mmol), Na2CO3 (1.35 g, 6.40 mmol) and Bu4NBr 

(0.04 g, 0.1 mmol) in CH3CN (50 mL) was stirred for 30 minutes at room temperature 

and 3-(2-bromoethoxy)benzaldehyde (6) (0.50 g, 1.70 mmol) was then added 

dropwise. The reaction mixture was refluxed for 5 days at 90°C and then allowed to 

cool to room temperature. The mixture was filtered and washed with acetone (50 mL) 

and CH2Cl2 (50 mL). The combined organic layers were evaporated under reduced 

pressure. The resulting residue was dissolved in CH2Cl2 (150 mL) and then extracted 

with aqueous HCl (2 M, 4  x 25 mL)  The organic phase was separated, dried over 

anhydrous MgSO4, filtered and evaporated by rotary evaporator. The product was 

purified by column chromatography using 80% ethyl acetate in hexane as an eluent 

and was further purified by crystallization in acetone and CHCl3 yielding a yellow 

solid (0.40 g, 84% yield) which was a mono-substitution product. 

m-bisbenzaldehyde-p-nitrocalix[4]arene (7): 1H NMR (400 MHz, DMSO-d6)                

δ (ppm): 10.28 (s, 1H, ArCHO), 8.50-7.77 (m, 12H, aldehyde-ArH and                

calix-ArH), 7.61 (s, 3H, OH), 4.98 (d, 2H, J = 12.5 Hz,ArCH2Ar), 4.72 (d, 4H, J = 

13.7 Hz,OCH2CH2O), 4.47 (d, 2H, J = 12.8 Hz, ArCH2Ar) , 3.81 (m, 2H, ArCH2Ar). 
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2.7 Synthesis of diacetylene calix[4]arene 

2.7.1 Preparation of tetra(propargyloxy)-tert-butylcalix[4]arene (8) 

 

 

 

 

 

 

                                                                         

                                                                                        70% yield 

 A mixture of p-tert-butyl calix[4]arene  (10.00 g, 15.00 mmol), K2CO3  (43.37 

g, 0.31 mol) in CH3CN (300 mL) was stirred for 30 minutes at room temperature.                

A solution of propagyl bromide (23.33 g, 0.15 mol) was added dropwise over                     

30 minutes. The reaction mixture was refluxed for 5 days at 90°C and then allowed to 

cool to room temperature. The mixture was filtered and washed with CH2Cl2 200 mL. 

The reaction mixture was quenched with aqueous HCl (2 M, 100 mL), extracted with 

CH2Cl2 (3 x 100 mL), and the combined organic layers were washed with brine              

(100 mL), dried over anhydrous MgSO4, filtered and evaporated by rotary evaporator. 

The crude mixture was purified by crystallization in CHCl2/MeOH to afford a white 

solid (8.64 g, 70% yield). tetra(propargyloxy)-tert-butylcalix[4]arene (8): 1H NMR 

(400 MHz, CDCl3) δ (ppm): 6.78 (s, 8H, Ar-H), 4.80 (s, 8H, OCH2),4.60 (d, 4H, J = 

13.2 Hz, ArCH2Ar), 3.16 (d, 4H, J = 13.2 Hz, ArCH2Ar), 2.48 (t, 3H, J = 2.4 Hz, 

CCH), 1.07 (s, 36H, (CH3)3). 
13C-NMR (100 MHz, CDCl3) δ (ppm): 152.4, 145.5, 

134.3, 124.9, 81.2, 74.3, 61.0, 33.9, 32.3, 31.3. 

 

 

 

 

 

 

 

 

 

OH OHOH OH

propargyl bromide,

K2CO3,CH3CN

reflux, 48h

O OO O

H H H H



 33 

2.7.2 Preparation of methyl-6-iodoheptynoate (9) 

 

 

 

                                                                                      94% yield 

To a solution morpholine (27.88 mL, 0.32 mol) in toluene (300 mL) was 

added iodine (12.24 g, 48.00 mmol) and the mixture was shielded from light and 

stirred at 45°C for 1 hour. 6-Heptynoic acid (3.31 g, 0.02 mol) in toluene (10 mL) and 

the reaction mixture was stirred at 45°C for 1 hour. The reaction mixture was cooled 

to room temperature. The mixture was filtered and washed with diethylether (100 mL) 

and extracted with a saturated aqueous solution of Na2S2O3 (100 mL), dried over 

anhydrous MgSO4, filtered and evaporated by rotary evaporator. The crude mixture 

was purified by column chromatography using 10% ethyl acetate in hexane as                    

an eluent yielding a yellow liquid (5.89 g, 94% yield). methyl-6-iodoheptynoate (9): 

1H NMR (400 MHz, CDCl3) δ (ppm): 3.64 (s, 3H, C=OOCH3), 2.36 (t, 2H, J = 7.0 

Hz, C=OCH2), 2.30 (t, 2H, J = 7.4 Hz, ICCCH2), 1.73-1.66 (m, 2H, C=OCH2CH2), 

1.56-1.48 (m, 2H,, ICCCH2CH2). 
13C-NMR (100 MHz, CDCl3) δ (ppm): 173.7, 93.9, 

51.5, 33.4, 27.8, 23.9, 20.4. 
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2.7.3 Preparation of 25,26,27,28-tetra(methylheptynoate)oxy-tert- 

calix[4]arene (10) 

 

 

 

 

 

 

 

 

 

                                                                                    6% yield 

To a mixture of 8 (0.45 g, 0.57 mmol), methyl-6-iodoheptynoate (1.78 g, 6.69 

mmol) in pyrrolidine (3 mL, 0.04 mol) was added copper(I)iodide (0.07 g, 0.35 

mmol). After stirring at room temperature for 6 hours, the reaction mixture was 

then added with a saturated aqueous of NH4Cl (50 mL) and extracted with 

diethylether (3 x 50 mL). The combinded organic layers were dried over 

anhydrous MgSO4, filtered and evaporated by rotary evaporator. The crude 

mixture was purified by column chromatography using 10% methanol in ethyl 

acetate as an eluent yielding a yellow liquid (0.05 g, 6% yield). 25,26,27,28-

tetra(methylheptynoate)oxy-tert-calix[4]arene (10): 1H NMR (400 MHz, CDCl3)             

δ (ppm): 6.67 (s, 8H, ArH), 4.83 (s, 8H,  ArOCH2), 4.54 (d, 4H, J = 12.9 Hz, 

ArCH2Ar), 3.66 (s, 12H, C=OCH3), 3.17 (d, 4H, J = 12.9 Hz, ArCH2Ar), 2.36 (m, 

4H, CH2(CH2)3C=OOCH3 and CH2C=OOCH3), 1.78-1.71 (m, 2H, 

CH2CH2C=OOCH3), 1.63-1.55 (m, 2H, CH2(CH2)2C=OOCH3), 1.06  (s, 36H, 

(CH3)3).  
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CHAPTER III 

 

RESULTS AND DISCUSSION 

 

3.1   Synthesis and characterization of 25,26,27,28-tetrabenzyloxy-4-

ethynylbenzoic acid calix[4]arene (4) 

 The synthetic route for 25,26,27,28-tetrabenzyloxy-4-ethynylbenzoic acid 

calix[4]arene (4) is presented in Scheme 3.1. The synthesis began with a nucleophilic 

substitution reaction on the phenolic oxygen of calix[4]arene with benzylbromide 

using K2CO3 and Cs2CO3 base, consecutively, to  give 1,3 alternate tetrabenzyl                 

O-substituted calix[4]arene 1 in moderate yield (35%) because of steric effect and            

the mixture of mono-, di- and tri-substitution. Previously works have shown that                

the reaction of calix[4]arenes with alkylating agent in CH3CN in the presence of 

K2CO3 and Cs2CO3 is a well established method to obtain tetraalkoxycalix[4]arenes 

fixed in the 1,3-altenate conformation [55-58]. The iodination at the para position of 

the phenol rings of calix[4]arene 1 with CF3CO2Ag/I2 in CHCl3 gave                                  

the corresponding tetraiodocalix[4]arene 2 in good yield of 76%. The next step was            

a Sonogashira copper-palladium catalyzed cross-coupling reaction between 

compound 2 and methyl 4-ethynylbenzoate to give compound 3 in 29% yield.                

The low yield occurred with homo-coupling of methyl 4-ethynylbenzoate and steric 

effect.  The desired product 4 was obtained in high yield (80%) from basic hydrolysis 

of 3 to convert the methyl ester to carboxylic acid. All new compounds were 

characterized by 1H NMR spectroscopy, IR spectroscopy, elemental (C, H, N) 

analysis and high resolution mass spectrometry (HRMS). 
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Scheme 3.1 Synthesis of 25,26,27,28-tetrabenzyloxy-4-ethynylbenzoic acid 

calix[4]arene. 

   

 The 1H NMR spectra of compound 1-4 in CDCl3 and DMSO-d6 are shown in 

Figure 3.1. All the signals can be assigned to all the protons in each corresponding 

structure. The methylene bridge protons (ArCH2Ar) of calix[4]arene appered around 

3.6-3.8 ppm as a singlet peak characteristic for the 1,3 alternate conformation. Upon 

iodination of 1, the triplet and doublet aromatic signals of calix[4]arene phenyl ring 

around 6.5-6.7 ppm was changed to a singlet peak at 7.2 ppm signifying a full 

substitution at the para position of all four phenyl rings of calix[4]arene that is in 

good agreement with the structure of tetraidocalix[4]arene 2. The Sonogashira 

coupling of 2 with methyl 4-ethynylbenzoate afforded compound 3 which showed 

signal of methyl ester protons as a singlet at 3.98 ppm and two new doublet signals at 

7.3 ppm and 7.9 ppm corresponding to the aromatic protons of the four newly 

mounted p-substituted benzoate moieties. The complete hydrolysis of 3 to 

tetracarboxylic acid 4 was evidenced by the total disappearance of the methyl ester 

proton signal at 3.98 ppm.    
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Figure 3.1 
1H NMR spectra of compound 1-4. 

 

 The IR spectra of compound 2-4 are shown in Figure 3.2. Going from 

compound 2 to compound 3, the IR-spectra showed additional peak at 1700 cm-1 and 

2200cm-1 corresponding to C=O and C C stretching vibrations, respectively, of the                       

4-ethynylbezoate units. For compound 4, a new broad OH stretching band appearing 

at 3600-3000 cm-1 and a shift of C=O stretching band to lower energy, 1690 cm-1 

concurred well with the successful hydrolysis of the ester groups to the carboxylic 

groups.  
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Figure 3.2 IR spectra of compound 2-4. 

 

 Other techniques used to confirm the new products are elemental analysis and 

the HRMS of which results are shown in Table 3.1. The observed elemental 

percentage and molecular ion mass were consistent with the values calculated from 

the formula associated with each molecular formula of compound 1-4.  
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Table 3.1 Elemental (C, H, N) analysis and HRMS mass spectrometry of compound 

1-4 

 

 

 

 

 

 

 

Structure Analytical 
found 
C:H 

Calculation 
C:H 

HRMS (ESI) 
found 

Calculation 
Mass 

 

 

 

1 

2 

3 

4 

 

85.46 : 5.95 

 

 

 

50.47 : 3.33 

 

 

 

 

81.30 : 5.11 

 

 

 

 

 

78.26 : 4.99 

 

85.68 : 6.16 

C56H48O4 

 

 

52.20 : 3.44 

C56H44I4O4 

 

 

 

81.34 : 5.12 

C96H72O12 

 

 

 

 

78.06 : 4.98 

C92H64O12 + 3H20 

 

- 

 

 

 

1310.9415  

[2 + Na+] 

 

 

 

1440.4862 

[3 + Na+] 

 

 

 

 

1399.3753 

[4 + K+] 

 

- 

 

 

 

1310.9316 

C56H44I4O4Na  

 

 

 

1440.4955 

C96H72O12Na 

 

 

 

 

1399.4035 

C92H64O12K 
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3.2 Photophysical property study 

 The normalized electronic absorption and fluorescence spectra of compound 3 

and 4 are presented in Figure 3.3 and their photophysical data are presented in              

Table 3.2. The tetraester 3 was insoluble in water and thus its absorption and emission 

spectra were acquired from its dimethylsulfoxide (DMSO) solution. The maximum 

absorption was observed at 317 nm (λmax) corresponding to the π-π* transition of the 

alkoxyphenylethynylbenzoate chromophore [59] with molar extinction coefficient of 

6.8 x 104 M-1cm-1. The solution showed a maximum emission at 421 nm (λem) upon 

excitation at 317 nm with quantum efficiency of 0.40.  

 

 
 

Figure 3.3 Normalized spectral overlap between absorption (dashed line) and emission 

spectra (solid line) of compound 3 and 4. 
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Table 3.2 Photophysical properties of compound 3 in DMSO and compound 4 in 

DMSO and 50 mM phosphate buffer pH 8.0 

  

 The tetracarboxylic acid 4 in DMSO gave the λmax and λem at 317 and 418 nm, 

respectively. Since the absorption and emission spectra of 3 and 4 in DMSO were not 

significantly different, it is likely that their energy levels in ground state and excited 

state were quite similar. In the aqueous medium of phosphate buffer pH 8.0, 4 

exhibited a hypsochromic shift to give the λmax at 300 nm. Despite the difference in 

the absorption spectra, the emission spectra of 4 in DMSO and the buffer solution 

closely resembled to each other. This observation may be explained according to                

the schematic presentation shown in Figure 3.4a and b. In the basic aqueous system, 

the ground state of 4 mostly exists in the carboxylate form stabilized by hydration. 

Upon excitation, 4 should adopt a higher charged form, internal charge-transfer (ICT) 

state, which would be further stabilized by the hydration process.  

 

 

Figure 3.4 Proposed electronic energy levels of compound 4 in DMSO and phosphate 

buffer pH 8.0.  

Compound 
 

Solvent 
Absorption 

 
 Fluorescence 

 λmax (nm) ε (M-1 cm-1)  λmax (nm) ΦF
 

 

3 

4 

 

 

DMSO 

DMSO 

PB 

 

 

317 

317 

300 

 

 

6.8 x 104 

8.9 x 104 

5.4 x 104 

 

 

 

 

 

 

421 

418 

425 

 

 

0.40 

0.36 

0.006 



 42 

 The molar extinction coefficient of compound 4 in DMSO and in phosphate 

buffer pH 8.0 are 8.9 x 104 M-1cm-1 and 5.4 x 104 M-1cm-1, respectively. The slightly 

lower molar extinction coefficient of compound 4 in aqueous media is probably due 

to the smaller dipole moment change upon the excitation of 4 in the carboxylate form. 

The quantum efficiencies of 4 in DMSO and phosphate buffer were 0.36 and 0.006, 

respectively. The poor quantum efficiency of 4 in the aqueous medium may be 

attributed to the decrease of emissive rate (Γ) of the ICT state which is stabilized by 

water molecules.    

  

3.3 Surfactant enhancement of 25,26,27,28-tetrabenzyloxy-4-ethynylbenzoic 

acid calix[4]arene (4)  

 From literature reviews, the quantum yield of a fluorescence compound can be 

improved by using surfactants that reduce either its aggregation or its environmental 

polarity [38, 60-61]. In this study, 9 types of surfactants (3 anionic, 3 cationic and               

3 non-ionic) with the structures shown in Figure 3.5 were investigated for their 

fluorescence enhancement on compound 4. The fluorescence spectra obtained from 

the solutions of 4 (1 µM in 50 mM phosphate buffer pH 8.0) in the absence and 

presence of the surfactants 0.1 mM are presented in Figure 3.6. The results clearly 

showed that the non-ionic surfactants i.e. Tween 20, Triton X-100 and Brij 58 gave 

greater fluorescence enhancement than the cationic (TTAB, DTAB and HTAB) and 

anionic (SDS, SDC and SDBS) surfactants. These results agreed well with the lower 

critical micelle concentration (CMC) of the non-ionic surfactants in comparison with 

the cationic and anionic surfactants (CMC values of all surfactants [62] are provided 

in Figure 3.5).  
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Figure 3.5 Table of 9 types of surfactants (3 anionic, 3 cationic and 3 non-ionic) with 

the structures. 

 

 

Figure 3.6 Fluorescence intensity of compound 4 (1 µM in 50 mM phosphate buffer 

pH 8.0) in the presence of 9 surfactants (0.1 mM). 

 

 Since the fluorescent signals in the presence of non-ionic surfactants at                  

the above concentration levels were too high to be observed within the instrumental 

scale, the concentration of 4 and the non-ionic surfactants were reduced by ten times. 

At this new concentration level, 0.1 µM of 4 and 0.01 mM of the surfactants,                                
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the fluorescence signals fit within the instrumental scale that show the enhancement 

ability order as follows: Brij 58 > Tween 20 > Triton X-100 (Figure 3.7). As Brij 58 

exhibited the highest enhancement ability, it was chosen for further investigation.  

 

Figure 3.7 Emission spectra of compound 4 (0.1 µM in 50 mM phosphate buffer                 

pH 8.0) with non-ionic surfactants (0.01 mM). 

 

 To understand the fluorescence enhancement, the absorption and emission 

spectra of 4 (1 µM) in the absence and presence of Brij 58 (0.01 mM) are compared as 

shown in Figure 3.8. The absorption spectra were relatively unchanged while                   

the emission spectra shifted toward shorter wavelength comparing upon the addition 

of Brij 58. The results suggested that the ICT excited state of 4 within the micelle of 

the surfactant molecules has higher energy (Figure 3.9a and b) due to less hydrophilic 

environment. Interestingly, the molar extinction coefficient and quantum yield of 4 in 

the presence of Brij 58 were 7.5 x 104 M-1 cm-1 and 0.03, respectively, which were 

higher than the values measured in the absence of the surfactant (Table 3.3).                    

The increment in the molar extinction coefficient and quantum yield in the presence 

of Brij 58 is probably associated with reducing hydration process around                            

the fluorophores. The lower hydration level can increase electronic transition dipole 

moment changes and reduce the stability of the ICT excited state that is in good 

agreement with the hypsochromic shift of the emission spectrum upon the addition of 

Brij 58.     
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Figure 3.8 Normalized spectral overlap between absorption (dashed line) and emission 

spectra (solid line) of compound 4. 

 

 

 

Figure 3.9 Proposed electronic energy levels of compound 4 in phosphate buffer pH 

8.0 in the absence and presence of Brij 58.  
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Table 3.3 Photophysical properties of compound 4 in 50 mM phosphate buffer pH 8.0 

in the presence of Brij 58 compared with compound 4 in 50 mM phosphate buffer pH 

8.0 in the absence of Brij 58 

 

3.4 Metal ion Sensor 

 As design, compound 4 in phosphate buffer pH 8.0 was initially tested as                   

a metal ion sensor expecting that its four carboxylate groups can provide metal ion 

recognition. The fluorogenic responses of 4 (1.0 µM) to 12 metal ions including Ag+, 

Na+, Ca2+, Co2+, Cu2+, Fe2+, Hg2+, Mn2+, Ni2+, Pb2 , Zn2+ and Fe3+ (10 µM) are shown 

in Figure 3.10. From the spectra, the fluorescence signal of 4 was slightly quenched 

by the metal ions with no significant selectivity being observed. The low sensitivity 

and selectivity of the fluorescence quenching is probably due to the strong hydration 

effect which hinders the coulombic interaction between the fluorophore and metal 

ions.  

 

Figure 3.10 Fluorescence spectra of 4 (1 µM in 50 mM phosphate buffer pH 8.0) in 

the presence of metal ions (100 µM). 

Compound 
 

Solvent 
Absorption 

 
 Fluorescence 

 λmax (nm) ε (M-1 cm-1)  λmax (nm) ΦF
 

 

4 

4 

 

 

PB 

PB with 

  Brij 58 

 

 

300 

300 

 

 5.4 × 104 

 7.5 × 104 

  

425 

380 

 

0.006 

0.03 
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 As described in the previous section that Brij 58 effectively increased                   

the fluorescent intensity of 4 by the reduction of hydration process, it would be 

interesting to see if the sensitivity and selectivity of fluorescence quenching of 4 by 

the metal ions could be enhanced. In the subsequent experiment, the fluorescence 

quenching of 4 (0.1 µM) buffered solution pH 8.0 in the presence of Brij 58 (10 µM) 

by the metal ions (100 µM) were investigated. It is important to note that                         

the fluorophore concentration in this experiment was ten times lower than that in               

the previous experiment in the absence of surfactant due to the high quantum 

efficiency of the fluorophore/surfactant system. The fluorescence spectra in Figure 

3.11 showed that the fluorescene signal of 4 was most effectively quenched by Fe2+ 

and moderately quenched by Fe3+. The quenching mechanism probably involves                

a selective electrostatic interaction between two carboxylate groups on each 

calix[4]arene rim of 4 and the iron metal ions. The selectivity is likely to stem from 

the distance between the two carboxylate groups which governed by the pre-

organized calix[4]arene rims [63-64]. The results indicated that 4/Brij 58 system can 

be used as a selective sensor for Fe2+/Fe3+. 

 

 

 

Figure 3.11 Metal ion sensor of 4 (0.1 µM in 50 mM phosphate buffer pH 8.0) with 

Brij 58 (0.01 mM) and metal ions (100 µM). 
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 In general, the fluorescence quenching signal (I0/I) can be applied for a   

quantitative analysis via the Stern-Volmer equation: 

]Q[K1
I

I
SV

0 +=  

 In this equation I0 and I are the fluorescence intensities in the absence and 

presence of quencher, respectively, Q is the concentration of a quencher. The plot of 

(I0/I) against the concentration of Fe2+ and Fe3+ gave linear lines with the slopes of   

3.5 x 104 M-1 and 8.6 x 103 M-1 corresponding to the Stern-Volmer constants (KSV) for 

Fe2+ and Fe3+ quenchers, respectively (Figure 3.12). These linear relationships 

between the quenching signals and the concentrations of the metal ions are useful for 

quantitative determination of Fe2+ and Fe3+ concentrations in samples containing each 

corresponding ion species. 

  

 

 

Figure 3.12 Stern-Volmer plots for compound 4 without and with Brij 58 in the 

presence of Fe2+ and Fe3+. 
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3.5 Synthesis attempt of stilbene-bridged calix[4]arene 

The synthesis of stilbene-bridged calix[4]arene followed the retrosynthesis  

shown in Scheme 3.2. The synthesis started from the nitration of p-tert-butyl 

calix[4]arene. The reaction of the two equivalents of 3-(2-bromoethoxy)benzaldehyde 

with two phenol rings of calix[4]arene gave bis-benzaldehyde p-nitrocalix[4]arene. 

The intramolecular reductive coupling of the benzaldehyde moieties of bis-

benzaldehyde p-nitrocalix[4]arene led to the formation of stilbene-bridged 

calix[4]arene. The desired product was obtained through the reduction and then 

substituted with p-nitrophenylisocyanate. 
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Scheme 3.2 Retrosynthesis of stilbene-bridged calix[4]arene. 

 

The attempted synthesis started with nitration of p-tert-butyl calix[4]arene 

with fuming HNO3 and glacial acetic acid which gave p-nitrocalix[4]arene in 93% 

yield. The nucleophilic substitution reaction of p-nitrocalix[4]arene with                                       

3-(2-bromoethoxy)benzaldehyde using Na2CO3 as a base in CH3CN gave a mono-

substitution product in 84% yield. Next, the attempt to incorporate two                               

m-ethoxybenzaldehyde to tetranitrocalix[4]arene 1 by an O-alkylation of m-(2-

bromoethoxy)benzaldehyde on the calix[4]arene rim using K2CO3 gave only                     

the mono-substituted product 2 in 84% yield. Several further attempts to converse this 

mono-substituted product 2 to the desired di-substituted product using other bases 
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such as Cs2CO3 and NaH were unsuccessful. Hence, the desired stilbene-bridged 

calix[4]arene could not be synthesized. 

 

 

Scheme 3.3 Synthesis of mono-substituted m-benzaldehyde-p-nitrocalix[4]arene. 

 

    The 1H-NMR spectrum of mono-substitution product of m-benzaldehyde-             

p-nitrocalix[4]arene in DMSO-d6 is shown in Figure 3.13. All the signals can be 

assigned according to their structures. The methylene bridge protons (ArCH2Ar) of 

calix[4]arene around 3.4-4.6 ppm represent a mono-substitution product.                          

The ethylene protons (OCH2CH2O) appeared at 4.4 ppm. Moreover, the proton 

signals at 7.4-8.2 ppm correspond to aromatic protons and aldehyde proton at 10.0 

ppm. 

 

Figure 3.13 
1H-NMR spectra of mono-substitution product of m-benzaldehyde-                 

p-nitrocalix[4]arene in DMSO-d6. 
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3.6 Synthesis attempt of diacetylene calix[4]arene 

The synthesis of diacetylene calix[4]arene followed the retrosynthesis  shown 

in Scheme 3.4. The synthesis began with the alkylation using excess propargyl 

bromide. The reaction of the four equivalents of iodoalkyne through Cadiot-

Chodkiewicz cross-coupling reaction using copper(I)chloride as catalyst gave 

tetra(methylheptynoate)oxy-tert-calix[4]arene. The desired product was obtained 

through the substitution of hydrazine and p-nitrophenylisocyanate, respectively. 
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Scheme 3.4 Retrosynthesis of diacetylene calix[4]arene. 

 

 The synthesis of diacetylene calix[4]arene as shown in Scheme 3.5 started with 

a nucleophelic substitution reaction on the phenolic proton of calix[4]arene with 

propargyl bromide in the presence of K2CO3 as a base at reflux temperature of 

acetronitrile in 70% yield. The next step was synthesized form Cadiot-Chodkiewicz 

cross-coupling reaction with iodoalkyne using copper(I)chloride as catalyst giving             

the product in low yield (6% yield) and the yield of this product cannot be improved 

because of the predominant by-products from the homo-coupling and the reactions 

which resulted in the mono-, di- and tri-substituted mixture which as confirmed by 

TLC technique and NMR spectra. Hence, diacetylene calix[4]arene (7) cannot be 

synthesized.  
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OH OHOH OH
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OMe MeO MeO

O O OO
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H

OMe

O

I

70% yield

94% yield

6% yield  

 

Scheme 3.5 Synthesis of 25,26,27,28-tetra(methylheptynoate)oxy-tert-calix[4]arene. 

 

     The 1H-NMR spectrum of 25,26,27,28-tetra(methylheptynoate)oxy-tert- 

calix[4]arene in CDCl3 is shown in Figure 3.14. All the signals can be assigned 

according to their structures. The tert-butyl protons appeared at 1.0 ppm, the alkyl 

chain of methylheptynoate appeared around 1.5-1.8 and 2.3 ppm and the methoxy 

protons at 3.6 ppm. The methylene bridge protons (ArCH2Ar) of calix[4]arene around 

3.2 and 4.6 ppm represent a tetra-substitution product in cone formation. The ethylene 

protons (OCH2CH2O) appeared at 4.8 ppm. Moreover, the proton signals at 6.8 ppm 

correspond to aromatic protons. 

 

 

 

 



 53 

 

 

Figure 3.14 
1H-NMR spectra of 25,26,27,28-tetra(methylheptynoate)oxy-tert- 

calix[4]arene in CDCl3. 



CHAPTER IV 

 

CONCLUSION 

 

4.1  Conclusion 

The water soluble 1,3-alternate calix[4]arene containing ethynylbenzoic acid 

was successfully synthesized. The comparison of photophysical properties of                   

the compound in dimethylsulfoxide and phosphate buffer indicated that the hydration 

stabilizing internal charge-transfer (ICT) state was responsible for the low quantum 

yield observed in the aqueous media. Addition of non-ionic surfactants, especially for 

Brij 58, to the aqueous solution of the tetracarboxylic calix[4]arene derivative 

effectively increased the quantum efficiency presumably by the reduction of                      

the hydration process. The fluorophore/Brij 58 system could be developed into Fe2+ 

and Fe3+metal ion sensor through a fluorescent quenching process. The selective 

quenching effect probably associated with the electrostatic interaction between                 

the iron metal ions and the two carboxylate groups appropriately positioned on each 

calix[4]arene rim. 

  

4.2  Suggestion for future works 

The future work should be focused on 

1) Synthesis of water soluble 1,3-alternate calix[4]arenes containing 

ethynylbenzene with other functionalities i.e. salicyaldehyde and ammonium for 

sensing applications of other species.  

2)   Substitution of the oligo(ethyleneglycol) chains on the phenolic hydroxyl 

groups of the calix[4]arene platform to improve water solubility. 
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Figure A.1 
1H NMR of 25,26,27,28-tetrabenzyloxy-calix[4]arene. 
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Figure A.2 
13C NMR of 25,26,27,28-tetrabenzyloxy-calix[4]arene. 
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Figure A.3 
1H NMR of 25,26,27,28-tetrabenzyloxy-4-iodocalix[4]arene. 
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Figure A.4 
13C NMR of 25,26,27,28-tetrabenzyloxy-4-iodocalix[4]arene. 
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Figure A.5 
1H NMR of 25,26,27,28-tetrabenzyloxy-4-ethynylbenzoic methyl ester 

calix[4]arene. 

 

 

 

 

 

 

 

 

 

Figure A.6 
13C NMR of 25,26,27,28-tetrabenzyloxy-4-ethynylbenzoic methyl  

ester calix[4]arene. 
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Figure A.7 
1H NMR of 25,26,27,28-tetrabenzyloxy-4-ethynylbenzoic acid  

calix[4]arene. 

 

 

 

 

 

 

 

 

 

 

 

Figure A.8 
13C NMR of 25,26,27,28-tetrabenzyloxy-4-ethynylbenzoic acid 

calix[4]arene. 
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Figure A.9 
1H NMR of m-bisbenzaldehyde-p-nitrocalix[4]arene.  
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Figure A.10 
1H NMR of p-nitrocalix[4]arene. 
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Figure A.11 
13C NMR of p-nitrocalix[4]arene. 
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Figure A.12 
1H NMR of methyl-6-iodoheptynoate. 
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Figure A.13 
13C NMR of methyl-6-iodoheptynoate. 
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Figure A.14 
1H NMR of 25,26,27,28-tetra(methylheptynoate)oxy-tert-calix[4]arene. 
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Figure A.15 Mass spectrum (ESI+) of 25,26,27,28-tetrabenzyloxy-4-

iodocalix[4]arene. 

 

 

 

 

 
 

 

Figure A.16 Mass spectrum (ESI+) of 25,26,27,28-tetrabenzyloxy-4-ethynylbenzoic 

methyl ester calix[4]arene. 
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Figure A.17  Mass spectrum (ESI+) of 25,26,27,28-tetrabenzyloxy-4-ethynylbenzoic 
acid calix[4]arene. 
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